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PREFACE

Semiconductor devices and integrated circuits (ICs) are the backbone of modern technology, and thus the

study of electronics—which deals with their characteristics and applications—is an integral part of the un-

dergraduate curriculum for students majoring in electrical, electronics, or computer engineering. Tradi-

tionally, the basic course in electronics has been a one-year (two-semester) course at most universities and

colleges. However, with the emergence of new technologies and university-wide general education re-

quirements, electrical engineering departments are under pressure to reduce basic electronics to a one-

semester course. This book can be used for a one-semester course as well as a two-semester course. The

only prerequisite is a course in basic circuit analysis. A one-semester course would cover Chapters 1

through 8, in which the basic techniques for analyzing electronic circuits are introduced using ICs as

examples. In a two-semester course, the second semester would focus on detailed analysis of devices and

circuits within the ICs and their applications.

The objectives of this book are:

• To develop an understanding of the characteristics of semiconductor devices and commonly 

used ICs

• To develop skills in analysis and design of both analog and digital circuits

• To introduce students to the various elements of the engineering design process, including formu-

lation of specifications, analysis of alternative solutions, synthesis, decision-making, iterations,

consideration of cost factors, simulation, and tolerance issues

Approach

This book adopts a top-down approach to the study of electronics, rather than the traditional bottom-up

approach. In the classical bottom-up approach, the characteristics of semiconductor devices and ICs are

studied first, and then the applications of ICs are introduced. Such an approach generally requires a year

of instruction, as it is necessary to cover all the essential materials in order to give students an overall

knowledge of electronic circuits and systems. In the top-down approach used here, the ideal characteris-

tics of IC packages are introduced to establish the design and analytical techniques, and then the charac-

teristics and operation of devices and circuits within the ICs are studied to understand the imperfections

and limitations of IC packages. This approach has the advantage of allowing the instructor to cover only

the basic techniques and circuits in the first semester, without going into detail on discrete devices. If the

curriculum allows, the course can continue in the second semester with detailed analysis of discrete de-

vices and their applications.

In practice, the lectures and laboratory experiments run concurrently. If students’ experimental results

differ from the ideal characteristics because of the practical limitations of IC packages, students may be-

come concerned. This concern may be addressed by a brief explanation of the causes of discrepancies. The

experimental results, however, will not differ significantly from the theoretically obtained results.

Current ABET (Accreditation Board of Engineering and Technology) criteria and other engineer-

ing criteria under the Washington Accord (http://www.washingtonaccord.org/) require the integration of

design and computer usage throughout the curriculum. After students have satisfied other ABET and
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accreditation requirements in math, basic science, engineering science, general education electives, and

free electives, they find that not many courses are available to satisfy the design requirements. The lack

of opportunities for design credits in engineering curricula is a common concern. Electronics is gener-

ally the first electrical engineering course well suited to the integration of design components and com-

puter usage. This book is structured to permit design content to constitute at least 50% of the course,

and it integrates computer usage through PSpice. Many design examples use PSpice to verify the design

requirements, and the numerous computer-aided design examples illustrate the usefulness of personal

computers as design tools, especially in cases in which design variables are subjected to component

tolerances and variations.

New to This Edition

The second edition offers a reorganized order of chapters with the required material augmented and the

nonessential topics abridged. The key changes to this edition are summarized below:

• All new chapter on MOSFETs and amplifiers

• All new chapter on semiconductors and pn junctions

• Fully revised chapter on BJTs

• More emphasis on MOSFETs and active biasing techniques to allow students to move easily on to

differential amplifiers and ICs

• Extensive revision of power amplifiers to include MOSFET circuits with class C, D, and E amplifiers

• Integrated PSpice/OrCAD examples for both analysis and design verifications

• Developed Mathcad files for calculations of worked-out examples so that students can try similar

problems and explore the effects of design parameters

Content and Organization

After an introduction to the design process in Chapter 1, the book may be divided into six parts:

I. Chapters 2 and 3 on characteristics of amplifiers and their frequency responses

II. Chapters 4 and 5 on diodes and applications

III. Chapters 6 to 8 and 11 on semiconductor fundamentals, transistors, and amplifiers

IV. Chapters 10, 12, and 13 on characteristics and analyses of electronic circuits

V. Chapter 15 on digital logic gates
VI. Chapters 9, 14, and 16 on integrated circuits and applications

A review of basic circuit analysis and an introduction to PSpice are included in the appendices.

Modern semiconductor technology has evolved to such an extent that many analog and digital cir-

cuits are available in the form of integrated circuit (IC) packages. Manufacturers of these packages pro-

vide application notes that can be used to implement circuit functions. Knowledge of the characteristics

and operation of devices within the IC packages is essential, however, to understand the limitations of

these ICs when they are interfaced as building blocks in circuit designs. Such knowledge also serves as

the basis for developing future generations of IC packages. Although the trend in IC technology suggests

that discrete circuit design may disappear entirely in the future, transistor amplifiers (in large-scale or

Prefacexiv
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Preface xv

very-large-scale integrated forms) will continue to be the building blocks of ICs. Thus, semiconductor

fundamentals and transistor amplifiers are covered in Chapters 6 to 8, after the general types and spec-

ifications of amplifiers have been introduced in Chapter 2. Because diodes are the building blocks of

many electronic circuits, and because the techniques for the analysis of diodes are similar to those for

transistor amplifiers, diodes and their applications are addressed in detail in Chapters 4 and 5.

Pedagogy and Supplements

The pedagogical approach of the first edition has been enhanced and augmented in this edition. Mathe-

matical derivations are kept to a minimum by using approximate circuit models of operational amplifiers,

transistors, and diodes. The significance of these approximations is established by computer-aided analy-

sis using PSpice. Important circuits are analyzed in worked-out examples in order to introduce the basic

techniques and emphasize the effects of parameter variations. At the end of each chapter, review questions

and problems test students’ learning of the concepts developed in the chapter. The student learning out-

comes (SLOs) are listed at the beginning of each chapter. Symbols and their meanings have been uniquely

identified at the beginning of each chapter to serve as a quick reference to the students. Every chapter

opens with an introduction that puts the content of the chapter in perspective of the field of microelec-

tronics. Solved examples carry captions that identify the objective of the example. Notes interspersed

through the text provide a link to other chapters and serve to guide students against common misconcep-

tions and mistakes. Key points of most of the sections are summarized in a box in addition to an end-of-

chapter summary. A list of references is included at the end of each chapter for those interested in further

reading. End-of-chapter exercises are divided into Review Questions and Problems. Design problems and

PSpice problems are identified by relevant symbols.

Student support from Cengage Learning is available on the book’s student website www.cengage.com/

engineering/rashid. This website contains tools that are designed to help the student learn about elec-

tronics more effectively. It includes electronic copies of all the PSpice schematics printed in this book,

and Mathcad files for all worked-out examples in the book, which can be downloaded and allow students

to work their own problems.

The student version PSpice schematics and/or OrCAD capture software can be obtained or down-

loaded from:

Cadence Design Systems, Inc.

2655 Seely Avenue

San Jose, CA 95134, USA

Websites: http://www.cadence.com 

http://www.orcad.com

http://www.ema-eda.com

Support for Instructors

A solutions manual (in both print and electronic forms) and slides of the figures in this book are available on

request from Cengage Learning through the Global Engineering website www.cengage.com/engineering.

Teaching plans and suggested course outlines for one- and two-semester courses using this book are

included just after this preface.
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TEACHING PLANS 
AND SUGGESTED 

COURSE OUTLINES

As with any comprehensive microelectronics textbook, this text has more material than can be covered in two

single-semester courses. Instructors are often lost on what topics to cover in two semesters of 16 weeks each.

The book covers diodes after op-amp circuits so that the complete coverage of op-amp circuits

including nonlinear circuits cannot be included in the same chapter. However, if nonlinear op-amp cir-

cuits are not to be covered in the course, then the op-amp circuits can be covered at the beginning, after

Chapter 2. Most of the materials in Chapter 2 on introduction to amplifiers and in Chapter 5 on applica-

tions of diodes can, however, be skipped in a first course. Some approaches to typical first and second

electronics courses are delineated below.

First Electronics Course

This course usually covers (a) characteristics and models of amplifiers and their frequency responses;

(b) IC op-amps and their applications; (c) physical operation, characteristics, and modeling of diodes, which

form the basis for understanding small-signal operation and modeling of transistors; (d) the operation, char-

acteristics, modeling, and biasing of transistors; (e) the fundamentals of active sources and differential am-

plifiers, which are generally used in IC amplifiers; and (f) understanding of frequency responses of electronic

circuits. These can be covered by one of the following two approaches. The suggested sequences of course

topics are shown in Tables 1 and 2, respectively.

TABLE 1 Suggested topics for first electronics course—Approach A

Number of Weeks Topics Chapters Sections

1 Introduction to Electronics and Design 1 1.3–1.9

1 Introduction to Amplifiers and 

Frequency Responses 2 2.1–2.7

2 Introduction to Op-Amps 3 3.1–3.4, 3.5.1–3.5.6

2 Diodes 4 4.1–4.7

1 Applications of Diodes 5 3.1–3.3

1 Semiconductors and pn Junctions 6 6.1–6.4

3 MOSFETs and Amplifiers 7 7.1–7.9

3 BJTs and Amplifiers 8 8.1–8.9

1 Differential Amplifiers 9 9.1–9.5

1 Exams
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Teaching Plans and Suggested Course Outlinesxviii

TABLE 2 Suggested topics for first electronics course—Approach B

Number of Weeks Topics Chapters Sections

1 Introduction to Electronics and Design 1 1.3–1.9

2 Diodes 4 4.1–4.7

1 Applications of Diodes 5 3.1–3.3

1 Semiconductors and pn Junctions 6 6.1–6.4

3 MOSFETs and Amplifiers 7 7.1–7.9

3 BJTs and Amplifiers 8 8.1–8.9

1 Introduction to Amplifiers and 

Frequency Responses 2 2.1–2.7

2 Introduction to Op-Amps 3 3.1–3.4, 3.5.1–3.5.6

1 Differential Amplifiers 9 9.1–9.5

1 Exams

TABLE 3 Suggested topics for second electronics course

Number of Weeks Topics Chapters Sections

1 Frequency Response of Amplifiers 3, 7, 8 2.7, 7.13, 8.15

1 Differential Amplifiers 9 9.1–9.5

2 Feedback Amplifiers 10 10.1–10.8, 10.14

2 Power Amplifiers 11 11.1–11.9

2 Active Filters 12 12.1–12.9, 12.14

2 Oscillators 13 13.1–13.7

2 Introduction to Digital Electronics 15 15.1–15.4, 15.7–15.8

1 Operational Amplifiers 14 14.1–14. 4

2 IC Applications 16 16.1, 16.2, 16.5–6.8 

1 Exams

Approach A: Op-amps are covered before diodes in which the course is not expected to cover nonlinear

op-amp circuits (using diodes). Since op-amps are the building blocks of many electronic circuits, the analy-

ses of simple op-amp circuits are often covered in the first Basic Circuit Analysis course, which is gener-

ally a prerequisite for the electronics course. This approach has the advantage of continuity with the circuits

course and is more of a systems-based approach. This approach may be viewed as a top-down approach.

Approach B: Op-amps are covered after diodes, so that students can work on nonlinear op-amp circuits

(using diodes) as design projects. This has the advantage of logical progression from the devices (diodes

and transistors) to op-amp amplifiers.

Second Electronics Course

This course covers the characteristics and applications of amplifiers. The course usually covers (a) the fre-

quency response of amplifiers; (b) introduction to active filters; (c) feedback amplifiers; (d) oscillators;

(e) differential amplifiers with active current sources; (f) power amplifies; (g) op-amps; and (h) IC appli-

cations. The sequence of course topics is shown in Table 3.
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Learning Outcomes
After completing this chapter, students should be able to do

the following: 

• Describe the historical development of electronics. 

• List electronic systems and their classifications.

• List the types of electronic amplifiers.

• Describe what constitutes engineering design. 

• Describe the design process of electronic circuits

and systems.

• List some electronic devices and describe their basic 

input and output characteristics. 

Symbols and Their Meanings
Symbol Meaning
AV, Av DC and small-signal voltage gains

BW, APB Bandwidth and pass-band voltage gain

fH, fL High and low cutoff frequencies

td, tr, tf, ton, toff Delay, rise, fall, on, and off times

Ts Sampling time

T, f Period and frequency of a signal

vI(t), vo(t) Instantaneous input and output voltages

Vi, Vo rms (root mean square) input and output

voltages

CHAPTER 1
INTRODUCTION TO

ELECTRONICS 
AND DESIGN
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1.1 Introduction

We encounter electronics in our daily life in the form of telephones, radios, televisions, audio equipments,

home appliances, computers, and equipments for industrial control and automation. Electronics have

become the stimuli for and an integral part of modern technological growth and development. The field of

electronics deals with the design and applications of electronic devices. This chapter serves as an intro-

duction to electronics.

1.2 History of Electronics

The age of electronics began with the invention of the first amplifying device, the triode vacuum tube, by

Fleming in 1904. This invention was followed by the development of the solid-state point-contact diode
(silicon) by Pickard in 1906, the first radio circuits from diodes and triodes between 1907 and 1927, the

super heterodyne receiver by Armstrong in 1920, demonstration of television in 1925, the field-effect
device by Lilienfield in 1925, frequency modulation (FM) by Armstrong in 1933, and radar in 1940.

The first electronics revolution began in 1947 with the invention of the silicon transistor by Bardeen,

Bratain, and Shockley at Bell Telephone Laboratories. Most of today’s advanced electronic technologies

are traceable to that one invention. This revolution was followed by the first demonstration of color tele-
vision in 1950 and the invention of the unipolar field-effect transistor by Shockley in 1952.

The next breakthrough came in 1956, when Bell Laboratories developed the pnpn triggering tran-
sistor, also known as a thyristor or a silicon-controlled rectifier (SCR). The second electronics revolution

began with the development of a commercial thyristor by General Electric Company in 1958. That was

the beginning of a new era for applications of electronics in power processing or conditioning, called

power electronics. Since then, many different types of power semiconductor devices and conversion

techniques have been developed.

The first integrated circuit (IC) was developed in 1958 simultaneously by Kilby at Texas Instru-

ments and Noyce and Moore at Fairchild Semiconductor, marking the beginning of a new phase in the

microelectronics revolution. This invention was followed by development of the first commercial IC

operational amplifier, the �A709, by Fairchild Semiconductor in 1968; the 4004 microprocessor by Intel

in 1971; the 8-bit microprocessor by Intel in 1972; and the gigabit memory chip by Intel in 1995. The

progression from vacuum tubes to microelectronics is shown in Fig. 1.1. Integrated circuit development

Microelectronic Circuits: Analysis and Design2

FIGURE 1.1 Progression from vacuum tubes to

microelectronics
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continues today in an effort to achieve higher-density chips with lower power dissipation; historical

levels of integration in circuits are shown in Table 1.1.

The degree of device integration continues to follow Moore’s law, which is an observation made by

Gordon E. Moore that the number of transistors inside an IC could be doubled every 24 months at a density

that also minimizes the cost of a transistor [1]. Figure 1.2(a) shows the growth in the number of transistors

on ICs over the years. Figure 1.2(b) shows the generations of microelectronics technology [2].

Introduction to Electronics and Design 3

TABLE 1.1 Levels of integration

Date Degree of Integration Number of Components per Chip

1950s Discrete components 1 to 2

1960s Small-scale integration (SSI) Fewer than 102

1966 Medium-scale integration (MSI) From 102 to 103

1969 Large-scale integration (LSI) From 103 to 104

1975 Very-large-scale integration (VLSI) From 104 to 109

1990s Ultra-large-scale integration (ULSI) More than 109
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(a)  Growth in number of transistors

FIGURE 1.2 Growth in the number of transistors in an integrated circuit (http://commons

.wikimedia.org/wiki/File:Moore_Law_diagram_(2004).jpg) and generations of microelectronic

technology (Continued)
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Beyond
very large-scale

integration

Very
large-scale

integrated circuits

Integrated
circuits
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Fourth generation

Third generation

Second generation

First generation

1947
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(b)  Generations of microelectronics technology

FIGURE 1.2 (Continued)

KEY POINT OF SECTION 1.2

■ Since the invention of the first amplifying device, the vacuum tube, in 1904, the field of electronics

has evolved rapidly. Today ultra-large-scale integrated (ULSI) circuits have more than 109 compo-

nents per chip.

1.3 Electronic Systems

An electronic system is an arrangement of electronic devices and components with a defined set of inputs

and outputs. Using transistors (trans-resistors) as devices, it takes in information in the form of input sig-

nals (or simply inputs), performs operations on them, and then produces output signals (or outputs). Elec-

tronic systems may be categorized according to the type of application, such as communication system,

medical electronics, instrumentation, control system, or computer system.
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A block diagram of an FM radio receiver is shown in Fig. 1.3(a). The antenna acts as the sensor. The

input signal from the antenna is small, usually in the microvolt range; its amplitude and power level are

amplified by the electronic system before the signal is fed into the speaker. A block diagram of a temper-

ature display instrument is shown in Fig. 1.3(b). The output drives the display instrument. The temperature

sensor produces a small voltage, usually in millivolts per unit temperature rise above 0°C (e.g., 1 mV/°C).

Both systems take an input from a sensor, process it, and produce an output to drive an actuator.

An electronic system must communicate with input and output devices. In general, the inputs

and outputs are in the form of electrical signals. The input signals may be derived from the mea-

surement of physical qualities such as temperature or liquid level, and the outputs may be used to

vary other physical qualities such as those of display and heating elements. Electronic systems of-

ten use sensors to sense external input qualities and actuators to control external output qualities.

Sensors and actuators are often called transducers. The loudspeaker is an example of a transducer

that converts an electronic signal into sound.

1.3.1 Sensors

There are many types of sensors, including the following: 

• Thermistors and thermocouples to measure temperature

• Phototransistors and photodiodes to measure light

• Strain gauges and piezoelectric materials to measure force

• Potentiometers, inductive sensors, and absolute position encoders to measure displacement

• Tachogenerators, accelerometers, and Doppler effect sensors to measure motion

• Microphones to measure sound

• Anemometer to measure the wind speed

1.3.2 Actuators

Actuators produce a nonelectrical output from an electrical signal. There are many types of actuators,

including the following:

• Resistive heaters to produce heat

• Light-emitting diodes (LEDs) and light dimmers to control the amount of light

• Solenoids to produce force

Introduction to Electronics and Design 5
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(a)  Radio receiver

(b)  Temperature display instrument

Electronic
system

Temperature
sensor

Electronic
system

0 100

FIGURE 1.3 Examples of electronic systems
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KEY POINTS OF SECTION 1.3

■ An electronic system consists of electronic devices and components. It processes electronic signals,

acting as an interface between sensors on the input side and as actuators on the output side.

■ Sensors convert physical qualities to electrical signals, whereas actuators convert electrical signals to

physical qualities. Sensors and actuators are often called transducers.

• Meters to indicate displacement

• Electric motors to produce motion or speed

• Speakers and ultrasonic transducers to produce sound

1.4 Electronic Signals and Notation

Electronic signals can be categorized into two types: analog and digital. An analog signal has a continuous

range of amplitudes over time, as shown in Fig. 1.4(a). Figure 1.4(b) is the sampled form of the input signal

in Fig. 1.4(a). A digital signal assumes only discrete voltage values over time, as shown in Fig. 1.4(c). A

digital signal has only two values, representing binary logic state 1 (for high level) and binary logic state

0 (for low level). To accommodate variations in component values, temperature, and noise (or extraneous

t

Logic level

t

Amplitude

Amplitude

t

(a)  Analog signal

(b)  Sampled signal

(c)  Digital signal

1 0 0 1 1 1 1 1 0 0 0 1 0 0 1 1 1 0

0

0

4

3

2

1

0

4

3

2

1

FIGURE 1.4 Types of electronic signals
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signals), logic state 1 is usually assigned to any voltage between 2 V and 5 V. Logic state 0 may be assigned

to any voltage between 0 and 0.8 V.

The output signal of a sensor is usually of the analog type, and actuators often require analog input to

produce the desired output. An analog signal can be converted to digital form and vice versa. The elec-

tronic circuits that perform these conversions are called analog-to-digital (A/D) and digital-to-analog
(D/A) converters.

1.4.1 Analog-to-Digital Converters

An A/D converter converts an analog signal to digital form and provides an interface between analog

and digital signals. Consider the analog input voltage shown in Fig. 1.5(a). The input signal is sampled at

periodic intervals determined by the sampling time Ts, and an n-bit binary number (b1b2 . . . bn) is

assigned to each sample, as shown in Fig. 1.5(b) for n � 3. The n-bit binary number is a binary fraction

Introduction to Electronics and Design 7
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FIGURE 1.5 Analog-to-digital conversion
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that represents the ratio between the unknown input voltage vI and the full-scale voltage VFS of the con-

verter. For n � 3, each binary fraction is VFS ⁄ 2n � VFS ⁄ 8. The output voltage of a 3-bit A/D converter

is shown in Fig. 1.5(c).

The input–output relation shown in Fig. 1.5(c) indicates that as the input voltage increases from 0 to

full-scale voltage, the binary output steps up from 000 to 111. However, the binary number remains con-

stant for an input voltage range of VFS ⁄ 2n (�VFS ⁄ 8 for n � 3), which is equal to one least significant bit

(LSB) of the A/D converter. Thus as the input voltage increases, the binary output will give first a nega-

tive error and then a positive error, as shown in Fig. 1.5(d). This error, called the quantization error, can

be reduced by increasing the number of bits n. Thus, the quantization error may be defined as the small-

est voltage that can change the LSB of the binary output from 0 to 1. The quantization error is also called

the resolution of the converter, and it can be found from

(1.1)

where VFS is the full-scale voltage of the converter. For example, VLSB for an 8-bit converter of VFS � 5 V is

1.4.2 Digital-to-Analog Converters

A D/A converter takes an input signal in binary form and produces an output voltage or current in an analog

(or continuous) form. A block diagram of an n-bit D/A converter consisting of binary digits (b1b2 . . . bn)

is shown in Fig. 1.6. It is assumed that the converter generates the binary fraction, which is multiplied by

the full-scale voltage VFS to give the output voltage, expressed by

VO � (b12�1 � b22�2 � b32�3 � . . . � bn2�n)VFS (1.2)

where the ith binary digit is either bi � 0 or bi � 1 and b1 is the most significant bit (MSB). For exam-

ple, for VFS � 5 V, n � 3, and a binary word b1b2b3 � 110, Eq. (1.2) gives

VO � (1 � 2�1 � 1 � 2�2 � 0 � 2�3) � 5 � 3.75 V

1.4.3 Notation

An analog signal is normally represented by a symbol with a subscript. The symbol and the subscript can

be either uppercase or lowercase, according to the conventions shown in Table 1.2. For example, consider

the circuit in Fig. 1.7(a), whose input consists of a DC voltage VDC � 5 V and an AC voltage vab � 2 sin � t.

VLSB =

VFS

2n =

5

28 = 19.53 mV L 20 mV

VLSB = Verror =

VFS

2n

Microelectronic Circuits: Analysis and Design8
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+

−

+
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FIGURE 1.6 Digital-to-analog converter
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The instantaneous voltages are shown in Fig. 1.7(b). The definitions of voltage and current symbols are as

follows:

1. VDC and IDC are DC values: uppercase variables and uppercase subscripts.

VDC � 5 V

2. vab and ia are instantaneous AC values: lowercase variables and lowercase subscripts.

vab � 2 sin � t

ia � 2 sin � t mA (for RL � 1 k�)

3. vAB and iA are total instantaneous values: lowercase variables and uppercase subscripts.

vAB � VDC � vab � 5 � 2 sin � t

iA � IDC � ia � 5 mA � 2 sin � t mA (for RL � 1 k�)

4. Vab and Ia are total rms values: uppercase variables and lowercase subscripts.

Vab � � 5.20 V

Ia � � 5.20 mA ( factor is used to convert the peak value to a rms value)22
A

52
+ a 2

22
b

2

A
52

+ a 2

22
b

2

IDC =

VDC

RL
= 5 mA
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−

− −
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vAB = VDC + vab

vab
VDC

VDC
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1 kΩ

(a)  AC and DC voltages (b)  Instantaneous voltage

vAB = VDC + vab
0

A

B

FIGURE 1.7 Notation for electronic signals

Definition Quantity Subscript Example

DC value of the signal Uppercase Uppercase VD

AC value of the signal Lowercase Lowercase vd

Total instantaneous value of the signal (DC and AC) Lowercase Uppercase vD

Complex variable, phasor, or rms value of the signal Uppercase Lowercase Vd

TABLE 1.2 Definition of symbols and subscripts
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1.5 Classifications of Electronic Systems

The form of signal processing carried out by an electronic system depends on the nature of the input sig-

nals, the output requirements of the actuators, and the overall functional requirement. However, certain

functions are common to a large number of systems. These include amplification, addition and subtraction

of signals, integration and differentiation of signals, and filtering. Some systems require a sequence of

operations such as counting, timing, setting, resetting, and decision making. Also, it may be necessary to

generate sinusoidal or other signals within a system.

Electronic systems find applications in automobiles, home entertainment, office and communi-

cation equipments, and medicines, among other areas, and help us maintain our high-tech lifestyles.

Electronic systems are often classified according to the type of application:

• Automobile electronics

• Communication electronics

• Consumer electronics

• Industrial electronics

• Instrumentation electronics

• Mechatronics

• Medical electronics

• Office electronics

The field of electronics is divided into three distinct areas, depending on the type of signals and process-

ing required by the electronic systems.

Analog electronics deals primarily with the operation and applications of transistors as amplifying

devices. The input and output signals take on a continuous range of amplitude values over time. The

function of analog electronics is to transport and process the information contained in an analog input

signal with a minimum amount of distortion.

Digital electronics deals primarily with the operation and applications of transistors as “on” and “off”

switching devices. Both input and output signals are discontinuous pulse signals that occur at uniformly

spaced points in time. The function of digital electronics is to transport and process the information contained

in a digital input signal with a minimum amount of error at the fastest speed.

Power electronics deals with the operation and applications of power semiconductor devices, includ-

ing power transistors, as “on” and “off” switches for the control and conversion of electric power. Analog

and/or digital electronics are used to generate control signals for the switching power devices in order to

obtain the desired conversion strategies (AC/DC, AC/AC, DC/AC, or DC/DC) with the maximum con-

version efficiency and the minimum amount of waveform distortion. The input to a power electronic

system is a DC or an AC power supply voltage (or current). Power electronics is primarily concerned with

power content and quality rather than the information contained in a signal. For example, a power

Microelectronic Circuits: Analysis and Design10

KEY POINTS OF SECTION 1.4

■ There are two types of electronic signals: analog and digital. An analog signal can be converted to dig-

ital form and vice versa.

■ A lowercase symbol is used to represent an instantaneous quantity, and an uppercase symbol is used

for DC and rms values. A lowercase subscript is used to represent instantaneous AC and rms quanti-

ties, and an uppercase subscript is used for the total value, which includes both AC and DC quantities.
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electronic circuit can provide a stable DC power supply, say 12 V to an analog system and 5 V to a dig-

ital system, from an AC supply of 120 V at 60 Hz.

Microelectronics has given us the ability to generate and process control signals at an incredible speed.

Power electronics has given us the ability to shape and control large amounts of power with a high effi-

ciency—between 94% and 99%. Many potential applications of power electronics are now arising from

the marriage of power electronics—the muscle—with microelectronics—the brain. Also, power electron-

ics has emerged as a distinct discipline and is revolutionizing the concept of power processing and condi-

tioning for industrial power control and automation.

Many electronic systems use both analog and digital techniques. Each method of implementation

has advantages and disadvantages, summarized in the following list:

• Noise is usually present in electronic circuits. It is defined as the extraneous signal that arises from

the thermal agitation of electrons in a resistor, the inductive or capacitive coupling of signals from

other systems, or other sources. Noise is added directly to analog signals and hence affects the sig-

nals, as shown in Fig. 1.8(a). Thus noise is amplified by the subsequent amplification stages. Since

digital signals have only two levels (high or low), noise will not affect the digital output, shown in

Fig. 1.8(b), and can effectively be removed from digital signals.

• An analog circuit requires fewer individual components than a digital circuit to perform a given

function. However, an analog circuit often requires large capacitors or inductors that cannot be man-

ufactured in ICs.

• A digital circuit tends to be easier to implement than an analog circuit in ICs, although it can be

more complex than an analog circuit. Digital circuits, however, generally offer much higher quality

and speed of signal processing.

• Analog systems are designed to perform specific functions or operations, whereas digital systems

are adaptable to a variety of tasks or uses.

• Signals from sensors and to actuators in electronic systems are generally analog. If an input signal

has a low magnitude and must be processed at very high frequencies, then the analog technique is

required. For optimal performance and design, both analog and digital approaches are often used.

Introduction to Electronics and Design 11
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FIGURE 1.8 Effects of noise on analog and digital signals

KEY POINT OF SECTION 1.5

■ Electronics can be classified into three areas: analog, digital, and power electronics. The classification

is based primarily on the type of signal processing. Electronic systems are often classified according

to the type of application such as medical electronics and consumer electronics.
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1.6 Specifications of Electronic Systems

An electronic system is normally designed to perform certain functions or operations. The performance of

an electronic system is specified or evaluated in terms of voltage, current, impedance, power, time, and fre-

quency at the input and output of the system. The performance parameters include transient specifications,

distortion, frequency specifications, and DC and small-signal specifications.

1.6.1 Transient Specifications

Transient specifications refer to the output signal of a circuit generated in response to a specified input

signal, usually a repetitive pulse signal, as shown in Fig. 1.9(a). The output signal usually goes through a

delay time td, rise time tr, on time ton, fall time tf, and off time toff in every cycle, as shown in Fig. 1.9(b).

Depending on the damping factor of the circuit, the response may exhibit an overshoot before settling into

the steady-state condition, as shown by the dashed curve in Fig. 1.9(b). The times associated with an output

signal are defined as follows:

• Delay time td is the time before the circuit can respond to any input signal.

• Rise time tr is the time required for the output to rise from 10% to 90% of its final (high) value.

• On time ton is the time during which the circuit is fully turned on and is functioning in its normal

mode.

• Fall time tf is the time required for the output to decrease from 90% to 10% of its initial (high) value.

• Off time toff is the time during which the circuit is completely off, not operating.

Thus, the switching period T is

T � td � tr � ton � tf � toff (1.3)

and the switching frequency is f � 1 ⁄ T. These times limit the maximum switching speed fmax of a circuit.

For example, the maximum switching frequency of a circuit with td � 1 �s and tr � tf � 2 �s is

fmax =

1

(td + tr + tf)
=

1

5 �s
= 200 kHz
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FIGURE 1.9 Pulse response of a circuit
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Introduction to Electronics and Design 13

1.6.2 Distortion

While passing through different stages within an electronic system, a signal often gets distorted. Distortion

may take many forms and can alter the shape, amplitude, frequency, or phase of a signal. Some examples

of distortion are shown in Fig. 1.10: part (b) shows clipping of the original sine wave in part (a) due to the

power supply limit, part (c) shows crossover distortion due to ineffectiveness of the circuit near zero

crossing, and part (d) shows harmonic distortion due to nonlinear characteristics of electronic devices. A

sinusoidal input signal of a specified frequency is usually applied to the input of a circuit, and then the fun-

damental and harmonic components of the output signal are measured. The amount of distortion is speci-

fied as the total harmonic distortion (THD), which is the ratio of the rms value of the harmonic component

to the rms value of the fundamental component (at the frequency of the sinusoidal input). The THD should

be as low as possible.

1.6.3 Frequency Specifications

The range of signal frequencies of electronic signals varies widely, depending on the application, as shown

in Table 1.3. The frequency specifications refer to the plot of the output signal as a function of the input

signal frequency. A typical plot for a system such as the one in Fig. 1.11(a) is shown in Fig. 1.11(b). For

frequencies less than fL and greater than fH, the output is attenuated. But for frequencies between fL and

fH, the output remains almost constant. The frequency range from fL to fH is called the bandwidth BW of

the circuit. That is, BW � fH � fL. A system with a bandwidth like the one shown in Fig. 1.11(b) is said

to have a band-pass characteristic. If fL � 0, the system is said to have a low-pass characteristic. If fH � �,

the system is said to have a high-pass characteristic.

t (in s)

t (in s)

t (in s) 

t (in s) 

Clipping

Crossover
distortion

Harmonic

(b)  Clipping(a)  Sine wave

vI

0

vO

0

(d)  Harmonic distortion(c)  Crossover distortion

vO

0

vO

0

FIGURE 1.10 Some examples of distortion
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For an operating frequency within the bandwidth or pass-band range, the voltage gain is defined as

APB � (1.4)

where Vi and Vo are the rms values of the input and output voltages, respectively. The input impedance is

defined as

Zi � (1.5)

where Ii is the rms value of the input current of the circuit. Zi is often referred to as the small-signal

input resistance Ri because the output is almost independent of the frequency in the midband range.

Ideally, Ri should tend to infinity. Thevenin’s equivalent resistance seen from the output side is speci-

fied as the output impedance Zo or the output resistance Ro, which should ideally be zero.

1.6.4 DC and Small-Signal Specifications

The DC and small-signal specifications include the DC power supply VCC, DC biasing currents (re-

quired to activate and operate internal transistors), and power dissipation PD (power requirement from

the DC power supply). The voltage gain (the ratio of the output voltage vO to the input voltage vI) is

Vi

Ii

Vo

Vi
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Zi Zo

Ii

fL fH

APB
APB

2+

−

√+

−

 (b)  Frequency response(a)  Circuit

f (in Hz)

Vo
Vi

FIGURE 1.11 Typical frequency characteristic 

Signal Type Bandwidth

Seismic signals 1 Hz to 200 Hz

Electrocardiograms 0.05 Hz to 100 Hz

Audio signals 20 Hz to 15 kHz

Video signals DC to 4.2 MHz

AM radio signals 540 kHz to 1600 kHz

Radar signals 1 MHz to 100 MHz

VHF TV signals 54 MHz to 60 MHz

FM radio signals 88 MHz to 806 MHz

UHF TV signals 470 MHz to 806 MHz

Cellular telephone signals 824 MHz to 891.5 MHz

Satellite TV signals 3.7 GHz to 4.2 GHz

Microwave communication signals 1 GHz to 50 GHz

TABLE 1.3 Bandwidths of electronic signals
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often specified. If the vO–vI relationship is linear, as shown in Fig. 1.12(a), and the circuit operates at

a quiescent point Q, the voltage gain is given by

AV � (1.6)

AV is often called the large-signal voltage gain. The characteristic plot of transistors is generally

nonlinear, as shown in Fig. 1.12(b), and the circuit is operated at a quiescent operating point, the Q-

point. The input signal is made to vary over a small range so that the vO–vI relation is essentially

linear. The voltage gain is then referred to as the small-signal gain Av, expressed by

Av � (1.7)

Electronic circuits, especially amplifiers, are normally operated over a practically linear range of the char-

acteristic. For an operating frequency within the BW of the circuit, Av � APB, where APB is the pass-band

or midfrequency gain of the amplifier.

¢vO

¢vI
`
at Q-point

=

VO

VI

vO

vI
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Q-point

00

FIGURE 1.12 Large-signal and small-signal characteristics

KEY POINT OF SECTION 1.6

■ The parameters that describe the performance of electronic circuits and systems usually include tran-

sient specifications, distortion, frequency specifications, and large- and small-signal specifications.

1.7 Types of Amplifiers 

There are many types of amplifiers, which can be classified according to the type of signal amplification,

the function, the type of interstage coupling, the frequency range, and the type of load. 

Signal amplification types are classified by the types of input and output signals: 

1. A voltage amplifier produces an amplified output voltage in response to an input voltage signal.

2. A transconductance amplifier produces an amplified output current in response to an input voltage

signal.
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3. A current amplifier produces an amplified output current in response to an input current signal.

4. An impedance amplifier produces an amplified output voltage in response to an input current

signal.

5. A power amplifier produces an amplified output voltage and delivers power to a low resistance load

in response to an input voltage signal.

Functional types are classified by their function or output characteristics: 

1. A linear amplifier produces an output signal in response to an input signal without introducing

significant distortion on the output signal, whereas a nonlinear amplifier does introduce distortion. 

2. An audio amplifier is a power amplifier in the audio frequency (AF) range.

3. An operation amplifier performs some mathematical functions for instruments and for signal

processing.

4. A wideband amplifier amplifies an input signal over a wide range of frequencies to boost signal

levels, whereas a narrowband amplifier amplifies a signal over a specific narrow range of 

frequencies. 

5. A radio frequency (RF) amplifier amplifies a signal for use over the RF range.

6. A servo amplifier uses a feedback loop to control the output at a desired level. 

Interstage coupling types are classified by the coupling method of the signal at the input, at the output, or

between stages: 

1. An RC-coupled amplifier uses a network of resistors and capacitors to connect it to the following

and preceding amplifier stages.

2. An LC-coupled amplifier uses a network of inductors and capacitors to connect it to the following

and preceding amplifier stages.

3. A transformer-coupled amplifier uses transformers to match impedances to the load side and input

side. 

4. A direct-coupled amplifier uses no interstage elements, and each stage is connected directly to the

following and preceding amplifier stages.

Frequency types are classified in accordance to the frequency range:

1. A DC amplifier is capable of amplifying signals from zero frequency (DC) and above.

2. An AF amplifier is capable of amplifying signals from 20 Hz to 20 kHz.

3. A video amplifier (VA)  is capable of amplifying signals up to a few hundred megahertz (<10 MHz

for TV).

4. An ultra-high-frequency (UHF) amplifier is capable of amplifying signals up to a few gigahertz.

Load types are classified in accordance to the type of load:

1. An audio amplifier has an audio type of load. 

2. A video amplifier has a video type of load.

3. A tuned amplifier amplifies a single RF or band of frequencies. 

Microelectronic Circuits: Analysis and Design16

KEY POINT OF SECTION 1.7

■ Amplifiers can be classified according to the type of signal amplification, the function, the type of

interstage coupling, the frequency range, and the type of load.
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1.8 Design of Electronic Systems

Engineering systems are becoming increasingly complex. Thus, it is highly desirable that engineers have

the skills needed to analyze, synthesize, and design complex systems. A design transforms specifications

into circuits that satisfy those specifications. Designing a system is a challenging task involving many vari-

ables. One can use different approaches to implement the same specifications, and hence many decisions

must be made in implementing the specifications.

In practical design work, the most challenging tasks are attacked first, and then the simple tasks

are tackled. That way, if an acceptable solution cannot be found to the difficult problems, time and

money are not wasted on solving easier problems. Thus, the engineering design process follows a hi-

erarchy in which systems are designed first through functional block diagrams, after which circuits

and then devices are designed. This approach is the opposite of what is normally taught in academic

courses. The system-level design is conceptualized and expressed in terms of functional blocks and

system integration [3]. The major steps in the design process, shown in Fig. 1.13, are as follows:

1. General product description

2. Definition of specifications/requirements

Introduction to Electronics and Design 17

Definition of
specifications

for circuit design

Product

Testing and
verification

Simulation/
modeling

System
integration

Comparison
with

specifications

Comparison
with

specifications
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block diagrams

Definition of
specifications

General
product

description

FIGURE 1.13 System-level design process
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3. System design through functional block diagrams

4. Definition of specifications of functional blocks for circuit-level synthesis and implementation

5. System integration

6. Simulation or modeling

7. Testing and verification

The system-level solution to designing the radio receiver in Fig. 1.3(a) is shown in Fig. 1.14. It

includes RF, intermediate frequency (IF), and AF amplifiers. The local oscillator tunes the radio receiver

to receive the signal of a desired station.

Only the broad outlines of the design process are given here. The details depend on the type of

system being designed. The design process may be viewed as a means to accomplish the following [4]:

1. Identify needs.

2. Generate ideas for meeting the needs.

3. Refine the ideas.

4. Analyze all possible solutions.

5. Decide on the action to be taken.

6. Implement the decision.

These steps are shown in Fig. 1.15. The steps are repeated until the desired specifications have been satis-

fied. Each of these six steps can be subdivided, as shown in Fig. 1.16. As the figure suggests, engineering

Input signal
specifications

RF
filter

RF
amplifier

Local
oscillator

Mixer IF
amplifier

Audio
amplifier

Peak
detector

IF
filter

Radio receiver

Speaker

Antenna

FIGURE 1.14 System-level block diagram of radio receiver
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Implement

Identify

Recycle
design process

as needed

FIGURE 1.15 Recycling of the design process (John

Burkhardt, Lecture Notes on the Art of Design. Fort Wayne, IN:

The Indiana University–Purdue University Fort Wayne, 1996)
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KEY POINT OF SECTION 1.8

■ In practical design work, the most challenging tasks are attacked before the simple tasks. Thus the

engineering design process follows a hierarchy in which systems are designed first through functional

block diagrams, after which circuits, and then devices are designed.
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FIGURE 1.16 Elements of the design process (John Burkhardt, Lecture
Notes on the Art of Design. Fort Wayne, IN: The Indiana University–Purdue

University Fort Wayne, 1996)

design involves many disciplines, and a design engineer must be able to function in a multidisciplinary

team and communicate effectively with other team members.
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1.9 Design of Electronic Circuits

A circuit-level design is implemented and expressed in terms of components, devices, and voltage–current

relationships. The lowest level is device-level design, which involves selecting types of devices. Before

starting this level of design, you must have some knowledge of electronic devices and their characteristics,

parameters, and models.

1.9.1 Analysis versus Design

Analysis is the process of finding the unique specifications or properties of a given circuit. Design, on the

other hand, is the creative process of developing a solution to a problem. We start with a desired set of spec-

ifications or properties and find a circuit that satisfies them. The solution is not unique, and finding it

requires synthesis. For example, the current flowing from a 12-V battery to a 5-� load resistance is simply

2.4 A. However, if you were asked to arrange a load that would draw 2.4 A from a battery of 12 V, you

could use many possible combinations of series and parallel resistors. Figure 1.17 shows a comparison of

analysis and design.

1.9.2 Definition of Engineering Design

What is engineering design? If you asked several different engineers, you would probably set with several

different definitions. The Accreditation Board for Engineering and Technology (ABET) provides the fol-

lowing broad definition [5]:

Engineering design is the process of devising a system, component, or process to meet desired

needs. It is a decision-making process (often iterative), in which the basic sciences and

mathematics and engineering sciences are applied to convert resources optimally to meet these

stated needs. Among the fundamental elements of the design process are the establishment 

of objectives and criteria, synthesis, analysis, construction if feasible, testing, and evaluation. 

The engineering design component of a curriculum must include most of the following features:

development of student creativity, use of open-ended problems, development and use of 

design theory and methodology, formulation of design problem statements and specifications,

consideration of alternative solutions, feasibility considerations, production processes,

concurrent engineering design, and detailed system descriptions. Further, it is essential to

incorporate appropriate engineering standards and include multiple realistic constraints such as

economic, environmental, social, political, ethical, health and safety, manufacturability, and

sustainability.

Microelectronic Circuits: Analysis and Design20
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FIGURE 1.17 Analysis versus design
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1.9.3 The Circuit-Level Design Process

The major steps in the circuit-level design process, shown in Fig. 1.18, are as follows:

Step 1. Study the design problem.

Step 2. Define the design objectives—that is, establish the design’s performance requirements.

Step 3. Establish the design strategy, and find the functional block diagram solution.

Step 4. Select the circuit topology or configuration after evaluating alternative solutions.

Step 5. Select the component values and devices. Analysis and synthesis may be required to find

the component values. Use simple device models to simplify the analytical derivations.

Step 6. Evaluate your design, and predict its performance. Modify your design values if necessary.
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FIGURE 1.18 Circuit-level design process
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Step 7. Model and simulate the circuit by using more realistic (or complex) device models. Get

the worst-case results given the component and parameter variations. Modify your design as

needed.

Step 8. Get a cost estimate for the project if cost is a prime constraint. Plan component layout so that

the project requires the minimum fabrication time and is as inexpensive as possible.

Step 9. Build a prototype unit in the lab, and test it and take measurements to verify your design.

Modify your design as needed.

Microelectronic Circuits: Analysis and Design22

Carrying out the design process Design a circuit to measure DC voltage in the range from 0 to 20 V.

For a full-scale deflection, the indicating meter draws 100 �A at a voltage of 1 V across it. The current drawn

from the DC supply should not exceed 1 mA.

SOLUTION

Step 1. Study the design problem carefully so that you can define the design objectives succinctly in engi-

neering terms.

Step 2. Define the design objectives by means of a design statement, performance requirements, design con-

straints, and design criteria.

The design statement expresses the objective in a single sentence with few or no numbers—for example,

Design of a DC indicating meter

The performance requirements must be specific and related to the required performance characteristics in

terms of voltage, current, impedance, power, time, frequency, and so on. The values refer to the input and output

terminals of the circuit and are normally expressed in mathematical inequalities—for example,

Meter current IM 	 100 �A

The design constraints are the limitations imposed by the system-level design process—for example,

DC supply voltage VDC � 0 to 20 V

DC supply current IDC 	 1 mA

Meter voltage VM � 1 V

The designer, in general, has no flexibility to modify these constraints.

The design criteria are the criteria for judging the quality of a design and may include factors such as accu-

racy, cost, reliability, efficiency, response time, bandwidth, and power dissipation—for example,

• The excess of IM over 100 �A should be a minimum, say 5%:


IM 	 5 �A

• The value of IDC under 1 mA should be a maximum, say within 15%:


IDC 	 150 �A

• The cost must be kept to a minimum.

EXAMPLE 1.1

D
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Step 3. Establish the design strategy, and find the functional block diagram solution. This solution is shown

in Fig. 1.19.

Step 4. Select the circuit configuration after evaluating alternative solutions. Many different circuit configura-

tions (such as using zener diodes) could perform the function of providing the meter current at a specific voltage.

For this example we will use a simple circuit that utilizes the principle of voltage division. This circuit is shown

in Fig. 1.20. Note that this is not a unique arrangement. We could remove R2 and still satisfy the specifications.

Step 5. Select the component values after analyzing the circuit. The meter can be represented by a resistance RM:

The value of resistance R1 can be found from

To keep the cost down, we will use a 5% carbon resistor. From the tables of available resistors in Appendix E,

we find that 20 k� is the nearest higher value for a 5% carbon resistor. That is,

R1 � 20 k� � 5%

From the voltage divider rule, VM is related to VDC by

(1.8)

which, for VM � 1 V, VDC � 20 V, R1 � 20 k�, and RM � 10 k�, gives R2 � 1.18 k�. We find that 1.2 k� is

the nearest higher value for a 5% carbon resistor. That is, R2 � 1.2 k� � 5%.

Step 6. Evaluate your design, and predict its performance. Using Eq. (1.8), we get

VM =

RM  ‘ R2

R1 + (RM ‘ R2)
VDC = 1.01695 V 

VM =

RM  ‘ R2

R1 + (RM ‘ R2)
VDC

R1Ú  

(VDC - VM)

IDC
=

(20 - 1)

1 mA
= 19 kÆ

RM =

VM

IM
=

1 V

100 �A
= 10 kÆ

+

+

−

−

IDC

VDC

R1

R2 RM =  10 kΩ

IM

VM

FIGURE 1.20 Proposed circuit configuration for Example 1.1

FIGURE 1.19 Block diagram solution of the design for Example 1.1
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which in turn gives IM � 1.01695 ⁄ 10 k� � 102 �A, which falls within the specified criteria.

This also falls within the specified criteria. The power rating of R1 is

PR1 � (VDC � VM) � IDC � (20 � 1.01695) � 949 �A � 18 mW

We choose the lowest power rating, 1 ⁄ 8 W. The power rating of R2 is

We choose the next larger power rating, 1⁄ 8 W.

NOTE: At this step we may need to modify our design because we did not consider the effects of resistor

tolerance on performance.

Step 7. Simulate the circuit. We will use PSpice to find the meter current. The complete circuit 

for PSpice simulation is shown in Fig. 1.21. Rbreak is the model name for resistors to assign tolerance to resis-

tors. Refer to Appendix A, “Introduction to OrCAD,” and to Rashid [6].

The PSpice plot of the meter current I(Rm) versus the DC supply voltage VDC is shown in 

Fig. 1.22. The design meets the specifications under nominal values, but under worst-case conditions the design

falls short of specifications. Fine-tuning and several modifications will be required to find the final solution.

This is generally true for open-ended design problems. We could try changing the value of R1 or R2 so that the

specifications are met under worst-case conditions. Of course we could meet the specifications easily, but at a

higher cost, if we chose resistors with 1% tolerance. The second cursor of the first plot is used to measure the

current of the second plot.

Step 8. Get a cost estimate. From the resistor cost tables provided by suppliers, we find

R1: 20 k�, 1 ⁄ 8 W $0.20 (approx.)

R2: 1.2 k�, 1 ⁄ 8 W $0.15 (approx.)

which gives a total component cost of $0.35. Note that this estimate does not take into account costs usually

associated with production, manufacturing, or company overhead.

PR2 =

V 
2
M

R2
=

1.016952

1.2 kÆ

= 862 �W

IDC =

(VDC - VM)

R1
=

(20 - 1.01695)

20 kÆ

= 949 �A

R1
20 kΩ

+

−
R2

1.2 kΩ

0

1 2

Rm
10 kΩ

Rbreak
5%

Rbreak
5%

VDC
20 V

FIGURE 1.21 Proposed circuit for PSpice

simulation FIGURE 1.22 PSpice plots of meter current
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1.9.4 Benefits of Studying from a Design Perspective

On a concrete level, the use of the design process helps you translate complex design tasks into simple

circuits in a systematic way. Also, it helps you learn to establish procedures for tackling the system blocks,

circuits, or subcircuits and to find, use, and integrate information from various sources, such as manufacturers’

data sheets, modeling, and simulations.

On a more abstract level, the design requires decision making on trade-offs and alternative so-

lutions and challenges you to select the best answer from a large number of acceptable ones. Thus,

it strengthens decision-making skills and develops judgment, as well as fosters self-confidence and

expertise in applying theory to solve real problems. Also, it lets you solve problems in your own

unique way; thus, it motivates and develops creativity as well as critical thinking skills. Creativity

is important to the design process, which requires you to go beyond what you learn in classroom

lectures.

Because it integrates different topics in electronics as well as material from other courses on basic cir-

cuits, physics, mathematics, simulation and modeling, and laboratory techniques, a design perspective

emphasizes that broad general knowledge is essential for engineering design. The design at the system

level requires knowledge of system methodologies such as analysis and top-down design and system char-

acteristics such as safety and reliability. It also requires communication skills to prepare reports and pre-

sent data and management skills to coordinate product development and discover why designs fail to meet

performance specifications.

1.9.5 Types of Design Projects

Engineering design involves open-ended problems whose objectives are only partially defined. Problem

definition and identification of constraints are needed to achieve a satisfactory solution. Often considerable

ingenuity is required to find an acceptable solution from alternative pathways, and generally several itera-

tions are needed to reach the solution. Also, it is necessary to verify the solution by simulation and/or test-

ing to ensure that the design objectives have been satisfied. The design projects that appear in this text vary

in complexity; the time required to complete them varies from 1 h to 1 month. The design projects can be

classified into four categories, depending on the time required: short design projects, mini design projects,

medium design projects, and large design projects. Electrical Engineering Design Compendium [7] is an

excellent source of other open-ended problems.

Short Design Projects

Short design projects can be completed in 1 or 2 h. Some of the problems at the end of each chapter fall

into this category, including the following:

1. Defining the specifications of rectifier circuits (Chapter 5)

2. Defining the specifications of amplifiers (Chapter 2)

3. Design of transistor biasing circuits (Chapters 7 and 8)

4. Design of simple operational amplifier (op-amp) circuits (Chapter 3)

5. Design for offset minimization of op-amp circuits (Chapter 14)

6. Design of simple current source biasing circuits (Chapter 9)
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Mini Design Projects

Mini design projects can be completed in approximately 1 week. Following are some of the end-of-

chapter problems in the text that fall into this category:

1. Design of half-wave and full-wave rectifiers with an output filter (Chapter 5)

2. Design of diode wave-shaping circuits (Chapter 5)

3. Design of op-amp differentiators or integrators (Chapter 3)

4. Design of power amplifiers (Chapter 11)

5. Design of Schmitt trigger circuits (Chapter 16)

6. Design of sample and hold circuits (Chapter 16)

7. Design of timing circuits (Chapter 16)

Medium Design Projects

Medium design projects can be completed in approximately 2 to 3 weeks. Following are some of the end-

of-chapter problems in the text that fall into this category:

1. Design of single-stage transistor amplifiers (Chapters 7 and 8)

2. Design of active filters (Chapter 12)

3. Design of instrumentation amplifiers (Chapter 3)

4. Design of transistor amplifiers to meet frequency specifications (Chapters 7 and 8)

5. Design of single-stage feedback amplifiers (Chapter 10)

6. Design of oscillators (Chapter 13)

7. Design of active current sources (Chapter 9)

8. Design of differential amplifiers with current source biasing (Chapter 9)

9. Design of electronic circuits using A/D and D/A converters (Chapter 15)

10. Design of electronic circuits using ICs of phase-lock loop (PLL) and voltage-controlled oscillators

(VCO) (Chapter 16)

Large Design Projects

Large design projects can be completed in approximately 4 to 5 weeks. Following are some of the end-

of-chapter problems in the text that fall into this category:

1. Design of multistage amplifiers (Chapters 7 and 8)

2. Design of higher-order active filters (Chapter 12)

3. Design of power amplifiers with current source biasing (Chapter 11)

4. Design of operational amplifiers (Chapter 14)

5. Design of multistage feedback amplifiers (Chapter 10)

6. Design of logic gates (Chapter 15)

1.9.6 Design Report

It is recommended that in your design reports you do the following:

• Give the complete design, including the ratings and values of each component.

• Justify the use of a particular circuit topology.
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• Verify your design objectives by simulating your circuit using PSpice/SPICE/OrCAD or Electronics

Workbench. Include a worst-case analysis (with 10% tolerances for all passive components, unless

specified).

• Give a cost estimate. The project should be as inexpensive as possible.

A suggested format for design reports is as follows:

1. Title page (including your name, the course number, and the date) 

Include the following statement on the cover sheet: 

I/we certify that this assignment is the result of my/our own efforts.

Signature(s):   Date: 

2. Design objectives and specifications

3. Design steps (including the circuit topology)

4. Design modifications

5. Computer simulation and design verification

6. Components and costs

7. Flowchart of the design process

8. Costs versus reliability and safety considerations

9. Conclusions
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KEY POINTS OF SECTION 1.9

■ Design is the creative process of developing a solution to an open-ended problem. Use of the engi-

neering design process has many benefits. It develops creativity as well as critical thinking skills, and

it promotes decision making and develops judgment.

■ Following the design process helps in translating complex design tasks into simple circuits in a sys-

tematic way.

1.10 Electronic Devices

Electronic devices constitute the heart of electronics. The many types of devices can be classified into three

categories: semiconductor diodes, bipolar junction transistors (BJTs), and field-effect transistors (FETs).

All are nonlinear devices.

1.10.1 Semiconductor Diodes

A diode is a two-terminal semiconductor device. It offers a low resistance in the forward direction and a high

resistance in the reverse direction. Thus a diode permits easy current flow in only one direction. The symbol

for a diode is shown in Fig. 1.23(a). The arrow indicates the direction of current flow. If the anode–cathode

voltage vD is greater than zero, a diode is like a short circuit; if the voltage vD is less than zero, the diode is

like an open circuit. Thus, a diode is a logic device and can be represented by a controlled switch, 

as shown in Fig. 1.23(b). We will study the characteristic and modeling of diodes in Chapter 4 and the appli-

cations of diodes in Chapter 5.
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1.10.2 Bipolar Junction Transistors

Bipolar junction transistors (BJTs), developed in the 1950s, are the oldest devices for amplification of sig-

nals. There are two types of transistors: npn and pnp. Their symbols are shown in Fig. 1.24[(a) and (b)].

A BJT has three terminals: the emitter (E), the base (B), and the collector (C). The arrowhead on the emit-

ter identifies the transistor as an npn or a pnp transistor. Voltages VBE and VCC are required to activate and

bias the transistors appropriately in their normal operating modes.

A BJT is a current-dependent device, and its collector (output) current iC depends on the base cur-

rent iB, as shown in Fig. 1.24(c). The base emitter behaves like a diode and can be represented by a

diode. Thus, a small change in the base current ib causes an amplified change in the collector current ic.

That is,

ic � �F ib (1.9)

where �F is called the forward current gain of the transistor. The small-signal model of a BJT in response

to a small input base current ib is shown in Fig. 1.24(d). In Chapter 8, we will study the characteristics and

modeling of bipolar transistors.
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1.10.3 Field-Effect Transistors

Field-effect transistors (FETs) are the next generation of transistors after BJTs. An FET has three terminals:

the drain (D), the gate (G), and the source (S). The output current of an FET depends on an electric field

that depends on a gate control voltage. An FET operates as a voltage-dependent device. That is, the drain

(output) current depends on the input gate voltage. There are three types of FETs: enhancement metal oxide

semiconductor field-effect transistors (enhancement MOSFETs), depletion metal oxide semiconductor

field-effect transistors (depletion MOSFETs), and junction field-effect transistors (JFETs). In Chapter 7, we

will study the characteristics and modeling of FETs.

Enhancement MOSFETs

There are two types of enhancement MOSFETs: n-channel and p-channel. Their symbols are shown in

Fig. 1.25[(a) and (b)]. The arrowhead on the substrate indicates the type, either p or n. The substrate

B is normally connected to the source terminal. A channel is induced under the influence of electric field

action. As shown by the break in the lines from the drain to the source, there is no physical channel

between the drain and the source. Voltages vGS � VGS and VDD are required to activate and bias the

FETs appropriately in their normal operating modes. The gate current iG is very small, practically zero.

The drain (output) current iD depends on the gate–source voltage vGS, as shown in Fig. 1.25(c), and it

is given by

iD � Kp(vGS � Vt)2 for ⏐vGS⏐�⏐Vt⏐ (1.10)

where Kp is the MOSFET constant, in ampere per square volts Vt is the threshold voltage of the MOSFET,

in volts. vGS and Vt are positive for n-type enhancement MOSFETs and negative for p-type enhance-

ment MOSFETs. The value of vGS must exceed the value of Vt for any drain current to flow. That is,
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|vGS | |Vt |. For example, if Kp � 2 mA/V2, Vt � 1.5 V (for an n-channel MOSFET), and vGS � 3 V,

Eq. (1.10) gives

Depletion MOSFETs

There are two types of depletion MOSFETs: n-channel and p-channel. Their symbols are shown in

Fig. 1.26[(a) and (b)]. As shown by the continuous lines from the drain to the source, there is a physical

channel between the drain and the source. However, the channel can be enhanced or depleted by the influ-

ence of electric field action. Voltages vGS (�VGS) and VDD bias the FETs appropriately in their normal

operating modes. The gate current iG is practically zero. The drain (output) current iD depends on the

gate–source voltage vGS, as shown in Fig. 1.26(c), and it is given by

iD � Kp(vGS � Vp)2 (1.11)

� I
DSS�1 � �

2
(1.12)

where Kp � MOSFET constant, A/V2

IDSS � Kp / V
2
p, the steady-state drain current at vGS � 0, A

Vp � pinch-off voltage of the MOSFET, V

Vp is the voltage at which the drain–source channel is effectively pinched off and no drain current flows.

Vp is negative for n-type depletion MOSFETs and positive for p-type depletion MOSFETs. vGS can be

either positive or negative, but its magnitude cannot exceed ⏐Vp⏐. That is, vGS  Vp for n-channel and vGS 
Vp for p-channel. For example, if IDSS � 10 mA, vGS � � 2 V and Vp � � 4 V, Eq. (1.12) gives 

iD �10 mΑ � � 2.5 mΑa1 -

-2

-4
b2

vGS

Vp

iD =

2 mA

V2 * (3 - 1.5)2 V 
2

= 4.5 mA
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Junction FETs

Depletion MOSFETs can perform the same functions as JFETs [8] and have advantages over JFETs.

As a result, JFETs are being phased out and are not covered further in this text. There are two types

of JFETs: n-channel and p-channel. Their symbols are shown in Fig. 1.27[(a) and (b)]. The gate–source

junction is reverse biased so that it behaves as a reverse-biased diode. As shown by the continuous lines

from the drain to the source, there is a physical channel between the drain and the source. The drain

current is controlled by the influence of electric field action. Voltages vGS (�VGS) and VDD bias the

JFETs appropriately in their normal operating modes. There is a small gate current iG on the order

of microamperes. The drain (output) current iD depends on the gate–source voltage vGS, as shown in

Fig. 1.27(c), and it is given by

iD � IDSS�1 � �
2

for ⏐vGS⏐	⏐Vp⏐ (1.13)

where IDSS is drain current at vGS � 0, in amperes and Vp is pinch-off voltage of the JFET, in volts. Vp is

the voltage at which the drain–source channel is effectively pinched off and no drain current flows. Vp is

negative for n-type JFETs and positive for p-type JFETs. vGS is negative for n-type JFETs and positive for

p-type JFETs, but its magnitude cannot exceed Vp. For example, if IDSS � 20 mA, Vp � �3 V (for an n-

channel JFET), and vGS � �1.5 V, Eq. (1.13) gives

iD � 20 mA � (1 � 1.5/3)2 � 5 mA

vGS

Vp
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KEY POINTS OF SECTION 1.10

■ Electronic devices constitute the heart of electronics. There are three categories of devices: semicon-

ductor diodes, bipolar junction transistors (BJTs), and field-effect transistors (FETs).

■ A diode acts as a switch, which may be on or off depending on the voltage across its terminals. A BJT

is a current-dependent device that can be operated as a switch or as an amplifying device. An FET is

a voltage-dependent device that can be operated as a switch or as an amplifying device.
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1.11 Emerging Electronics 

Traditional electronics use inorganic conductors. The inorganic materials such as silicon, gallium arsenide

semiconductors, silicon dioxide insulators, and metals such as aluminum and copper have been the back-

bone of the modern semiconductor industry. Organic materials are being used as conductors in organic and

biomedical electronics. A new type of element known as memristor may lead to the invention of a new

class of high-density devices.

1.11.1 Memristor 

From the circuit point of view, the circuit elements are defined in terms of four circuit variables: the cur-

rent i, the voltage v, the charge q, and the magnetic flux �. Therefore, there are four possible combinations

of these variables: i and v, v and q, q and �, and � and i. Three of these relationships describe the three

basic circuit elements: the resistance R, the inductance L, and the capacitance C. The fourth relationship

between q and � was discovered and described by Chua [9] as the fourth circuit element, known as mem-
ristor. Thus, the four circuit elements are related to the circuit variables by 

(1.14)

(1.15)

(1.16)

(1.17)

If the charge q and the flux � vary with the time t, the current i and the voltage v are given by 

(1.18)

(1.19)

Therefore, if the charge q and the flux � vary, the ratio of v(t) and i(t) gives the memristance M(q) �
v(t)/i(t) � d�/dq. The memristor is a circuit element in which the magnetic flux � is a function of the

accumulated charge; its symbol is shown in Fig. 1.28(a). The memristance is the rate of change of flux

Voltage: v(t) =

df

dt

Current: i(t) =

dq

dt

Memristance: M(q) =

df

dq

Capacitance: C(q) =

dq

dv

Inductance: L(i) =

df

di

Resistance: R(t) =

dv

di
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with the charge as shown in Fig. 1.28(b). Since M(q) has the unit of resistance, it is the incremental memri-

stance whose value at any time to depends on the time integral of the memristor current from t � �� to t � to.
Thus, a memristor behaves like an ordinary resistor at any given instant of time to, but its resistance

depends on the history of its current or its accumulated charge that has flowed through the device in the

same way that the voltage of capacitors does. The name memristor is a portmanteau of memory resistor. A

memristor (one for which M varies) is a nonlinear resistor. A linear memristor (one for which M is con-

stant) would be similar to an ordinary linear resistor (one for which R is constant), with M � R. It is impor-

tant to note that unlike a capacitor that stores charge, a memristor does not use magnetic flux to achieve its

nonlinear characteristic; rather it achieves the characteristic of a resistor whose value depends on the his-

tory of the current using the chemical mechanism of charge changes. 

A memristor is capable of “remembering” how much electrical charge most recently passed

through it in a particular direction, which is reversible by changing the direction of current [10]. The

memristor has unique analog properties that may lead to the invention of a new class of high-density

devices having the characteristics of low heat generation. These include applications in high-density

nonvolatile digital memory [10, 11, 12], programmable logic, signal processing, neural networks, and

control systems. 

1.11.2 Organic Electronics

There has been a growing research effort in “organic electronics” to improve the semiconducting, con-

ducting, and light-emitting properties of organics (polymers, oligomers) and hybrids (organic–inorganic

composites) [13, 14]. Organic electronics, also called plastic electronics, use organic material that has

semiconductor properties [15]. A semiconductor is any compound whose electrical conductivity is between

that of typical metals and that of insulating compounds. Carbon-based conductive polymers and molecules,

which are similar to the molecules of living cells, are used as conductors exhibiting semiconductor prop-

erties. Single-molecule organic semiconductors are of two types: short-chain (oligomers) and long-chain

(polymers). Like inorganic semiconductors, organic semiconductors can be doped to obtain an electron

donor molecule or an electron acceptor molecule.

Conductive polymers are lighter, more flexible, and less expensive than inorganic conductors.

They are finding new applications as smart windows and electronic papers, and they are expected to

play an important role in the emerging area of molecular computers. Conductive polymers, however,

have a higher resistance and therefore conduct electricity poorly and inefficiently compared to inor-

ganic conductors. The organic materials, which are used as either sacrificial stencils (photoresists) or

passive insulators, do not take any active role in the electronic functioning of a device. They neither

conduct current to act as switches or wires nor emit light. Organic electronics fall broadly into two

categories:

1. Organic thin-film transistors (OTFTs) [16]: These offer unique advantages over inorganic transis-

tors and are cheaper to produce. They find applications such as a flat screen that can be rolled up

and put into a jacket pocket. They can be constructed on flexible surfaces, such as plastic film,

making organic circuits ideal for portable and mobile devices. However, organic transistors have a

big disadvantage of much higher energy consumption. OTFTs also have low charge mobilities,

which limit their operation at high switching frequencies.

2. Organic light-emitting diodes (OLEDs): These are breaking into the consumer electronics

market and replacing the small liquid crystal displays (LCDs) [17] found in music players, cam-

eras, and mobile phones [18]. The production of flexible OLED screens will allow roll-up

screens for easy transport of unique, large-screen personal digital assistants (PDAs) [19] and

flexible and impact-resistant display units.
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Here are some advantages of organic electronics: 

• Organic electronics have photoconductive properties, which makes them suitable in applications

such as liquid crystal displays, light-emitting diodes, solar cells, and even superconductors. 

• They are lighter, more flexible, and cheaper to manufacture than inorganic electronics—for

example, in making radio frequency identification (RFID) tags.

• Environment-polluting chemicals are not needed in manufacturing organic circuits because the cir-

cuits can be printed from organic “ink.” Silicon components, in contrast, require a long, tedious

manufacturing process that requires dangerous chemicals such as arsenic, lead, and mercury, along

with millions of gallons of water and solvent.

The disadvantages of organic electronics include the following: 

• Their major disadvantage is their relatively higher energy consumption.

• The mobility of their electrons is much lower than that of silicon. This affects the speed at

which the transistors or other devices can switch on and off. 

After the disadvantages are overcome, organic electronics are expected to take over a major share of the

silicon-based component marketplace.

1.11.3 Bioelectronics

Electronic principles find applications in many biomedical devices. Bioelectronics use biomaterials as con-

ductors and apply the principle of intermolecular electron transfer in physiological processes. Biocompat-

ible materials are used to construct artificial organs, rehabilitation devices, or prostheses and replace

natural body tissues. Materials that are used and adapted for medical applications are essentially biomate-

rials. Therefore, a biomaterial is any material, natural or human-made, that makes up all or part of a living

structure or biomedical device that performs, augments, or replaces a natural function. Applications

include but are not limited to cartilage replacement, bone plates, organ replacement, blood vessel prosthe-

ses, skin repair devices, and contact lenses. 

There are many different types of bioelectronics, depending on the types of applications. These

include sensors that can distribute medications and supplements according to the user’s needs,

nanowires capable of sending information and power, biofuel cells capable of producing reasonable

power, solar energy, bioelectronic noses, medical devices, prostheses, and electronic biosensors. An

implant biosensor can restore partial sight.

Nanowires [20] could yield optical chips and sensors for biological and chemical molecules. The

wires are about a thousandth the width of a human hair and function with minimal signal loss. Bioelec-

tronic principles include concepts for curing diseases, DNA-based nanofabrication, fabricating nano-

electronic devices using self-assembling protein molecules, cell restoration, organ prostheses, and

nanoelectronic circuitry. 

Some applications and terminology of bioelectronics fall broadly into 1 of 12 categories:

1. Biotechnology [21] uses microorganisms, such as bacteria or yeasts, or biological substances,

such as enzymes, to perform specific industrial or manufacturing processes.

2. Nanotechnology [22] refers to a field of applied science concerning the control of matter 

and construction of devices on the atomic and molecular scale. Nanofabrication based on 

DNA architecture can synthesize and program reliably self-organizing building blocks for 

any desired structure—such as metals, semiconductor nanoparticles, carbon nanotubes, and 

biomolecules.
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3. Nanomedicine is a specific application of nanotechnology. Nanomedicine is being used for drug

delivery: Medicines are delivered by basic nanites that can identify particular cells that need a

medicine and release the drug into the cells. This greatly increases the efficiency of the medica-

tion. Nanotechnology is also currently used to augment the quality of MRI scans by providing

greater contrast with nanoparticle agents. Nanites can help identify certain cancers and can some-

times destroy the cancers at a cellular level. Nanoscopic biosensors can be injected to provide

medical personnel more complete information about patients [22].

4. Biosensors [23–26] are devices that detect, record, and transmit information about a physio-

logical change or process. They use biological materials to monitor the presence of various chem-

icals in a substance. A biosensor consists of three elements: the sensitive biological element, the

transducer or the detector element, and the user interface. Blood glucose sensors are the most

widespread example of a commercial biosensor. Other instances of biosensor development

include electronic noses [24] and eyes [27].

5. Medical telesensors [28] are fingertip chips that measure and transmit data about human body

temperature, blood pressure, oxygen level, and pulse rate. This type of medical telesensor can

report measurements of vital functions to remote recorders.

6. Microcantilevers can measure the presence of substances by nonoptical methods and are alterna-

tives to optical fiber. They can act as physical, chemical, or biological sensors by detecting

changes in cantilever bending or vibrational frequency. Microcantilevers are a million times

smaller than the molecules they detect; but molecules adsorbed on a microcantilever cause vibra-

tional frequency changes. Viscosity, density, and flow rate can also be measured through these

changes in vibrational frequency.

7. Bioreporters are a type of biosensor based on detection of light emitted by a specially engineered

microorganism that is involved in bioremediation. The light originates from a particular protein that

has been installed in certain bacteria by modern molecular genetic methods. This type of biosensor can

find application within the fields of pollution cleanup and detection and reporting of biodegradation. 

8. Microchip implants [23] in animal or human brains are linked to a communication device on a

computer. This process, called brain–computer interface, is linked directly to the neural part of the

brain. The computer can either send or receive signals from the microchip—but not both. The

computer can send signals to the brain to help control and improve eyesight, hearing, or move-

ment. The microchip can also send signals to a computer system to warn of potential health prob-

lems of an animal or human. 

9. Biofuel cells [23] are microorganisms when consumed by a substrate such as sugar in an aerobic

condition, that is, a solution involving air, usually oxygen, produce carbon dioxide and water.

However, when oxygen is not present, they produce electrons, thus providing current for power

generation. Therefore, a biofuel cell uses living organisms to produce electricity. Two types are

microbial fuel cells and enzymatic biofuel cells. Microbial fuel cells use living microorganisms.

Enzymatic biofuel cells use enzymes derived from organisms. 

10. Microbial fuel cells [23, 29] convert chemical energy to electrical energy by the catalytic reaction

of microorganisms. They have a number of potential uses. The most obvious is harvesting the

electricity produced; virtually any organic material could be used to “feed” the fuel cells. Microor-

ganisms known as electricigens can efficiently convert organic wastes, renewable biomass, and

even mud into electricity and harmless by-products. This capability offers the potential for using

microbes (or their components) to generate electricity at low cost while transforming industrial,

domestic, and farm wastes.

11. Nanobiotechnology refers to the use of nanotechnology to further the goals of biotechnology.

12. Nanofabrication refers to any technique used to create objects or mechanisms on the scale of nan-

otechnology.
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Problems

1.1 Design a circuit to measure a DC voltage in the range from 0 to 400 V. For a full-scale deflection, 

the indicating meter draws 100 �A at a voltage of 1 V (DC) across it. The accuracy should be better than

2%. The input current from the source should be less than 1 mA.

1.2 Design a circuit to supply 6 V to a load from a DC supply of 24 V. The load current should be 5 A. The accu-

racy should be better than 5%.

1.3 Design a circuit to provide 60 W at 50 V to a resistive lamp from an AC supply of 120 V � 10% at 60 Hz.

The circuit should be energy efficient—that is, it should consume the least power possible.

1.4 Design a circuit to charge a 2-�F capacitor from a DC supply of 24 V. The charging current should be lim-

ited to 1 mA. The accuracy should be better than 5%.

1.5 The input and output voltages of an amplifier are

vi � 5 sin (1000 � t � 30°) mV and vo � 400 sin (1000 � t � 90°) mV

Find the magnitude and phase of the voltage gain of the amplifier.

1.6 An n-channel MOSFET has Kp � 20 mA/V2 and Vt � 1.5 V. If the gate–source voltage is 

vGS � 3 V, find the small-signal transconductance gm of the MOSFET.

1.7 An n-channel JFET has IDSS � 20 mA and Vp � 23 V. If the gate–source voltage is vGS � �1.5 V, find the

small-signal transconductance gm of the JFET. Assume the devices are in saturation.

1.8 The base current of a bipolar transistor is iB � 2 (1 � sin 2000 � t) mA and the current gain of the transis-

tor is �F � 100. What are IB, ib, IC, and ic?

1.9 For a bipolar transistor, the collector–emitter voltages are VCE � 6 V and vce � �100 sin (2000 � t) mV,

and the base–emitter voltages are VBE � 0.7 V and vbe � 1 sin (2000 � t) mV.

a. What are the expressions for vCE and vBE?

b. Find the small-signal voltage gain Av.

1.10 For an FET, the drain–source voltages are VDS � 6 V and vds � �50 sin (1000 � t) mV, and the gate–source

voltages are VGS � 3 V and vgs � 2 sin (1000� t) mV.

a. What are the expressions for vDS and vGS?

b. Find the small-signal voltage gain Av.

gm =

diD
dvGS

gm =

diD
dvGS
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Learning Outcomes
After completing this chapter, students should be able to do

the following:

• Describe the characteristics, types, circuit models, and

applications of amplifiers. 

• Determine the design specifications of an amplifier

in order to meet the input and output requirements of

an application.

• Describe the frequency behavior of amplifiers.

• Apply the frequency response techniques to determine

the low and high cutoff frequencies of amplifiers.

• Describe the external characteristics and circuit models

of op-amps. 

Symbols and Their Meanings
Symbol Meaning
Av, Gm, Zm, Ai Voltage, transconductance, transimped-

ance, and current gain

Avo, Gmo, Zmo, Ais Open-circuit voltage, transconductance,

transimpedance, and current gain

CHAPTER 2
INTRODUCTION 
TO AMPLIFIERS 

AND FREQUENCY
RESPONSE

67722_02_ch02_p039-102.qxd  2/26/10  1:33 PM  Page 39

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



2.1 Introduction

The output signals from transducers are weak (in the range of microvolts [�V] or millivolts [mV]) and pos-

sess a very small amount of energy. These signals are generally too small to be processed reliably to per-

form any useful function. Signal processing is much easier if the magnitude of the signal is large (in the

range of volts). Amplifiers are used in almost every electronic system to increase the strength of a weak

signal. An amplifier consists of one or more amplifying devices. The complexity of an amplifier depends

on the number of amplifying devices. To analyze a complex circuit consisting of a number of amplifiers,

a model representing the terminal behavior of each amplifier is often necessary.

2.2 Amplifier Characteristics

An amplifier may be considered as a two-port network with an input port and an output port. It is repre-

sented by the circuit symbol shown in Fig. 2.1, which indicates the direction of signal flow from the input

side to the output side. Normally, one of the input terminals is connected to one of the output terminals

to form a common ground. The output voltage (or current) is related to the input voltage (or current) by

a gain parameter. If the output signal is directly proportional to the input signal such that the output is an

exact replica of the input signal, the amplifier is said to be a linear amplifier. If there is any change in the

output waveform, it is considered to have distortion, which is undesirable. The amplifier is then said to

Microelectronic Circuits: Analysis and Design

Gain

Input
vS

Output
vO

+

−

+

−
FIGURE 2.1 Symbol for an amplifier

Symbol Meaning
BW, APB Bandwidth and pass-band voltage gain 

CMRR Common-mode rejection ratio 

fH, fL High and low cutoff frequencies 

is, ii, io Small-signal source and input and output currents

Ri, Ro Input and output resistances

RCI, �CI Equivalent resistance of an RC circuit and the RC time constant

vs(t), vi(t), vo(t) Instantaneous input signal and input and output voltages

Vs, Vo DC input signal and output voltages
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be a nonlinear amplifier. The characteristics of amplifiers are defined by a number of parameters, which

are described in the sections that follow.

2.2.1 Voltage Gain

If the input signal voltage to a linear amplifier is vS, the amplifier will provide an output voltage vO, which

will be a magnified facsimile of vS. This situation is shown in Fig. 2.2(a) for an amplifier with a load resis-

tance of RL. The voltage gain AV of the amplifier is defined by

Voltage gain AV � (2.1)

The transfer characteristic, shown in Fig. 2.2(b), will be a straight line with a slope of AV. Thus, if we apply

a DC input signal of vS � VS, the DC output voltage will be vO � VO � AVVS and the amplifier will operate

at point Q. The DC voltage gain then becomes AV � VO ⁄ VS. However, if we superimpose a small sinu-

soidal signal vs � Vm sin �t on VS, as shown in Fig. 2.2(c), the output voltage becomes vO � VO � vo.

Output voltage vO

Input voltage vS
 (V>V)

Introduction to Amplifiers and Frequency Response

Gain

vS vO

iS

RL

Q-point

iO

VS

iS = IS + is(t) iO = IO + io(t)

vO = VO + vo

(b)  Transfer characteristic(a)  Voltage amplifier

(d)  Small-signal output voltage

~

Gain

vs

RL

(c)  Small signal imposed
      on DC signal

~
vS

vO

VS

VO
AV =

vo
vs

Av =

vS0

VO

VS

vO

vS0

VO

VS

vo(t)

vs(t)

Q-point

t

ΔvO

ΔvS
=

+ +

−

−

− − −

−

+

+

+ +

FIGURE 2.2 Voltage amplifier
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The small-signal AC voltage gain becomes Av � �vO ⁄ �vS � vo ⁄ vs. Thus, a small-signal input voltage

vs � Vm sin �t will give a corresponding small-signal output voltage vo � AvVm sin �t such that vO �
AVVS � Avvs � VO � AvVm sin �t. This is shown in Fig. 2.2(d). Therefore, we face two voltage gains: a

DC gain and a small-signal gain. For a linear amplifier, the two gains are equal. That is, AV � Av, and the

small-signal gain is referred to simply as the voltage gain.

2.2.2 Current Gain

If iS is the current the amplifier draws from the signal source and iO is the current the amplifier delivers to

the load RL, then the current gain AI of the amplifier is defined by

Current gain AI � (2.2)

The transfer characteristic will be similar to that shown in Fig. 2.2(b). For a linear amplifier, the DC gain

equals the small-signal current gain: Ai � �iO ⁄ �iS � io ⁄ is. That is, AI � Ai, and the small-signal gain is

referred to simply as the current gain.

2.2.3 Power Gain

An amplifier provides the load with greater power than it receives from the signal source. Thus, an ampli-

fier has a power gain Ap, which is defined by

Power gain Ap � (2.3)

� (2.4)

After substitution of Av � vo ⁄ vs and Ai � io ⁄ is, Eq. (2.4) can be written as

Ap � AvAi
(2.5)

Thus, the power gain is the product of the voltage gain and the current gain.

2.2.4 Logarithmic Gain

The gains of amplifiers can be expressed either as dimensionless quantities or with units (V⁄ V for a volt-

age gain, A ⁄A for a current gain, or W ⁄ W for a power gain). Their values are usually very large and extend

over several orders of magnitude. It is not convenient to plot such large numbers against other parameters.

Gains are normally expressed in terms of logarithms, as follows:

Power gain in decibels (dB) � 10 log Ap � 10 log10 � 10 log10 

� 20 log10 � 10 log10 a Ri

RL
ba vo

vs
b

a v2
o  >RL

v2
s >Ri
baPL

Pi
b

voio

vsis
 (W>W)

Load power PL

Input power Pi

Load current iO

Input current iS
 (A>  A)
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where Ri is the input resistance of the amplifier, which is seen as a load by the signal source vs. The term

20 log10 (vo ⁄ vs) is referred to as the voltage gain of the amplifier in decibels. That is,

Voltage gain in dB � 20 log ⏐Av⏐ for Ri � RL

The power gain can also be expressed in terms of the input and output current:

Power gain in dB � 10 log Ap � 10 log10 � 10 log10

� 20 log10 � 10 log10

The term 20 log10 (io ⁄ is) is referred to as the current gain of the amplifier in decibels. That is,

Current gain in dB � 20 log ⏐Ai⏐

If Ri � RL, the power gain in decibels is equal to the voltage and current gains in decibels. That is,

Power gain in dB � Voltage gain in dB � Current gain in dB

Some amplifiers, such as operational amplifiers (op-amps), have a very high voltage gain, which is

quoted in decibels. For example, rather than writing Av � 105 V⁄ V, it is common to write 100 dB, which

equals 20 log 105.

aRL

Ri
ba io

is
b

a i2
oRL

i2
sRi
baPL

Pi
b

Introduction to Amplifiers and Frequency Response

� NOTES

1. If there is a phase difference of 180° between the input and output voltages (or currents), the voltage gain Av
(or current gain Ai) will be negative. Therefore, the absolute value of Av (or Ai) must be used for calculating

the gain in decibels. However, the power gain Ap is always positive.

2. If the absolute value of the voltage (or current) gain is less than 1, the output is said to be attenuated rather than

amplified, and the gain in decibels will be negative.

2.2.5 Input and Output Resistances

Input resistance Ri is a measure of the current drawn by the amplifier. It is a ratio of the input signal voltage

to the input current:

(2.6)

Output resistance Ro is the internal resistance seen from the output terminals of an amplifier—that is,

Thevenin’s equivalent resistance.

2.2.6 Amplifier Saturation

An amplifier needs a DC power supply (or supplies) so that an operating Q-point can be established, as shown

in Fig. 2.2(b), that allows variation in the output signal in response to a small change in the input signal.

The DC supply (or supplies) provides the power delivered to the load, as well as any power that is dissi-

pated as heat within the amplifier itself. An amplifier with two power supplies, VCC and VEE, is shown in

Ri =

vS

iS
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Fig. 2.3(a). ICC and IEE are the currents drawn from the DC supplies VCC and VEE, respectively. Terminal A is

connected to the positive side of the DC source VCC, and terminal B is connected to the negative side of

the DC source VEE. The output voltage of the amplifier cannot exceed the positive saturation limit VO(max)
and cannot decrease below the negative saturation limit �VO(min).

Each of the two saturation limits is usually within 1 V or 2 V of the corresponding power supply.

This fact is a consequence of the internal circuity of the amplifiers and the nonlinear behavior of the

amplifying devices. Therefore, to avoid distortion of the output voltage as shown in Fig. 2.3(b), the input

voltage must be kept within the range defined by

� vS � (2.7)

As long as the amplifier operates with the saturation limits, the voltage gain can normally be assumed to

be linear. The power delivered by the DC supplies will be

Pdc � VCC ICC � VEEIEE
(2.8)

and the power delivered Pi by the input signal will be small compared to Pdc. Therefore, the efficiency �
of an amplifier is defined by

Amplifier efficiency � � (2.9)

The efficiency of an amplifier ranges from 25% to 80%, depending on the type of amplifier. For amplifiers

with a very low input signal (millivolts or microvolts), the voltage gain rather than the efficiency is the

prime consideration. On the other hand, for power amplifiers (covered in Chapter 11), efficiency is the major

consideration because the amplifier should supply the maximum power to the load (such as the speakers

of an audio amplifier).

Load power PL

Power delivered by DC supplies Pdc

VO(max)

AV

-VO(min)

AV

Microelectronic Circuits: Analysis and Design44

Gain

vS

+
+

+

−
−

−

+
−

RL~ vO

vO

vS

VO(max)

−VO(min)

ICC

−VCC

VEE

A

B

(b)  Effect of saturation(a)  Amplifier with DC supplies

Clipping
due to saturation

Clipping
due to saturation

vO2

vs2

vs1

vO1

0

VO 

VI 

iS

iO = IO + io
iS = IS + is
vO = VO + vo

vS = VS + vs    

iO

t

IEE

FIGURE 2.3 Amplifier power supplies and saturation
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Introduction to Amplifiers and Frequency Response

Finding amplifier parameters The measured small-signal values of the linear amplifier in Fig. 2.3(a)

are vs � 20 sin 400t (mV), is � 1 sin 400t (�A), vo � 7.5 sin 400t (V), and RL � 0.5 k�. The DC values are

VCC � VEE � 12 V and ICC � IEE � 10 mA. Find (a) the values of amplifier parameters Av, Ai, Ap, and Ri;

(b) the power delivered by DC supplies Pdc and the power efficiency �; and (c) the maximum value of the

input voltage so that the amplifier operates within the saturation limits.

SOLUTION

vs(peak) � 20 mV, vo(peak) � 7.5 V, and is(peak) � 1 �A.

(a) The load current is

The voltage gain is

The current gain is

The power gain is

Ap � AvAi � 375 	 15 k � 5625 kW⁄ W [or 10 log (5625 k) � 67.5 dB]

The input resistance is

(b) The power delivered by the DC supplies is

Pdc � VCCICC � VEEIEE � 2 	 12 V 	 10 mA � 240 mW

The load power is

By using factor for converting a peak value to a rms value, the input power is

The power efficiency is

h =

PL

Pdc+Pi
=

56.25 mW

250 mW
= 22.5%

Pi = a vs(peak)

22
b a is(peak)

2  2
b = a20 mV

22
b a 1 �A

22
b = 10 mW

12

PL = a vo(peak)

22
b a io(peak)

2  2
b = a7.5 V

22
b a15 mA

22
b = 56.25 mW

Ri =

vs(peak)

is(peak)
=

20 mV

1 �A
= 20 kÆ

Ai =

io(peak)

is(peak)
=

15 mA

1 �A
= 15 kA>A     [or 20 log (15 k) = 83.52 dB]

Av =

vo(peak)

vs(peak)
=

7.5 V

20 mV
= 375 V>V     [or 20 log (375) = 51.48 dB]

io =

vo

RL

=

7.5 sin 400t (V)

0.5 kÆ

= 15 * 10 -3 sin 400t = 15 sin 400t (mA)

EXAMPLE 2.1
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2.2.7 Amplifier Nonlinearity

Practical amplifiers exhibit a nonlinear characteristic, which is caused by nonlinear devices such as tran-

sistors (discussed in Chapters 7 and 8). For the amplifier shown in Fig. 2.4(a) with one DC supply, its non-

linear characteristic is shown in Fig. 2.4(b). Fortunately there is a region in the midrange of the output

voltage where the gain remains almost constant. If the amplifier can be made to operate in this region, a

small variation in the input voltage will cause an almost linear variation in the output voltage, and the gain

will remain approximately constant. This goal is accomplished by biasing the amplifier to operate at a qui-

escent point, generally called the Q-point, having a DC input voltage VS and a corresponding DC output

voltage VO. If a small instantaneous input voltage vs(t) � Vm sin �t is superimposed on the DC input volt-

age VS, as shown in Fig. 2.4(b), the total instantaneous input voltage becomes

vS(t) � VS � vs(t) � VS � Vm sin �t

which will cause the operating point to move up and down along the transfer characteristic around the

Q-point. This movement will cause a corresponding time-varying output voltage

vO(t) � VO � vo(t)

If vs(t) is sufficiently small, then vo(t) will be directly proportional to vs(t); so

vo(t) � Avvs(t) � AvVm sin �t

where Av is the slope of the transfer characteristic at the Q-point. That is,

Av � ⏐at Q-point

(2.10)
dvO

dvS
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vOvS

vO

vS

Q-point

0
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vs(t)
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t

vs(t)

VO(max)
vO = VO + vo(t)  

dvO
dvS

Av =

+VCC

+++

−
+
− − −

Slope, Av 

(b)  Nonlinear characteristics(a)  Nonlinear amplifier

t

FIGURE 2.4 Amplifier nonlinearity

(c) Since

Avvs(max) � vO(max) � VCC � VEE or vS(max) � � 32 mV

the limit of the maximum input voltage is 0 � vS(max) � 32 mV, and the limit of the minimum input voltage is

vS(min) � �vS(max) � �32 mV.

12 V

375
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Therefore, as long as the input signal is kept sufficiently small, the amplifier will exhibit an almost

linear characteristic. However, increasing the magnitude of the input signal is expected to cause dis-

tortion of the output voltage and may even cause saturation. Av is known as the small-signal voltage
gain (or simply the voltage gain) of the amplifier; it should not be confused with the DC gain, which

is defined by

Adc � AV � ⏐at Q-point

(2.11)

Thus, we can conclude that the analysis and the design of a nonlinear amplifier involve two signals: a DC

signal and an AC signal. However, the characteristics of an amplifier are described by its behavior in

response to a small AC input signal. 

=  
VO

VS

vO

vS

Introduction to Amplifiers and Frequency Response

� NOTE In practical amplifiers, the Q-point is set internally and the amplifiers operate from a small input signal.
The input signal vs is superimposed on the Q-point (which consists of VO and VS) to produce a small-signal output
voltage vo.

Finding the limiting parameters of a nonlinear amplifier The measured values of the nonlinear

amplifier in Fig. 2.4(a) are vO � 4.3 V at vS � 18 mV, vO � 5 V at vS � 20 mV, and vO � 5.8 V at vS � 22 mV.

The DC supply voltage is VCC � 9 V, and the saturation limits are 2 V � vO � 8 V.

(a) Determine the small-signal voltage gain Av.

(b) Determine the DC voltage gain Adc.

(c) Determine the limits of input voltage vS.

SOLUTION

Let vO � 5 V at vS � 20 mV be the Q-point. Then

�vO � vO(at vS � 22 mV) � vO(at vS � 18 mV) � 5.8 V � 4.3 V � 1.5 V

�vS � vS(at vO � 5.8 V) � vS(at vO � 4.3V) � 22 mV � 18 mV � 4 mV

(a) The small-signal voltage gain is

(b) The DC voltage gain is

(c) The limits of input voltage vS are

That is, �(5 � 2) ⁄ AV � vS � 20 mV � (8 � 5) ⁄ AV, or �8 mV � vS � 20 mV � 8 mV, which gives 12 mV �
vS � 28 mV.

- (vO - vO(min) )

Av
… vS - 20 mV …

(vO(max) -
vO)

Av

Adc = AV =

vO

vS
=

5 V

20 mV
= 250 V>V      (or 47.96 dB)

Av =

¢vO

¢vS
=

1.5 V

4 mV
= 375 V>V      (or 51.48 dB)

EXAMPLE 2.2

47

67722_02_ch02_p039-102.qxd  2/26/10  2:12 PM  Page 47

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



2.2.8 Rise Time

The rise time is the time required for the output voltage to rise from 10% to 90% of the steady-state value.

If the voltage gain of the amplifier is assumed to be unity, the output voltage due to a step input voltage VS
can be expressed as

vO � VS(1 � e�t/
) (2.12)

where � is the time constant due to the internal resistance and capacitance of the amplifier. From Eq. (B.40)

in Appendix B, the time rise is related to the time constant � by

tr � 2.2� (2.13)

The typical value of rise time is 0.3 �s for the �A741 op-amp. Note that a linear operation was assumed

in deriving Eq. (2.13) and the effect of slew rate (discussed in Sec. 2.2.9) was ignored.

2.2.9 Slew Rate

The slew rate (SR) is the maximum rate of rise of the output voltage per unit time, and it is measured in

volts per microsecond. If a sharp step input voltage is applied to an amplifier, the output will not rise as

quickly as the input because the internal capacitors require time to charge to the output voltage level. SR

is a measure of how quickly the output of an amplifier can change in response to a change of input fre-

quency. The slew rate depends on the voltage gain, but it is normally specified at unity gain. SR for the LF411

op-amp is 10 V/�s, whereas it is 0.5 V/�s for the �A741C op-amp. The output response due to a step

input is shown in Fig. 2.5(a). The output, which follows the slew rate of the op-amp, will be distorted

because the op-amp output cannot rise as fast as the input voltage.

With a unity-gain amplifier, the rate of rise of the output voltage for a step signal VS can be found

from Eq. (2.12) to be

�t/
 (2.14)
dvO

dt
=

VS

t
 e
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vS, vO

t (in s)

VS
vO
vS

Input Output

Amplifier
slew rate

(a)  Step input

p 2p

0

(b)  Sinusoidal input

wt

vS, vO

0

Vm

FIGURE 2.5 Effect of slew rate on amplifier response
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which becomes maximum at t � 0 and gives the slew rate SR as

SR � ⏐t�0 �

The 3-dB frequency can be related to the time constant � or to the rise time tr by

(2.15)

Thus, the frequency response is inversely proportional to the rise time tr. The input signal frequency fs should

be less than the maximum op-amp frequency; otherwise the output voltage will be distorted. For example,

if the rise time of an input signal is tr � 0.1 �s, its corresponding input frequency is fs � 0.35 ⁄ 0.1 �s � 3.5

MHz, and the output voltage will be distorted in an op-amp unity-gain bandwidth of fbw � 1 MHz.

Substituting � from Eq. (2.13) and tr from Eq. (2.15) gives

(2.16)

For a sinusoidal input voltage with a unity gain and without limiting by the slew rate, the output voltage

becomes

vO � Vm sin �t

� �Vm cos �t

which becomes maximum at �t � 0, and SR is given by

SR � ⏐t�0 � �Vm � 2�f Vm (2.17)

which gives the maximum frequency fs(max) of the sinusoidal input voltage as

fs(max) � (2.18)

Slew rate can introduce a significant error if the rate of change of the input voltage is more than the

SR of the amplifier. Note that the rate of change of the input voltage rather than the change indicates

how fast the input can rise. For example, if the rate of change of a sinusoidal input voltage is very high

compared to the SR of the amplifier, the output will be highly distorted and will tend to have a triangular

waveform. This situation is shown in Fig. 2.5(b) for a sinusoidal input voltage.

SR

2p Vm

dvO

dt

dvO

dt

SR =

2.2VS

tr
=

2.2VS  f

0.35
= 6.286VS  f

f =

1

2pt
=

2.2

2pt  r
=

0.35

tr

VS

t

dvO

dt
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2.3 Amplifier Types

The input signal to an amplifier can be either a voltage source or a current source. The output of an

amplifier can be either a voltage source or a current source. Therefore, there are four possible input

and output combinations: v-v, i-i, v-i, and i-v. Based on the input and output relationships, amplifiers

can be classified into four types: voltage amplifiers, current amplifiers, transconductance amplifiers,

and transimpedance amplifiers.

Microelectronic Circuits: Analysis and Design50

KEY POINTS OF SECTION 2.2

■ The performance of an amplifier is described by its voltage gain, current gain, power gain, input resis-

tance, and output resistance.

■ The gains of an amplifier have high magnitudes and are quoted generally in decibels (dB).

■ The power gain is very large because the signal power is very low. The DC power supply (or supplies)

provides the load power.

■ A DC power supply (or supplies) is needed to establish a Q-point. The small-signal source is then

superimposed on the DC input so that the operating point can move up and down around the Q-point,

and a magnified replica of the signal source is obtained on the output. As long as the signal source is

sufficiently small, a nonlinear amplifier exhibits an almost linear characteristic.

■ The DC power supply (or supplies) sets the saturation limit(s) of an amplifier.

■ There are two types of gain: a DC gain and a small-signal AC gain. The small-signal gain is normally

quoted as the gain of the amplifier.

Finding the effect of slew rate on the input frequency The slew rate of a unity-gain amplifier is

SR � 0.7 V⁄�s. The frequency of the input signal is fs � 300 kHz. Calculate (a) the peak sinusoidal input

voltage Vm that will give an output without any distortion and (b) the maximum input frequency fs(max)
that will avoid distortion if the input has a peak sinusoidal voltage of Vm � 5 V.

SOLUTION

SR � 0.7 V⁄�s � 0.7 	 106 V⁄s,  f � fs � 300 kHz.

(a) Using Eq. (2.17), we find that the peak value of input voltage is

(b) From Eq. (2.18), the maximum frequency fs(max) becomes

fs(max) =

SR

2p Vm
=

0.7 * 106

2p * 5
= 22.28 kHz

Vm =

SR

2p fs
=

0.7 * 106

2p * 300 * 103
= 371.4 mV

EXAMPLE 2.3
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Introduction to Amplifiers and Frequency Response

2.3.1 Voltage Amplifiers

An amplifier whose output voltage is proportional to its input voltage is known as a voltage amplifier. The

input signal is a voltage source, and the output of the amplifier is also a voltage source. Such an amplifier

is referred to as a voltage-controlled voltage source (VCVS); an example is shown in Fig. 2.6(a). The

amplifier is connected between a voltage source vs and a load resistance RL. Rs is the source resistance.

Avo is the voltage gain with load resistance RL disconnected, and it is known as the open-circuit voltage
gain. Ro is the output resistance of the amplifier. 

The output voltage of a voltage amplifier can be obtained by using the voltage divider rule:

vo � ioRL � Avovi (2.19)

From the voltage divider rule, the input voltage vi to the amplifier is related to the signal voltage vs by

(2.20)

Substituting vi from Eq. (2.20) into Eq. (2.19), we get the effective voltage gain Av, which is defined as the

ratio of vo to vs. That is,

(2.21)

The current gain Ai, which is defined as the ratio of the output current io to the input current is, is given by

(2.22)

The power gain will be the product of the voltage gain and the current. That is,

Ap � AvAi
(2.23)

Ai =

io

is
=

Avovi

RL + Ro
*

1

vi > Ri
=

AvoRi

RL + Ro

Av =

vo

vs
=

vo

vi
*

vi

vs
=

AvoRiRL

(Ri + Rs)(RL + Ro)
=

Avo

(1 + Rs  > Ri)(1 + Ro  > RL )

vi =

Ri

Ri + Rs
 vs

RL

RL + Ro

vS1+
+

−
−

+
+

−

+

−
−

vS2

Ro

RL

io

Avovi

Source Amplifier Load

(a)  Small-signal equivalent circuit of a voltage amplifier

Differential
amplifier

Second
stage

Output
stage

(b)  Possible implementation

vo vi

Rs

Rivs vi~ vO

iS

FIGURE 2.6 Voltage amplifier
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Notice from Eq. (2.21) that source resistance Rs and output resistance Ro reduce the effective volt-

age gain Av. A voltage amplifier must be designed to have an input resistance Ri much greater than the

source resistance Rs so that Rs �� Ri. The reduction in gain can also be minimized by designing an

amplifier with a very small value of Ro such that Ro �� RL. An ideal voltage amplifier has Ro � 0 and

Ri � � so that there is no reduction in the voltage gain. That is, Av � Avo, and Eq. (2.21) becomes

vo � Avovs
(2.24)

In most practical implementations of voltage amplifiers in integrated circuits, a differential input is

desirable from the viewpoint of performance. The implementation of a VCVS normally begins with a

differential input to give a high input resistance and then has an output stage to give a low output resis-

tance. This arrangement is shown in Fig. 2.6(b). If sufficient gain is available from the differential ampli-

fier, only the output stage is required  to give a low output resistance. If more gain is required, a second

stage will be needed. The specifications of the VCVS and the judgment of the circuit designer will be

the major factors in the choice of the implementation.

Microelectronic Circuits: Analysis and Design52

Determining the design specifications of a voltage amplifier A voltage amplifier is required to

amplify the output signal from a communication receiver that produces a voltage signal of vs � 20 mV with an

internal resistance of Rs � 1.5 k�. The load resistance is RL � 15 k�. The desired output voltage is vo  10 V.

The amplifier must not draw more than 1 �A from the receiver. The variation in output voltage when the load

is disconnected should be less than 0.5%. Determine the design specifications of the voltage amplifier.

SOLUTION

Since the input current is is � 1 �A, the input resistance of the amplifier can be found from

Rs � Ri �  � 20 k�

which gives

Ri  20 k� � Rs � 20 k� � 1.5 k� � 18.5 k�

The variation in output voltage, which depends on the ratio Ro ⁄ RL, can be found from

(2.25)

which, for �vo ⁄ vo � 0.5% and RL � 15 k�, gives Ro � 75 �. The desired effective voltage gain is Av �
vo ⁄ vs  10 V ⁄ 20 mV � 500 V⁄ V (or 53.98 dB). The open-circuit voltage gain can be found from Eq. (2.21):

or Avo  543 V⁄ V (or 54.7 dB)

The amplifier specifications are Ri  18.5 k�, Ro � 75 �, and Avo  543 V ⁄ V (or 54.7 dB).

500 …
Avo

(1 + Rs > Ri)(1 + Ro > RL)
=

Avo

(1 + 1.5 k >  18.5 k)(1 + 75> 15 k)

¢vo

vo
=

Ro

RL + Ro

20 mV
1 �A

vs

is

EXAMPLE 2.4

D
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2.3.2 Current Amplifiers

An amplifier whose output current is proportional to its input current is called a current amplifier. Its input

is a current source, as shown in Fig. 2.7(a), with a load resistance RL. A current amplifier is represented

by a current-controlled current source (CCCS), as shown in Fig. 2.7(b). Ais is called the short-circuit cur-
rent gain (or simply the current gain) with output terminals shorted. Ri is the input resistance, and Ro is

the output resistance. A current amplifier is normally used to provide a modest voltage gain but a substan-

tial current gain so that it draws little power from the signal source and delivers a large amount of power

to the load. Such an amplifier is often known as a power amplifier.
The output current io of the amplifier can be obtained by using the current divider rule:

io � Aisii (2.26)

The input current ii of the amplifier is related to the signal source current is by

ii � (2.27)

Substituting ii from Eq. (2.27) into Eq. (2.26), we get the effective current gain Ai, which is defined as the

ratio of io to is. That is,

(2.28)

The voltage gain Av, which is defined as the ratio of the output voltage vo to the input voltage vs, is

given by

(2.29)

The power gain is the product of the voltage gain and the current gain. That is,

Ap � AvAi
(2.30)

Av =

vo

vs
=

ioRL

isRs
= Ai 

RL

Rs

Ai =

io

is
=

io

ii
*

ii

is
=

AisRsRo

(Rs + Ri)(Ro + RL )
=

Ais

(1 + Ri > Rs)(1 + RL > Ro)

Rs

Rs + Ri
 is

Ro

Ro + RL

Introduction to Amplifiers and Frequency Response

VCC
ii

is Rs Ri RLRo

io

Source Solenoid load

(b)  Current amplifier represented by CCCS

Current
differential
amplifier 

(c)  Possible implementation

io

Source Amplifier Load

Second
stage

vi

+

−
Rs RL

ii io

Aisii
is

iS1

iS2

vi vo

+

−

+

−

(a)  Current amplifier

Current
amplifier

Ri Ro

FIGURE 2.7 Current amplifier
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Notice from Eq. (2.28) that larger values of input resistance Ri and load resistance RL reduce the effec-

tive current gain Ai. A current amplifier should have an input resistance Ri much smaller than the source

resistance Rs so that Ri �� Rs. The reduction in gain can also be minimized by designing an amplifier so

that the ratio RL ⁄ Ro is very small—that is, Ro �� RL. Therefore, an ideal current amplifier has Ro � �
and Ri � 0 so that there is no reduction in the current gain. That is, Ai � Ais, and Eq. (2.28) becomes

io � Aisis (2.31)

The implementation of a CCCS can begin with a differential input, as shown in Fig. 2.7(c). A second

stage will be necessary because the current differential amplifier will have a low current gain. An output

stage may be necessary to give a high output resistance.

Microelectronic Circuits: Analysis and Design54

Determining the design specifications of a current amplifier A current amplifier is required to

amplify the output signal from a transducer that produces a constant current of is � 1 mA at an internal resis-

tance varying from Rs � 1.5 k� to Rs � 10 k�. The desired output current is io � 0.5 A at a load resistance

varying from RL � 10 � to RL � 120 �. The variation in output current should be kept within �3%. Determine

the design specifications of the current amplifier.

SOLUTION

Since the variation in output current should be kept within �3%, the variation in the effective current gain Ai
should also be limited to �3%. According to Eq. (2.28), the variation in Ai will be contributed by Ais, Rs, and

RL. Let us assume that each of them contributes equally to the variation—that is, each contributes �1%. The

nominal short-circuit current gain is Ais � io ⁄ is � 0.5 A ⁄ 1 mA � 500 A ⁄ A. Thus, the value of Ro that will

keep the variation in positive current gain within 1% for variation in RL from 10 � to 120 � can be found

approximately from

which gives Ro  10.88 k� when solved for Ro. Similarly, the value of Ri that will keep the variation in current

gain within 1% for variation in Rs from 1.5 k� to 10 k� can be found approximately from

which gives Ri � 17.86 � when solved for Ri. Thus, the amplifier specifications are Ais � 500 A ⁄ A � 1%,

Ro  10.88 k�, and Ri � 17.86 �.

The exact change in �Ai can be found from

= 1% +

1

1 + 1.5 k >  17.86
*

1%

1.5 k
-

1

1 + 10.88 k >  10
*

1%

10
= 1%

¢Ai

Ai
=

¢Ais

Ais
+

1

1 + Rs1 > Ri
*

¢Rs1

Rs1
-

1

1 + Ro > RL1
*

¢RL

RL1

0.99 

10 k

10 k + Ri
=

1.5 k

1.5 k + Ri

0.99 

Ro

Ro + 10
=

Ro

Ro + 120

EXAMPLE 2.5
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2.3.3 Transconductance Amplifiers

An amplifier that receives a voltage signal as input and provides a current signal as output is called a transcon-
ductance amplifier; an example is shown in Fig. 2.8(a). It can be represented by a voltage-controlled current

source (VCCS), as shown in Fig. 2.8(b). The amplifier is connected between a voltage source vs and a load

resistance RL. Gain parameter Gms, which is the ratio of the short-circuit output current to the input voltage,

is called the short-circuit transconductance. From the current divider rule, the output current io is

io � Gmsvi
(2.32)

The input voltage vi of the amplifier is related to source voltage vs by

vi � (2.33)

Substituting vi from Eq. (2.33) into Eq. (2.32) gives the effective transconductance gain Gm as

(2.34)

The effective voltage gain Av can be found from

(2.35)

Notice from Eq. (2.34) that the source resistance Rs and the load resistance RL reduce the effective

transconductance gain Gm. A transconductance amplifier should have a high input resistance Ri so that

Ri �� Rs and a very high output resistance Ro so that Ro �� RL. Therefore, an ideal transconductance

amplifier has Ro � � and Ri � � so that there is no reduction in the voltage gain. That is, Gm � Gms,

and Eq. (2.34) becomes

io � Gmsvs
(2.36)

The implementation of a VCCS can begin with a differential input, as shown in Fig. 2.8(c). Since the

output resistance of a differential amplifier is reasonably high, one differential stage should be adequate.

If more gain is needed, however, a second stage can be added.

Av =

vo

vs
=

io RL

vs
=

vo

vi
*

vi

vs
=

Gms RoRLRi

(Ro + RL)(Ri + Rs)
=

Gms RL

(1 + RL > Ro)(1 + Rs > Ri)

Gm =

io

vs
=

GmsRoRi

(Ro + RL)(Ri + Rs)
=

Gms

(1 + RL > Ro)(1 + Rs > Ri)

Ri

Ri + Rs
 vs

Ro

Ro + RL
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amplifier
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io
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(a)  Transconductance amplifier

Gmsvi

(b)  Transconductance mode

Transconductance
amplifier

~ ~
+

−

+

−
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vi

Rs

vs

+

−

+

−

vo

+
+

−
−

+

−

Solenoid
load

Source

(c)  Possible implementation

FIGURE 2.8 Transconductance amplifier
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A transconductance amplifier can be used to eliminate interaction between two circuits, as shown in

Fig. 2.9. The amplifier is connected between the meter and the peak detector. The amplifier should offer a

very high resistance to the detector; at the same time, the meter current will be proportional to the peak

voltage. The capacitor will continuously monitor the peak value Vm of the input signal. This peak value is

indicated by the meter, whose reading depends on the current flowing through it. This technique is often

used in electronic circuits to isolate two circuits from each other.

Microelectronic Circuits: Analysis and Design56

Determining the design specifications of a transconductance amplifier A transconductance

amplifier is needed to record the peak voltage of the circuit in Fig. 2.9. The output recorder needs 10 mA for a

reading of 1 cm, and it should read 10 cm � 2% for a peak input voltage of 100 V. The internal resistance of

the recorder varies from RL � 100 � to RL � 500 �. The frequency of the input voltage is fs � 1 kHz.

(a) Determine the value of capacitance C.

(b) Determine the design specifications of the transconductance amplifier.

SOLUTION

(a) The capacitor C will charge to the peak input voltage when the diode conducts, and it will discharge through

the amplifier when the diode is off. Let us assume that the discharging time constant � (�CRi) is related to the

input frequency by � � 10⁄fs. For fs � 1 kHz, CRi � 10⁄(1 kHz) � 10 ms. Let us choose C � 0.01 �F. Then

Ri � 10 ms ⁄ 0.01 �F � 1 M�.

(b) Since the output variation should be kept within �2%, the variation in the effective transconductance Gm
should also be limited to �2%. According to Eq. (2.34), the variation in Gm will be contributed by Gms and RL.

Let us assume that each of them contributes equally to the variation—that is, each contributes �1%.

Note that there is no source resistance: Rs � 0. The nominal transconductance gain is

Thus, the value of Ro that will keep the gain variation within 1% for variation in RL from 100 � to 500 � can

be found from

which gives Ro  39.5 k� when solved for Ro. Thus, the amplifier specifications are Gms � 1 mA ⁄ V � 1%,

Ri � 1 M�, and Ro  39.5 k�.

0.99  

Ro

Ro + 100
=

Ro

Ro + 500

Gms =

io

vs
= a10 cm

100 V
b a 10 mA

1 cm
b = 1 mA>V ;  1%

EXAMPLE 2.6

~

io

vs = Vm sin wt

vi
Ri

(large)

C
Gmsvi

Peak detector Amplifier Meter load

vo

D1

MRovs

+

−

+

−

+

−

FIGURE 2.9 Impedance matching between two circuits
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2.3.4 Transimpedance Amplifiers

The input signal to a transimpedance amplifier is a current source, and its output is a voltage source. Such

an amplifier can be represented as a current-controlled voltage source (CCVS), as shown in Fig. 2.10(a).

The gain parameter Zmo is the ratio of the open-circuit output voltage to the input current, and it is called

the open-circuit transimpedance (or simply the transimpedance).

The output voltage vo is related to ii by

vo � (2.37)

The input current ii of the amplifier is related to is as follows:

ii � (2.38)

Substituting ii from Eq. (2.38) into Eq. (2.37) gives the effective transimpedance Zm:

Zm � (2.39)

The effective voltage gain Av is given by

(2.40)

A transimpedance amplifier must have an input resistance Ri much smaller than the source resistance

Rs and an output resistance Ro much smaller than the load resistance RL. An ideal transimpedance amplifier

has Ri � 0 and Ro � 0. That is,

vo � Zmois (2.41)

The implementation of a CCVS can begin with a current differential input, as shown in Fig. 2.10(b).

If the output stage has a high input resistance and a low output resistance and the gain is adequate, a second

stage may not be necessary.

Av =

vo

vs
=

ioRL

isRs

=

ZmoRL

(Rs + Ri)(RL + Ro)

vo

is
=

ZmoRLRs

(RL + Ro)(Rs + Ri)
=

Zmo

(1 + Ro>RL)(1 + Ri>Rs)

Rs

Rs + Ri

 is

ZmoiiRL

RL + Ro
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+

−
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−
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−

FIGURE 2.10 Transimpedance amplifier

57

67722_02_ch02_p039-102.qxd  2/26/10  1:33 PM  Page 57

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Microelectronic Circuits: Analysis and Design58

Determining the design specifications of a transimpedance amplifier A transimpedance amplifier

is used to record the short-circuit current of a transducer of unknown internal resistance; the recorder requires

10 V for a reading of 1 cm. The recorder should read 10 cm � 2% for an input current of 1 A. The input resis-

tance of the recorder varies from RL � 5 k� to RL � 20 k�. Determine the design specifications of the tran-

simpedance amplifier.

SOLUTION

Since the output variation should be kept within �2%, the variation of the effective transimpedance Zm should

also be limited to �2%. According to Eq. (2.39), the variation of Zm will be contributed by Zmo and RL. Let us

assume that each of them contributes equally to the variation—that is, each contributes �1%. Since the source

resistance is unknown, we will assume that the input resistance is very small, tending to zero (say, Ri � 10 �).

The nominal transimpedance gain is

Zmo � � � 100 V⁄A � 1%

Thus, the value of Ro that will keep the gain variation within 1% for variation in RL from 5 k� to 20 k� can be

found from

which gives Ro � 67.6 �. Therefore, the amplifier specifications are Zmo � 100 V⁄A � 1%, Ro � 67.6 �, and

Ri � 10 �.

0.99 

20 k

20 k + Ro
=

5 k

5 k + Ro

a 1 A

10 cm
ba10 V

1 cm
bvo

ii

EXAMPLE 2.7

KEY POINTS OF SECTION 2.3

■ Amplifiers can be classified into four types: voltage, current, transconductance, and transimpedance.

Their characteristics are summarized in Table 2.1.

■ Amplifiers are used in such applications as capacitance multiplication, creating negative resistance,

and inductance simulation.

■ Establishing the design specifications of an amplifier requires identifying the gain, the input resis-

tance, and the output resistance.

TABLE 2.1 Characteristics of ideal amplifiers

Amplifier Type Gain Input Resistance Ri Output Resistance Ro

Voltage Avo (V⁄ V) � 0

Current Ais (A ⁄A) 0 �
Transconductance Gms (A ⁄ V) � �
Transimpedance Zmo (V⁄A) 0 0

D
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2.4 Cascaded Amplifiers

Normally one amplifier alone cannot meet the specifications for gain, input resistance, and output resis-

tance. To satisfy the specifications, two or more amplifiers are often cascaded. Any combination of the four

types of amplifiers can be used. As illustrations, we will discuss cascaded voltage amplifiers and cascaded

current amplifiers.

2.4.1 Cascaded Voltage Amplifiers

Voltage amplifiers are cascaded to increase the overall voltage gain. Consider three cascaded voltage ampli-

fiers, as shown in Fig. 2.11(a). The overall open-circuit voltage gain Avo of the cascaded amplifiers can be

found from

(2.42)

If Avo1, Avo2, and Avo3 are the voltage gains of stages 1, 2, and 3, respectively, such that vi2 � Avo1vi1,

vi3 � Avo2vi2, and vo � Avo3vi3, then Eq. (2.42) becomes

Avo � Avo1Avo2Avo3
(2.43)

Avo =

vo

vi1
=

vi2

vi1
*

vi3

vi2
*

vo

vi3

Introduction to Amplifiers and Frequency Response 

io

vo RL~

ii1

vi1

ii2

vi2

Rs

Rs

Ri1 Ri2Avo1vi1 Avo2vi2 Avo3vi3

Source Stage 1 Stage 2 Stage 3 Load

(a)  Three-stage amplifier

Ro1 Ro2 Ro3

~

ii = ii1

Ri = Ri1

Ro = Ro3

Avovi

(b)  Equivalent voltage amplifier

vs

+

+

−

vs

+

−

+

−

+

+

−

+

−

−

ii3

vi3 Ri3

+

−

+

−

io

vo RL

+

−

−

vi

= vi1

+

−

FIGURE 2.11 Cascaded voltage amplifiers
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which indicates that the overall open-circuit voltage gain is the product of the individual gain of each stage.

The voltage gains Av1, Av2, and Av3 are related to the no-load voltage gains Avo1, Avo2, and Avo3 by

If the output resistance of each stage is negligible so that

Ro1 � Ro2 � Ro3 � 0

then the voltage gain of each stage becomes the same as its open-circuit voltage gain. That is,

vi2 � Avo1vi1 vi3 � Avo2vi2 vo � Avo3vi3

The overall open-circuit voltage gain Avo in Eq. (2.43) is then given by

Avo � Avo1Avo2Avo3
(2.44)

Therefore, the three voltage amplifiers can be represented by an equivalent single voltage amplifier with a

voltage gain of Avo, Ro � Ro3, and Ri � Ri1, as shown in Fig. 2.11(b).

2.4.2 Cascaded Current Amplifiers

Current amplifiers can be connected to increase the effective current gain. Consider three cascaded current

amplifiers, as shown in Fig. 2.12(a). The overall short-circuit current gain Ais of the cascaded current

amplifiers can be found from

(2.45)

If Ai1, Ai2, and Ai3 are the current gains of stages 1, 2, and 3, such that ii2 � Ai1 ii1, ii3 � Ai2 ii2, and

io � Ai3 ii3, then  Eq. (2.45) becomes Ais � Ai1 Ai2 Ai3. The current gains Ai1, Ai2, and Ai3 are related to

the short-circuit current gains Ais1, Ais2, and Ais3 by 

If the output resistance of each stage is very high, tending to infinity, then

Ro1 � Ro2 � Ro3 � �

and ii2 � Ais1ii1 ii3 � Ais2ii2 io � Ais3ii3

Ai3 =

Ro3

Ro3 + RL

Ais3

Ai2 =

Ro2

Ro2 + Ri3

Ais2

Ai1 =

Ro1

Ro1 + Ri2

Ais1

Ais =

io
ii1

=

ii2
ii1

*

ii3
ii2

*

io
ii3

Av3 =

Ri3

Ro3 + RL

 Avo3

Av2 =

Ri3

Ro2 + Ri3

 Avo2

Av1 =

Ri2

Ro1 + Ri2

 Avo1
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RL

io

Ro1is
Ais1ii1

Ro2

Ro

= Ro3

Ais2ii2

Ro3

Ais3ii3

LoadStage 1 Stage 2 Stage 3

(a)  Three-stage amplifier

RLvo

io

Ri = Ri1

Aisii

(b)  Equivalent current amplifier

ii1

vi1

vi

= vi1

Rs

is Rs

Ri1

Source

+

−

ii2

vi2 Ri2

+

−

ii = ii1
+

−

+

−

ii3

vi3 Ri3

+

−

vo

+

−

FIGURE 2.12 Cascaded current amplifiers

Finding the parameters of cascaded voltage amplifiers The parameters of the cascaded voltage ampli-

fiers in Fig. 2.11(a) are Rs � 2 k�, Ro � Ro1 � Ro2 � Ro3 � 200 �, Ri � Ri1 � Ri2 � Ri3 � RL � 1.5 k�,

and Avo1 � Avo2 � Avo3 � 80. Calculate (a) the overall open-circuit voltage gain Avo � vo ⁄ vi, (b) the effective

voltage gain Av � vo ⁄ vs, (c) the overall current gain Ai � io ⁄ is, and (d) the power gain Ap � PL ⁄ Pi.

SOLUTION

(a) Using Eq. (2.19), we can calculate the voltage gain of stage 1 and stage 2 as follows:

Av1 � Av2 � � � 70.588 V⁄ V

From Eq. (2.43), the overall open-circuit voltage gain of the cascaded amplifiers is

Avo � � Av1Av2Avo3 � (70.588)2 	 80

� 398,616 V⁄ V [or 20 	 log (398,616) � 112.01 dB]

vo

vi1

80 * 1.5 k

(1.5 k + 200)

Avo1Ri2

(Ri2 + Ro1)

EXAMPLE 2.8

Then Eq. (2.45) becomes

Ais � Ais1Ais2Ais3
(2.46)

which indicates that the overall short-circuit gain is the product of the individual gain of each stage.

Therefore, the three current amplifiers can be represented by an equivalent single current amplifier with

a current gain of Ais, as shown in Fig. 2.12(b).
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2.5 Frequency Response of Amplifiers

So far, we have assumed that there are no reactive elements in an amplifier and that the gain of an ampli-

fier remains constant at all frequencies. However, the gain of practical amplifiers is frequency dependent,

and even the input and output impedances of amplifiers vary with the frequency. If � is the frequency of

the input signal in radians per second, the output sinusoid Vo(�) can have a different amplitude and phase

than the input sinusoid Vi(�). The voltage gain Av(�) � Vo(�) ⁄ Vi(�) will have a magnitude and phase

angle. If a sine-wave signal with a specific frequency is applied at the input of an amplifier, the output

should be a sinusoid of the same frequency. The frequency response of an amplifier refers to the amplitude

of the output sinusoid and its phase relative to the input sinusoid (see Appendix B).

An amplifier is operated at a DC Q-point and is subjected to two types of signals: AC signals and

DC signals. Often several amplifiers are cascaded by coupling capacitors, as shown in Fig. 2.13, so that

the AC signal from the source can flow from one stage to the next stage while the DC signal is blocked.

As a result, the DC biasing voltages of the amplifiers do not affect the signal source, adjacent stages, or

the load. Such cascaded amplifiers are called capacitive- (or AC-) coupled amplifiers. However, ampli-

fiers in integrated circuits are connected directly, as shown in Fig. 2.14, because capacitors cannot be

fabricated in integrated form; such amplifiers are called direct- (or DC-) coupled amplifiers.

Microelectronic Circuits: Analysis and Design62

(b) To find the effective voltage gain Av from the source to the load, we need to include the source and load

resistances. From Eq. (2.21), we get

� 150,737 V⁄ V (or 103.56 dB)

(c) The overall current gain Ai of the cascaded amplifiers is

� 351,720 A ⁄A [or 20 log (351,720) � 110.9 dB]

(d) The power gain Ap becomes

Ap � � AvAi � 5.30 	 1010 [or (103.56 � 110.9) � 214.46 dB]
PL

Pi

Ai =

io

is
= Av 

Rs +  Ri

RL
= 150,737 V>  V *

3.5 k

1.5 k

Av =

vo

vs
=

AvoRiRL

(Ri + Rs)(RL + Ro)
=

398,616 * 1.5 k * 1.5 k

(1.5 k + 2 k)(1.5 k + 200)

KEY POINTS OF SECTION 2.4

■ Amplifiers are often cascaded to satisfy the requirements for gain, input resistance, and output resis-

tance.

■ The overall short-circuit gain of cascaded amplifiers is the product of the individual gains of the var-

ious stages.

67722_02_ch02_p039-102.qxd  2/26/10  1:33 PM  Page 62

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Introduction to Amplifiers and Frequency Response 

At low frequencies, coupling capacitors, which are on the order of 10 �F, offer high reactance on

the order of 1 k� and attenuate the signal source. At high frequencies, these capacitors have reactance

on the order of 1 � and thus essentially short-circuit. Therefore, AC-coupled amplifiers will pass sig-

nals of high frequencies only.

There are no coupling capacitors in DC-coupled amplifiers. However, the presence of small capac-

itors on the order of 1 pF is due to the internal capacitances of the amplifying devices and also due to

stray wiring capacitance between the signal-carrying conductors and the ground. The frequency

response of an amplifier depends on the type of coupling. An amplifier can exhibit one of three fre-

quency characteristics: low-pass, high-pass, or band-pass.

2.5.1 Low-Pass Characteristic

Consider the transconductance amplifier shown in Fig. 2.15(a). C2, which is connected across the load RL,

could be the output capacitance of the amplifier or the stray capacitance between the output terminal and

the ground. C2 forms a parallel path to the signal flowing from the amplifier to the load RL. The output

voltage in Laplace’s domain is

Vo(s) � �GmsVi(s) � �GmsRL (2.47)

Using the voltage divider rule, we get Vi(s) � VsRi ⁄ (Rs � Ri), which, after substitution in Eq. (2.47), gives

the voltage gain as

Av(s) � � � (2.48)
GmsRLRi

(Rs + Ri)(1 + sC2RL)

Vo(s)

Vs(S)

1

1 + sC2RL
 Vi(s)aRL  ‘ 

1

sC2
b

~
ioRs

vivs RL

Input
coupling

Cs

Interstage
coupling

Cc

Output
coupling

Co

First
stage

Second
stage vo

+

−

+

−

+

−

FIGURE 2.13 Capacitive-coupled amplifiers

~
ioRs

RLvivs Co
First
stage

Second
stage

vo

Cμ

+

−

+

−

+

−

Cπ

Cμ, Cπ, and Co are stray wiring and/or device capacitances

FIGURE 2.14 Direct-coupled amplifiers
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Equation (2.48) can be written in general form as

Av(s) � (2.49)

where Av(mid) � � (2.50)

�2 � C2RL
(2.51)

(2.52)

In the frequency domain, s � j� and Eq. (2.49) becomes

Av( j�) � (2.53)

Thus, the magnitude⏐Av( j�)⏐can be found from

⏐Av( j�)⏐ � (2.54)

and the phase angle � of Av( j�) is given by

� � �tan�1 (2.55)a v
vH
b

Av(mid)

[1 + (v>vH)2]1/2

Av(mid)

1 + jv> vH

vH =

1
t2

=

1

C2RL

GmsRLRi

Rs + Ri

Av(mid)

1 + s t2
=

Av(mid)

1 + s > vH
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RL

IoIs

(a)  Low-pass circuit

Rs

RiVs ~ Vi GmsVi

w
wH

w
wH

C2 Vo

A(jw)

Av(mid)
 (in dB)20 log 
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−20 dB/decade
or −6 dB/octave
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(b)  Frequency response
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FIGURE 2.15 Low-pass amplifier
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For � �� �H, let us assume that Av(mid) � 1. That is,

⏐Av( j�)⏐ � Av(mid) � 1

20 log10⏐Av( j�)⏐ � 0

� � 0

Therefore, at a low frequency, the magnitude plot of Av( j�) is approximately a straight horizontal line at

0 dB. For � �� �H,

⏐Av( j�)⏐ �

20 log10⏐Av( j�)⏐ � 20 log10

� � � (90 degrees)

For � � �H,

⏐Av( j�)⏐ �

20 log10⏐Av( j�)⏐ � 20 log10 � �3 dB

� � � (45 degrees)

Let us consider a high-frequency � � �1 such that �1 �� �H. The magnitude is 20 log10 (�H ⁄ �1) at

� � �1. At � � 10�1, the magnitude is 20 log10 (�H ⁄ 10�1). The change in magnitude becomes

20 log10 � 20 log10 � 20 log10 � �20 dB

If the frequency is doubled so that � � 2�1, the change in magnitude becomes

20 log10 � 20 log10 � 20 log10 � �6 dB

The frequency response is shown in Fig. 2.15(b). If the frequency is doubled, the increase on the frequency

axis is called an octave increase. If the frequency is increased by a factor of 10, the increase is called a

decade increase. For a decade increase in frequency, the magnitude changes by �20 dB and the magnitude

plot is a straight line with a slope of �20 dB/decade (or �6 dB/octave). The magnitude curve is therefore

defined by two straight-line asymptotes, which meet at the corner frequency �H. The difference between

the actual magnitude curve and the asymptotic curve is largest at the break frequency. The error can be

found by substituting � for �H. That is,⏐Av( j�)⏐ � 1 ⁄ �2� and 20 log10 (1 ⁄ �2�) � �3 dB. This error is

symmetrical with respect to the break (or corner) frequency, which is defined as the frequency at which

the magnitude of the gain falls to 70.7% of the constant gain. The break frequency is also known as the

3-dB (or cutoff or half-power) frequency. The voltage gain will fall as the frequency increases beyond �H.

a1

2
bavH

v1
ba v1

2vH
b

a 1

10
bavH

v1
ba v1

10vH
b

p

4

a 1

22
b

1

22

p

2

avH

v
b

avH

v
b
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For frequencies � �� �H, the gain will be almost independent of frequency. An amplifier with this type

of response is known as a low-pass amplifier. Av(mid) is the pass-band or midband gain. The bandwidth
(BW) of an amplifier is defined as the range of frequencies over which the gain remains within 3 dB (29.3%)

of constant gain Av(mid). That is, BW � �H. Amplifiers for video signals are generally DC coupled, and the

frequencies vary from 0 (DC) to 4.5 MHz.

2.5.2 High-Pass Characteristic

Consider the transconductance amplifier shown in Fig. 2.16(a). C1 is the isolating capacitor between the

signal source and the amplifier. The output voltage in Laplace’s domain is

Vo(s) � �GmsRLVi(s) (2.56)

From the voltage divider rule, the voltage Vi(s) is related to Vs(s) by

(2.57)

Substituting Vi(s) from Eq. (2.57) into Eq. (2.56) gives the voltage gain:

(2.58)

Equation (2.58) can be written in general form as

(2.59)Av(s) =

Av(mid)st1
1 + st1

=

Av(mid)s

s + 1>t1 =

Av(mid)s

s + vL

Av(s) =

Vo(s)

Vs(s)
=

- GmsRLRi

Rs + Ri

*

sC1(Rs + Ri)

1 + sC1(Rs + Ri)

Vi(s) =

Ri

Rs + Ri + 1>sC1

 Vs(s) =

sC1Ri

1 + sC1(Rs + Ri)
Vs(s)
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(a)  High-pass circuit
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FIGURE 2.16 High-pass amplifier
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where (2.60)

(2.61)

(2.62)

In the frequency domain, s � j� and Eq. (2.59) becomes

(2.63)

Thus, the magnitude ⏐Av( j�)⏐ can be found from

⏐Av( j�)⏐ (2.64)

and the phase angle � of Av( j�) is given by

� � 90�� tan�1 (�⁄ �L) (2.65)

Let us assume that Av(mid) � 1. For � �� �L,

⏐Av( j�)⏐�

Therefore, for a decade increase in frequency, the magnitude changes by �20 dB. The magnitude plot of

Av( j�) is a straight line with a slope of �20 dB ⁄ decade (or �6 dB ⁄ octave). For � �� �L,

� � 0

Therefore, at a high frequency, the magnitude plot is a straight horizontal line at 0 dB. At � � �L,

⏐Av( j�)⏐ �

20 log10 � �3 dB

(45 degrees)

The frequency response is shown in Fig. 2.16(b). This circuit passes only the high-frequency signal, and

the amplitude is low at a low frequency. The voltage gain will vary with the frequency for � �� �L. For

� �� �L, the gain will be almost independent of frequency. This type of amplifier is known as a high-
pass amplifier. �L is known as the break (corner, cutoff, 3-dB, or half-power) frequency, and Av(mid) is the

pass-band or midband gain. Note that for sufficiently high frequencies, the high-pass characteristic of prac-

tical amplifiers will tend to attenuate because of the internal capacitances of the amplifying devices.

f =

p

4

a 1

22
b

1

22

20  log10| A v( jv ) ƒ = 0

| Av( jv ) ƒ  = Av(mid) = 1

 f =

p

2
   (90 degrees)

20 log10| Av(  jv ) ƒ = 20  log10 a v
vL
b

v

vL

=

Av(mid) v

[v2
+ v 2

L]1/2

Av(  jv ) =

Av(mid)  jv

jv + vL

 vL =

1
t1

=

1

[C1(Rs + Ri)]

 t1 = C1(Rs + Ri)

Av(mid) =

GmsRLRi

Rs + Ri
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2.5.3 Band-Pass Characteristic

A capacitive-coupled amplifier will have both coupling capacitors and device capacitors (or stray capaci-

tors). Let us connect both C1 and C2, as shown in Fig. 2.17(a). The circuit will exhibit a band-pass char-

acteristic. Substituting Vi(s) from Eq. (2.57) into Eq. (2.47) gives the voltage gain as

(2.66)

which can be written in general form as

(2.67)

In the frequency domain, s � j� and Eq. (2.67) becomes

(2.68)

Thus, the magnitude ⏐Av( j�)⏐can be found from

(2.69)

and the phase angle � of Av( j�) is given by

(2.70)

Thus, the voltage gain will remain almost constant if �L � � � �H. The frequency behavior is shown in

Fig. 2.17(b). This is a band-pass circuit, and Av(mid) is the midfrequency (or pass-band) gain. The bandwidth
(BW), which is the range of frequencies over which the gain remains within 3 dB (29.3%) of constant gain

Av(mid), is thus the difference between the cutoff frequencies. That is, BW � �H � �L. Note that Av(mid) is

not the DC gain because under DC conditions capacitor C1 will be open-circuited and there will be no output

voltage. Audio amplifiers are generally AC coupled because the frequency range of audio signals is 20 Hz

to 15 kHz. The audio signal source and the loudspeakers are isolated by coupling capacitors.

If the bandwidth of a band-pass amplifier is shortened so that the gain peaks around a particular fre-

quency (called the center frequency) and falls off on both sides of this frequency, as shown in Fig. 2.17(c),

the amplifier is called a tuned amplifier. Such an amplifier is generally used in the front end of radio and

TV receivers. The center frequency fC of a tuned amplifier can be adjusted to coincide with the frequency

f = 90° - tan-1(v> vL) - tan-1(v> vH)

ƒ Av( jv ) ƒ =

Av(mid)v

[v 
2

+ v 2
L  ]

1/2 [1 + (v>v H)2]1/2

Av( jv ) =

Av(mid)  jv

( jv + v L )(1 + jv>vH )

Av(s) =

Av(mid)s

(s + vL )(1 + s>vH )

Av(s) =

Vo(s)

Vs(s)
=

- GmsRLRi

Rs + Ri
*

sC1(Rs + Ri)

1 + sC1(Rs + Ri)
*

1

1 + sC2RL
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(a)  Band-pass circuit
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(b)  Frequency response
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FIGURE 2.17 Band-pass amplifier

67722_02_ch02_p039-102.qxd  2/26/10  1:33 PM  Page 68

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Introduction to Amplifiers and Frequency Response 

Determining coupling capacitors to satisfy frequency specifications A voltage amplifier should

have a midrange voltage gain of Av(mid) � �200 in the frequency range of 1 kHz to 100 kHz. The source resis-

tance is Rs � 2 k�, and the load resistance is RL � 10 k�.

(a) Determine the specifications of the amplifier and the values for coupling capacitor C1 and shunt capacitor

C2 shown in Fig. 2.17(a).

(b) Use PSpice/SPICE to verify your design by plotting the frequency response �Av( j�)| against frequency.

SOLUTION

(a) Let us choose a transconductance amplifier of Ri � 1 M� and Ro � �. From Eq. (2.60), we can find the

value of Gms that will give Av(mid) � �200. That is,

For fH � 100 kHz, Eq. (2.52) gives the required value of C2 as

For fL � 1 kHz, Eq. (2.62) gives the required value of C1 as

C1 =

1

[(Rs + Ri)vL ]
=

1

[2p  fL(Rs + Ri)]
=

1

[2p * 1 kHz * (2 kÆ + 1 MÆ)]
= 158.84 pF

C2 =

1

(RLvH)
=

1

(2p  fHRL )
=

1

(2p * 100 kHz * 10 kÆ)
= 159.15 pF

Gms =

Av(mid)(Rs + Ri)

RLRi
=

-200 * (2 kÆ + 1 MÆ)

10 kÆ * 1 MÆ

= -20.04 mA > V

EXAMPLE 2.9

D

of a desired channel so that the signals of that particular channel can be received and signals of other chan-

nels are attenuated or filtered out.

2.5.4 Gain and Bandwidth Relation

Using � � 2� f, we can write the voltage gain of a low-pass amplifier as

(2.71)

where fH is the break (or 3-dB) frequency in hertz.

For f �� fH, Eq. (2.71) is reduced to

(2.72)

The magnitude of this gain becomes unity (or 0 dB) at frequency f � fbw. That is,

fbw � Av(mid) f� (2.73)

where fbw is called the unity-gain bandwidth. Bandwidth (BW) is often quoted as the frequency range over

which the voltage gain ⏐A( j�)⏐ is unity. The unity-gain bandwidth of a band-pass amplifier becomes

Av(mid)( fH � fL). It is important to note that according to Eq. (2.73), the gain–bandwidth product of an

amplifier remains constant.

Av( jv ) =

Av(mid)

jf> fH =

Av(mid) fH
jf

Av( jv ) =

Av(mid)

1 + jf> fH
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FIGURE 2.19 PSpice plot of frequency response for Example 2.9

(b) The circuit for PSpice simulation is shown in Fig. 2.18.

The PSpice plot of the frequency response is shown in Fig. 2.19, which gives Av(mid) � 198 (expected value is

200), fL � 984 Hz (expected value is 1 kHz), and fH � 102 kHz (expected value is 100 kHz).

KEY POINTS OF SECTION 2.5

■ The gain of practical amplifiers is frequency dependent. The frequency response of an amplifier refers

to the amplitude and phase of the output sinusoid relative to the input sinusoid. The frequency

response is an important specification of an amplifier.

■ Video amplifiers operate in the frequency range from 0 (DC) to 4.5 MHz and use direct coupling. That

is, there are no coupling capacitors. However, the presence of small capacitors is due to the internal

capacitances of the amplifying devices and also to stray wiring capacitance. These capacitors form a

parallel path with the AC signal and therefore pass signals of low frequencies only.

■ Audio amplifiers, which operate in the frequency range from 20 Hz to 15 kHz, use coupling capaci-

tors so that the AC signal can flow from one stage to the next stage and the DC signals are blocked.

These capacitors form a series path with the AC signal and therefore pass signals of high frequencies

only. The upper frequency is limited by the device and/or stray capacitances.

■ Frequency response also known as a Bode plot, which is a plot of the magnitude and the phase against

the frequency, can describe the frequency characteristic and stability of an amplifier.

■ Depending on the frequency response, an amplifier falls into one of three categories: low-pass, high-

pass, or band-pass.

■ The coupling capacitances of an amplifier normally determine the low break frequencies, whereas

internal capacitances determine the high break frequencies.

FIGURE 2.18 Circuit for PSpice simulation

~

R1
2 kΩ

RL
10 kΩ

Ri
1 MΩ

C1
158.84 pF

Vs
1 mV

0

1 2 G1
20 mA/V

C2
159.15 pF

3 4

+

−

+
−
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2.6 Miller’s Theorem

An impedance known as feedback impedance is often connected across the input and output sides of an

amplifier. Miller’s theorem [1] simplifies the analysis of feedback amplifiers. The theorem states that if an

impedance is connected between the input side and the output side of a voltage amplifier, this impedance

can be replaced by two equivalent impedances—one connected across the input and the other connected

across the output terminals. Figure 2.20 shows the relationship between the amplifier and its equivalent cir-

cuit. If we choose the appropriate values of impedances Zim and Zom, the two circuits in Fig. 2.20[(a) and (b)]

can be made identical. In Sec. 2.7.3 we will apply Miller’s theorem to find the frequency response of

amplifiers.

If Avo is the open-circuit voltage gain of the amplifier, the output voltage Vo is related to the input

voltage Vi by

Vο � AvoVi
(2.74)

The input current Ii of the amplifier in Fig. 2.20(a) is given by

(2.75)

Substituting Vo from Eq. (2.74) into Eq. (2.75) yields

(2.76)

The input impedance Zi of the circuit in Fig. 2.20(b) must be the same as that of Fig. 2.20(a), and it can be

found from Eq. (2.76):

(2.77)

The output current Io of the circuit in Fig. 2.20(a) is given by

(2.78)Io =

Vo - Vi

Zf

Zim =

Vi

Ii
=

Zf

1 - Avo

Ii =

Vi - AvoVi

Zf
= Via1 - Avo

Zf
b

Ii =

Vi - Vo

Zf

Introduction to Amplifiers and Frequency Response 

V
o

~

Ii Io

Vi

Zf

AvoVi Vo

Ii Io

AvoViZim Zom~Vi

(b)  Miller equivalent(a)  Feedback amplifier

+

−

+

−

+

−

+

−

+

−

+

−

FIGURE 2.20 Circuits illustrating Miller’s theorem
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Substituting Vi from Eq. (2.74) into Eq. (2.78) yields

(2.79)

The output impedance Zom of the circuit in Fig. 2.20(b) must be the same as that of Fig. 2.20(a), and it can

be found from Eq. (2.79):

(2.80)Zom =

Vo

Io
=

Zf

1 - 1> Avo
=

Zf Avo

Avo - 1

Io =

Vo - Vo> Avo

Zf
= Voa1 - 1> Avo

Zf
b

Microelectronic Circuits: Analysis and Design72

� NOTES

1. Equations (2.77) and (2.80) are derived with the assumption that the voltage amplifier is an ideal one and that the

open-circuit voltage gain Avo can be found without connecting the impedance Zf. That is, the input impedance Ri
of the amplifier in Fig. 2.20(a) is very high, tending to infinity, and the output resistance Ro is very small, tending

to zero. They have no effect on the analysis. Zim and Zom are called the Miller impedances.
2. The Miller theorem is applicable provided the amplifier has no independent source. The open-circuit voltage gain

Avo of the amplifier must be negative so that (1 � Avo) is a positive quantity. Otherwise Zim will have a negative

value.

3. If a capacitor is connected between the input and output terminals of an amplifier with a negative voltage gain,

this capacitor has a dominant effect and lowers the high break frequency significantly.

2.7 Frequency Response Methods

An amplifier generally receives a small AC signal from the input side, then amplifies the signal and deliv-

ers it to the output side. The amplifier requires DC supplies to operate the internal devices such as transis-

tors. The internal DC voltages and DC currents within the amplifiers are subjected to variations. The

amplifiers are often connected to the input signal source and the load resistor through coupling capacitors

that effectively block low-frequency signals. The internal transistors [2, 3] have small capacitances that

limit the maximum useful frequency of the amplifier. 

A typical arrangement is shown in Fig. 2.21(a). Coupling capacitors C1 and C2, which have much

higher values (typically on the order of 10 �F) than internal capacitances, are in series with the signal

flow and set the low-frequency limit of the amplifier. Let us assume that the amplifier can be modeled by

an equivalent circuit consisting of Ri, Ro, Ci, Co, and gm. This is shown in Fig. 2.21(b). A typical frequency

KEY POINT OF SECTION 2.6

■ According to Miller’s theorem if an impedance is connected between the input side and the output

side of a voltage amplifier, this impedance can be replaced by two equivalent impedances—one

connected across the input and the other connected across the output terminal.
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plot (magnitude versus frequency) is shown in Fig. 2.21(c). fL is the dominant low cutoff frequency, fH is

the dominant high cutoff frequency, and APB is the pass-band voltage gain. Thus, the performance of

amplifiers depends on the input signal frequency, and the design specifications usually quote the voltage

gain at a specified bandwidth.

Since there are five capacitors in Fig. 2.21(b), the denominator of the transfer function A(s) will be a

fifth-order polynomial in s. Finding the exact cutoff frequencies requires the calculation of five polynomial

roots. Because derivation of the voltage transfer function A(s) (similar to Eq. [2.48]) for the circuit in

Fig. 2.21(b) is a tedious task, the analysis is normally carried out on a computer. However, the analysis

can be simplified by assuming that fL and fH are separated by at least one decade so that fL does not

affect fH. Then the low and high cutoff frequencies can be found separately. Thus, we can use the fol-

lowing steps to determine the complete frequency response of an amplifier:

1. Find the small-signal AC equivalent circuit of the amplifier as shown in Fig. 2.21(b).

2. Find the low break frequency or frequencies due to the coupling capacitors. 

3. Find the high break frequency or frequencies due to the internal capacitors. 

4. Find the pass-band gain of the amplifier. 

2.7.1 Low-Frequency Transfer Function Method

At low frequencies (usually less than fL � 1.5 kHz), the internal capacitors, which are typically on the

range of 1 pF to 10 pF, have reactance on the order of 10 M� and are essentially open-circuited. We will

assume that the internal capacitances are small so that the capacitors are effectively open-circuited. Thus,

the low-frequency behavior is determined mostly by the coupling capacitors. The equivalent circuit for

Introduction to Amplifiers and Frequency Response 

Co

f (in Hz)

voRL

gmvi

Amplifier

C1 C2

C

Rs

vi Ri Ro RL

C1 C2
Ci

C
Rs

vo

(a)  Amplifier

(b)  Small signal equivalent circuit

w = 2pf  

f2 f4f3 = fHf1 = fL

APB

1

(c)  Frequency plot

~vs

vs ~
+

−

+

−

+

−

+

−

+

−

⏐A(jw)⏐

FIGURE 2.21 AC-coupled amplifier
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finding the low break frequencies is shown in Fig. 2.22. Using the voltage divider rule, we can relate Vi(s)

to Vs(s):

(2.81)

The output voltage is given by

Vo(s) � RLIo(s) � �RL

� � 	 (2.82)

Substituting Vs(s) from Eq. (2.81) into Eq. (2.82) and simplifying, we get the voltage transfer function at

low frequencies. That is,

A(s) �

� � 	 	

which gives the low break frequencies and high-pass gain as

(2.83)

(2.84)

APB � � (2.85)

We can notice from Eqs. (2.83) and (2.84) that the Thevenin’s equivalent resistances for C1 and C2 are

RC1 � (Rs � Ri) and RC2 � (Ro � RL), respectively. The corresponding time constants are �C1 � C1RC1
and �C2 � C2RC2. Either fC1 or fC2 will be the dominant low cutoff (or 3-dB) frequency fL. For a voltage

RiRLRogm

(Rs + Ri)(Ro + RL)

fC2 =

1

2pC2(Ro + RL)

fC1 =

1

2pC1(Rs + Ri)

s

s + 1> [C2(Ro + RL)]

s

s + 1> [C1(Rs + Ri)]

RiRLRogm

(Rs + Ri) (Ro + RL )

Vo(s)

Vs(s)

s

s + 1> [C2(Ro + RL)]
Vi(s)

RLRogm

Ro + RL

RogmVi(s)

Ro + RL + 1> sC2

Vi(s) =

RiVs(s)

Rs + Ri + 1> sC1
=

Ri

Rs + Ri
*

s

s + 1> [C1(Rs + Ri)]
Vs(s)
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+
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FIGURE 2.22 Small signal equivalent low cutoff circuit
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amplifier, the input resistance Ri is normally much higher than the output resistance Ro, so fC2 � fC1 and

fC2 � fL(low cut-off frequency). The steps in setting the low cutoff (or 3-dB) frequency are as follows:

Step 1. Set the low 3-dB frequency fL with the capacitor that has the lowest resistance.

Step 2. Keep the other frequencies sufficiently lower than fL so that interactions are minimal. Separating

the first break frequency fL1 from the second break frequency fL2 by a decade is generally adequate,

as long as the other frequencies are kept lower than fL2 by means of the following relations:

fL1 � fL
fL2 � fL ⁄ 10

fL3 � fL ⁄ 20

fL4 � fL ⁄ 20

That is, fL1 � fL for Thevenin’s equivalent resistance RC1, fL2 � fL ⁄ 10 for Thevenin’s equivalent resis-

tance RC2, and fL3 � fL ⁄ 20 for Thevenin’s equivalent resistance RC3, where RC1 � RC2 � RC3. Since we

are interested only in keeping other frequencies far away from the cutoff frequency fL and since a wider

separation would require a higher capacitor value, it is not necessary to keep a separation of one decade

between subsequent frequencies.

2.7.2 High-Frequency Transfer Function Method

At high frequencies greater than fH � 15 kHz, the bypass and coupling capacitors, which are on the

order of 10 �F, have reactances on the order of 1 � and are essentially short-circuited. Let us assume

that the coupling capacitances are large so that the capacitors are effectively short-circuited. Thus, the high-

frequency behavior is determined solely by the internal capacitors of the amplifier. The equivalent circuit

for determining the high break frequencies is shown in Fig. 2.23. Capacitance C, between the input and

output terminals of the amplifier, can be replaced by Miller’s equivalent capacitances. Therefore, we can

find the frequency response by s-domain analysis or by Miller’s capacitor method.

As we did for the low break frequencies, we will derive the transfer function for high break fre-

quencies. Applying Kirchhoff’s current law at nodes 1 and 2, we get the following equations in

Laplace’s domain of s:

� � ViCis � (Vi � Vo)Cs (2.86)

gmVi � � � VoCos � (Vo � Vi)Cs � 0 (2.87)
Vo

RL

Vo

Ro

Vi

Ri

Vs - Vi

Rs

Introduction to Amplifiers and Frequency Response 

CogmVi

If

Vi Ri Ro RLCi

CRs

Vo~Vs

Node
1

+

−

+

−

+

−

Node
2

Vi
If

Zx = Zy =
Vo
If

FIGURE 2.23 Small signal equivalent high cutoff circuit
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Equations (2.86) and (2.87) can be solved to give the voltage transfer function

(2.88)

where R1 � (Rs � Ri) and R2 � (Ro � RL). The denominator of Eq. (2.88) has two poles. If p1 and p2 are the

two poles, the denominator can be written as

(2.89)

If the poles are widely separated, which is generally the case, and p1 is assumed to be the dominant pole,

while p2 is assumed large, then Eq. (2.89) can be approximated by

(2.90)

Equating the coefficients of s in Eq. (2.88) to those in Eq. (2.90) yields

(2.91)

Equating the coefficients of s2 in Eq. (2.88) to those in Eq. (2.90) yields

(2.92)

In practice, the value of C is higher than that of Ci and Co, and Eqs. (2.91) and (2.92) can be simplified

further as follows:

(2.93)

(2.94)

Here p1 and p2 correspond to the break frequencies and in frequency domain.v2v1

p2 =

gmC

CiCo + CiC + CoC

p1 L

1

gmCR1R2

p2 =

R1(Ci + C) + R2(Co + C) + gmCR1R2

R1R2(CiCo + CiC + CoC)

p1 =

1

R1(Ci + C) + R2(Co + C) + gmCR1R2

D(s) = 1 +

s
p1

+

s2

p1 p2

D(s) = a1 +

s
p1
b a1 +

s
p2
b = 1 + sa 1

p1
+

1
p2
b +

s2

p1 
p2

Vo(s)

Vs(s)
=

-  (gm - Cs)R1R2> Rs

1 + s[R1(Ci + C ) + R2(Co + C ) + gmCR1R2] + s2R1R2(CiCo + CiC + CoC )

Microelectronic Circuits: Analysis and Design76

� NOTES

1. The dominant pole p1 decreases as C increases, whereas p2 increases as C increases. Therefore, increasing C
causes the poles to split apart, possibly making p1 the dominant pole.

2. If C �� Ci and C �� Co, Eq. (2.94) can be approximated as

(2.95)p2 L

gmC

C(Ci + Co)
=

gm

Ci + Co
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2.7.3 Miller’s Capacitor Method

Assuming that the current through capacitor C in Fig. 2.23 is very small compared to the voltage-

dependent current source gmVi, the output voltage in Laplace’s domain is

Vo(s) � �gmVi(s)(Ro � RL)

The current If(s) flowing through C (from the left side to the right side) is given by

If(s) � sC[Vi(s) � Vo(s)] � sC[Vi(s) � gmVi(s)(Ro � RL)]

� sC[1 � gm(Ro � RL)]Vi(s) � sCmVi(s)

where      Cm � C[1 � gm(Ro � RL)] (2.98)

The current �If(s) flowing through C (from the right side to the left side) is given by

�If(s) � sC[Vo(s) � Vi(s)] � sC

� sC Vo(s) � sCnVo(s)

where (2.99)

Thus, capacitor C, which is connected between the input and output terminals of a high-gain amplifier with

180° phase reversal, can be replaced by a shunt capacitor Cm on the input side and another capacitor Cn
on the output side. This arrangement is shown in Fig. 2.24. The value of C is seen on the input side as a

multiplying factor almost equal to the voltage gain gm(Ro � RL). This effect, known as Miller’s effect, is

Cn = C c1 +

1

gm(Ro 7  RL)
d

c1 +

1

gm(Ro 7  RL)
d

cVo(s) +

Vo(s)

gm(Ro 7  RL)
d
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FIGURE 2.24 Miller’s equivalent high cutoff circuit

3. If there is no feedback capacitance (C � 0), Eq. (2.88) gives the following poles:

(2.96)

(2.97)p2 =

1

CoR2

p1 =

1

CiR1
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Finding the coupling capacitors to set the low cutoff frequency
(a) The amplifier in Fig. 2.21(a) has gm � 50 mA ⁄ V, Rs � 2 k�, Ri � 8 k�, Ro � 15 k�, RL � 10 k�, 

Ci � 5 pF, and Co � 1 pF. Calculate the coupling capacitances C1 and C2 in order to set the low 3-dB fre-

quency at fL � 1.5 kHz, the pass-band gain (APB), and the feedback capacitance C so that the frequency of

the dominant pole is fH � 100 kHz.

(b) Use Miller’s method to find the high cutoff frequencies.

(c) Use PSpice/SPICE to plot the voltage gain against the frequency.

SOLUTION

We have

Rs � Ri � 2 k � 8 k � 10 k�

Ro � RL � 15 k � 10 k � 25 k�

R1 � Rs � Ri � 2 k � 8 k � 1.6 k�

and R2 � Ro � RL � 15 k � 10 k � 6 k�

(a) fL � 1.5 kHz and fH � 100 kHz. Since

(Rs � Ri) � 10 k� � (Ro � RL) � 25 k�

EXAMPLE 2.10

dominant in amplifiers with a high voltage gain and a phase reversal. Therefore, the high-frequency poles

can be found from

fH1 � (2.100)

fH2 � (2.101)

Since is the voltage gain, we can rewrite Eqs. (2.98) and (2.99) as

(2.102)

(2.103)

Therefore, if the voltage is negative, then and there is a capacitance multiplication. Thus, the

effective capacitance between nodes 1 and 2 (in Fig. 2.23) can be increased by a voltage amplifier. That

is, a small capacitance connected between the input and output terminals of a voltage amplifier will have a

much larger effective capacitance between the input terminals A and B (in Fig. 2.24). is called the Miller
capacitance. The Miller capacitance plays an important role in designing the high-frequency response of

amplifiers and in the design of active filters. For example, in Eq. (2.100), which is contributed mainly by

, will be much lower than , and thus will set the dominant high frequency.fH1fH2Cm

fH1

Cm

Cm

Cm 7 CAv

Cn = Ca1 -   

1

Av
b

Cm = C(1 - Av)

Av = - gm(Ro 
7

 RL )

1

2p(Co + Cn)(Ro 
7

 RL)

1

2p(Ci + Cm)(Rs 7  Ri)

D
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FIGURE 2.25 PSpice simulation circuit

let us set fC1 equal to the low 3-dB frequency. That is, fC1 � fL � 1.5 kHz. The capacitance can be found from

Eq. (2.83):

C1 � � � 0.01 �F

Let fC2 � fC1 ⁄ 10 � 1.5 k ⁄ 10 � 150 Hz. We get C2 from Eq. (2.84):

C2 � � � 0.04 �F

The pass-band gain is

APB � � � � � �240

From Eq. (2.93), we get the capacitance C for the dominant pole:

C � � � 3.32 pF

From Eq. (2.91), we get

fH1 �

� 97.47 kHz

From Eq. (2.92), we get

fH2 �

� 1.09 GHz

[1.6 k * (5 + 3.32) + 6 k * (1 + 3.32) + 50 mA> V * 3.32 * 1.6 k * 6 k] * 1012

2p [1.6 k * 6 k * (5 * 1 + 5 * 3.32 + 1 * 3.32)]

1012

2p[1.6 k * (5 + 3.32) + 6 k * (1 + 3.32) + 50 mA > V * 3.32 * 1.6 k * 6 k]

1

2p * 100 k * 50 mA>V * 1.6 k * 6 k

1

2p fHgmR1R2

8 k * 10 k * 15 k * 50 mA>V
(2 k + 8 k)(15 k + 10 k)

RiRLRogm

(Rs + Ri)(Ro + RL)

1

2p * 150 * (15 k + 10 k)

1

2pfC2(Ro + RL)

1

2p * 1.5 k * (2 k + 8 k)

1

2pfLRs + Ri)
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2.7.4 Low-Frequency Short-Circuit Method

As we have done in Sec. 2.7.1, we can determine the low cutoff frequencies and the pass-band voltage gain

from the low-frequency voltage transfer function A(s). In many cases, the analysis becomes laborious and

it is not a simple matter to find A(s). In such cases, an approximate value of the low 3-dB break frequency

can be found by the short-circuit method.fL

Microelectronic Circuits: Analysis and Design80

FIGURE 2.26 PSpice frequency response for Example 2.10

(b) From Eq. (2.98),

Cm � C[1 � gm(Ro � RL)] � (3.32 pF)(1 � 50 mA ⁄ V 	 6 k) � 999.3 pF

From Eq. (2.99),

From Eqs. (2.100) and (2.101), we get

fH1 � � � 99.05 kHz

fH2 � � � 6.13 MHz

Thus, Miller’s capacitor method gives fH1 � 99.05 kHz, compared to 97.47 kHz calculated by s-domain analysis.

However, fH2 � 6.13 MHz, compared to 1.09 GHz. The error is due to the fact that Miller’s method does not

take into account the effect of pole splitting.

(c) The circuit for PSpice simulation is shown in Fig. 2.25. Let us assume an input voltage of vs � 10 mV.

The results of the simulation are shown in Fig. 2.26, which gives Amid � 221.7 (expected value is 240), 

fL � 1.376 kHz (expected value is 1.5 kHz) at ⏐A( j�)⏐ � 0.707 	 221.7 � 156.7, and fH � 107.23 kHz

(expected value is 100 kHz) at ⏐A( j�)⏐ � 0.707 	 221.7 � 156.7.

1

2p * (1 pF + 3.33 pF) * 6 k

1

2p(Co + Cn)(Ro  ‘  RL)

1

2p * (5 pF + 999.3 pF) * 1.6 k

1

2p(C1 + Cm)(Rs  ‘  Ri )

Cn = C c1 +

1

gm(Ro  ‘  RL)
d = (3.32 pF)a1 +

1

300
b = 3.33 pF

67722_02_ch02_p039-102.qxd  2/26/10  1:33 PM  Page 80

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Let us assume that the voltage gain of an amplifier has two low break frequencies. Then, applying

Eq. (2.59) for the high-pass characteristic with two break frequencies, we get

A( j�) � (2.104)

where Av(high) � APB is the high-frequency gain and �L1 and �L2 are the two break frequencies. At the low

3-dB frequency, the denominator of Eq. (2.104) should be such that APB � � 0.707. That is,

or

If � � ���L1���L2�, the product term can be neglected. The imaginary term will be unity when

�L � � � �L1 � �L2 � � (2.105)

where �L is the effective low 3-dB frequency and is the sum of the reciprocals of the time constants �C1
and �C2. For a circuit with multiple capacitors, the time constant �Ck for the kth capacitor is found by con-

sidering one capacitor at a time while setting the other capacitors to � (or effectively short-circuiting

them). This method assumes that only one capacitor contributes to the voltage gain. Thus, the low 3-dB

frequency is determined from the effective time constant of all capacitors. That is,

(2.106)

where �Ck is the time constant due to the kth capacitor only and RCk is Thevenin’s equivalent resistance

presented to Ck. One cutoff frequency will push the next higher frequency toward the right and thereby

influence the effective cutoff frequency of the amplifier. If one of the break frequencies is larger than the

other frequencies by a factor of 5 to 10, fL can be approximated by the highest frequency—say fC1. If

fL � fC1, the error introduced will usually be less than 10%. Otherwise the error could be as high as 20%.

Let us apply this method to the circuit in Fig. 2.21(b). We will consider the effect of C1 only; C2 is

short-circuited, as shown in Fig. 2.27(a). Thevenin’s equivalent resistance presented to C1 is

RC1 � Rs � Ri

Thus, the break frequency due to C1 only is

fC1 � � (2.107)
1

2p (RS + Ri)C1

1

2p RC1C1

1

2p
 a

n

k=1
  

1

CkRCk
fL =

1

2p
 a

n

k=1
  

1
tCk

=

1

tC2

1

tC1

` 1 - j 
v L1 + v L2

v
 -

v L1v L2

v 2
 ` = 22

` ¢1 +

v L1

jv
≤  ¢1 +

v L2

jv
≤ ` = 22

1>12

Av(high)

(1 + vL1>s)(1 + vL2>s)
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The equivalent circuit, with C1 considered to be short-circuited, is shown in Fig. 2.27(b). Thevenin’s equiv-

alent resistance presented to C2 is given by

RC2 � Ro � RL

The break frequency due to C2 only is given by

fC2 � � (2.108)

Therefore, the effective 3-dB frequency can be found from

fL � fC1 � fC2 (2.109)

In general, one of the low break frequencies is set to the desired 3-dB frequency fL and the other

frequencies are made much lower, normally separated by a decade. That is, if fL � fC1, then fC2 � fL ⁄ 10.

The steps in setting the low 3-dB frequency are as follows:

Step 1. Draw the equivalent circuit with all but one capacitor shorted.

Step 2. Find Thevenin’s equivalent resistance for each capacitor.

Step 3. Set the low 3-dB frequency fL with the capacitor that has the lowest resistance. This will give

the smallest capacitor value.

Step 4. Keep the other frequencies sufficiently lower than fL so that interactions are minimal. That is,

if fC1 � fL for Thevenin’s equivalent resistance RC1, fC2 � fL ⁄10 for Thevenin’s equivalent resistance

RC2, and fC3 � fL ⁄ 20 for Thevenin’s equivalent resistance RC3, where RC1 � RC2 � RC3.

2.7.5 High-Frequency Zero-Value Method

Let us assume that the voltage gain of an amplifier has two high break frequencies. Then, applying 

Eq. (2.49) for s � j� and for the low-pass characteristic with two break frequencies, we get

A( j�) � (2.110)
Av(low)

(1 + jv> vH1)(1 + jv> vH2)

1

2p (Ro + RL)C2

1

2p RC2C2
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Rs

C1

Vi Ro RLRi gmVi

(a)  C2 shorted (b)  C1 shorted

Rs

C2

Vi Ro RLRi gmVi

+

−

+

−

FIGURE 2.27 Small signal equivalent circuits for the short-circuit method
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where Av(low) � APB is the low-frequency gain and �H1 and �H2 are the two high break frequencies. At the

high 3-dB frequency, the denominator of Eq. (2.110) should be such that APB � � 0.707. That is,

or � j�

If � � the product term can be neglected. The imaginary term will be unity when

� � � � �C1 � �C2 (2.111)

where �H is the effective high 3-dB frequency and is the reciprocal of the sum of the time constants �C1 and

�C2. For a circuit with multiple capacitors, the time constant �Cj for the jth capacitor is found by considering

one capacitor at a time while setting the other capacitors to zero (or effectively open-circuiting them).

Thus, the high 3-dB frequency is determined from the effective time constant of all capacitors. That is,

(2.112)

where �Cj is the time constant due to the jth capacitor only and RCj is Thevenin’s equivalent resistance pre-

sented to Cj.

Let us apply this method to the circuit in Fig. 2.23. The equivalent circuit, with C and Co open-

circuited, is shown in Fig. 2.28(a). The resistance seen by Ci is given by

RCi � (Rs � Ri)

The equivalent circuit, with C and Ci open-circuited, is shown in Fig. 2.28(b). The resistance faced by Co
is given by

RCo � (Ro � RL)

fH =

1

2pa
  n

  
j=1

 t Cj

=

1

2pa
  n

  
j =1

 CjRCj

1
vH2

1
vH1

1
v

1
vH

1vH1vH2,

¢ 1
vH1

 +

1
vH2
≤ ` = 22` 1 - ¢ v

vH1
≤  ¢ v
vH2
≤

` ¢1 +

jv

vH1
≤  ¢1 +

jv

vH2
≤ ` = 22

1>12
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FIGURE 2.28 Small signal equivalent circuits for zero-value method

(a)  Co and C zero value
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vi Ro RLRi gmvi

(b)  Ci and C zero value

Rs

vi RoCo RLRi gmvi

ix vx

ix ix + gmvi

Ci

(c)  Ci and Co zero value

Rs

vi Ro RLRi gmvi

(d)  Test circuit

Rs
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gmviC

+

−

+

+

−

−
+

−

+

−
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The equivalent circuit, with Ci and Co open-circuited, is shown in Fig. 2.28(c). Let us replace C with

voltage source vx, as shown in Fig. 2.28(d). Then, applying Kirchhoff’s voltage law (KVL), we get

vx � vi � (Ro � RL)(ix � gmvi) � (Rs � Ri)ix � (Ro � RL)[ix � gmix(Rs � Ri)]

� (Ro � RL) � (Rs � Ri)[1 � gm(Ro � RL)]ix

which gives Thevenin’s equivalent resistance seen by C as

RCc � � (Ro � RL) � (Rs � Ri)[1 � gm(Ro � RL)]

� RL(eff) � Ri(eff)(1 � gmRL(eff)) (2.113)

where Ri(eff) � (Rs � Ri) and RL(eff) � (Ro � RL). Thus, the high 3-dB frequency fH is given by

fH � (2.114)

The steps in applying the zero-value method are as follows:

Step 1. Determine Thevenin’s resistance seen by each capacitor acting alone while the other capaci-

tors are open-circuited.

Step 2. Calculate the time constant due to each capacitor.

Step 3. Add all the time constants to find the effective time constant:

�H � �H1 � �H2 � . . . � �Hi

Step 4. Find the high 3-dB frequency from Eq. (2.112).

Step 5. To set the high 3-dB frequency to a desired value, add an extra capacitor Cx in parallel with C
so that the effective shunt capacitance is Ceff � Cx � C.

2.7.6 Midband Voltage Gain

If the frequency is high enough that the coupling capacitors offer low impedances and behave almost as if

they were short-circuited but low enough that the high-frequency capacitors of the transistor offer very

high impedances, the voltage gain is the pass-band gain. The equivalent circuit for midband voltage gain,

with coupling and bypass capacitors short-circuited and high-frequency capacitors open-circuited, is

shown in Fig. 2.29. We can find the midband voltage gain as follows:

(2.115)APB =

vo

vs
= -   gm(Ro 7  RL) 

Ri

Rs + Ri

1

2p (RCiCi + RCoCo + RCcC )

vx

ix
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Rs

vi voRo RLRi gmvi~vs

+

−

+

−

+

−

FIGURE 2.29 Equivalent circuit for determining

the midband gain

Finding the 3-dB break frequencies by the short-circuit and zero-value methods The amplifier

in Fig. 2.21(a) has gm � 50 mA/V, Rs � 2 k�, Ri � 8 k�, Ro � 15 k�, RL � 10 k�, Ci � 5 pF, and Co � 1 pF.

Use the following capacitor values: C1 � 0.01 �F, C2 � 0.04 �F, and C � 3.32 pF.

(a) Use the short-circuit method to find the low 3-dB frequency fL.

(b) Use the zero-value method to find the high 3-dB frequency fH.

(c) Find the pass-band voltage gain APB.

SOLUTION

(a) RC1 � Rs � Ri � 2 k � 8 k � 10 k�, RC2 � Ro � RL � 15 k � 10 k � 25 k�

From Eq. (2.107), we get  fC1 � 1 ⁄(2�C1RC1) � 1 ⁄(2� 	 0.01 �F 	 10 k�) � 1.592 kHz.

From Eq. (2.108), we get  fC2 � 1 ⁄(2�C2RC2) � 1 ⁄(2� 	 0.04 �F 	 25 k�) � 159.2 kHz.

From Eq. (2.109), we get  fL � fC1 � fC2 � 1.592 k � 159.2 � 1.751 kHz.

(b) RCi � Rs � Ri � 2 k � 8 k � 1.6 k�

RCo � Ro � RL � 15 k � 10 k � 6 k�

Using Eq. (2.113),

RCc � Ro � RL � (Rs � Ri) [1 � gm (Ro � RL)] � 6 k� � 1.6 k� 	 (1 � 50 	 10�3 	 6 k�) � 487.6 k�

From Eq. (2.114), we get 

� 97.47 kHz

(c) From Eq. (2.115), we get the pass-band voltage gain 

APB � �gm (Ro � RL) � �50 	 10�3 	 [6 k 	 8 k ⁄(2 k � 8 k)] � �240 V⁄ V

NOTE: The short-circuit method gives the low 3-dB frequency fL � 1.751 kHz (designed for 1.5 kHz),

and the zero-value method gives the high 3-dB frequency fH � 97.47 kHz (designed for 100 kHz). In

Example 2.10, Miller’s capacitor method gives fH � 99.05 kHz compared to 97.47 kHz from s-domain

analysis.

c Ri

(Rs + Ri)
d

=

1

[2p * (1.6 k * 5 * 10 -12
+ 6 k * 1 * 10 -12

+ 487.6 k * 3.32 * 10 -12)]

fH =

1

[2p (RCiCi + RCoCo + RCcC)]

EXAMPLE 2.11
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2.7.7 Multistage Amplifiers

Multistage amplifiers are often used to meet voltage gain, frequency range, input impedance, and/or output

impedance requirements. In this section we will apply the short-circuit and zero-value methods to determine

the cutoff frequencies of multistage amplifiers. Some equations will be similar to those used in the preceding

sections because the equivalent circuits for the amplifiers are similar to those encountered previously.

When a capacitor C� is connected between the input and the output of an amplifier, it greatly influ-

ences the high 3-dB frequency. It is often necessary to find the time constant for C�, and we will derive

a generalized equation. Let us consider the circuit of Fig. 2.30(a). If the capacitor C� is replaced by a

voltage source vx, the equivalent circuit is shown in Fig. 2.30(b). Using KVL, we get

vx � Riix � RL(ix � gmvi) � Riix � RL(ix � gmRiix)

� [RL � Ri(1 � gmRL)]ix

which gives Thevenin’s equivalent resistance faced by C� as

Req � � RL � Ri(1 � gmRL) (2.116)
vx

ix
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vi vi

Cμ

+

−

+
+

−

−

(a)  Circuit

RL
gmvi

Ri

ix

(b)  Test circuit

RL
gmvi

Ri

vx

FIGURE 2.30 Capacitor with a voltage-controlled

current source

KEY POINTS OF SECTION 2.7

■ The method of s-domain analysis can be used to determine the transfer function and the frequency

characteristics of an amplifier. However, the analysis can be laborious, especially for a circuit with

more than three capacitors.

■ Miller’s capacitance method is a quick but approximate method for determining the high cutoff

frequency.

■ The short-circuit method gives the low 3-dB break frequency, and the zero-value method gives the

high 3-dB break frequency. These are simple but effective methods for determining the break fre-

quencies of amplifiers.

■ In the short-circuit method, the time constant �Ck for the kth capacitor is determined by considering

one capacitor at a time while setting other capacitors to � (or effectively short-circuiting them). The

effective low 3-dB frequency is the sum of the reciprocal of individual time constants.

■ In the zero-value method, the time constant �Cj for the jth capacitor is determined by considering one

capacitor at a time while setting the other capacitors to zero (or effectively open-circuiting them). The

effective high 3-dB frequency is the reciprocal of the sum of the individual time constants.
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2.8 PSpice/SPICE Amplifier Models

Amplifiers can be modeled in PSpice/SPICE as linear controlled sources [4]. However, these models will

not exhibit the nonlinear characteristics expected in practical amplifiers. The PSpice/SPICE results must

be interpreted in relation to the practical limits of a particular type of amplifier. For a current-controlled

source, a dummy voltage source of 0 (say, Vx � 0) is inserted to monitor the controlling current, which

gives the output current or voltage. The controlling current is assumed to flow from the positive node of Vx,

through the voltage source Vx, to the negative node of Vx.

2.8.1 Voltage Amplifier

A voltage amplifier can be modeled as a voltage-controlled voltage source (VCVS). The symbol for a

VCVS, as shown in Fig. 2.31(a), is E. The linear form is

E<name> N+ N- NC+ NC- <(voltage gain) value>

N� and N� are the positive and negative output nodes, respectively. NC� and NC� are the positive and

negative nodes, respectively, of the controlling voltage.

2.8.2 Current Amplifier

A current amplifier can be modeled as a current-controlled current source (CCCS). The symbol of a CCCS,

as shown in Fig. 2.31(b), is F. The linear form is

F<name> N+ N- VX <(current gain) value>

N� and N� are the positive and negative nodes, respectively, of the output (current) source.

Introduction to Amplifiers and Frequency Response 

Ri
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NC− − 

− 

+

+

+

−

−

+
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+
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+
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FIGURE 2.31 Dependent sources
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2.8.3 Transconductance Amplifier

A transconductance amplifier can be modeled as a voltage-controlled current source (VCCS). The symbol

of a VCCS, as shown in Fig. 2.31(c), is G. The linear form is

G<name> N+ N- NC+ NC- <(transconductance) value>

N� and N� are the positive and negative output nodes, respectively. NC� and NC� are the positive and

negative nodes, respectively, of the controlling voltage.

2.8.4 Transimpedance Amplifier

A transimpedance amplifier can be modeled as a current-controlled voltage source (CCVS). The symbol of

a CCVS, as shown in Fig. 2.31(d), is H. The linear form is

H<name> N+ N- VX <(transimpedance) value>

N� and N� are the positive and negative nodes, respectively, of the output (voltage) source.

2.9 Amplifier Design

So far we have regarded amplifiers as parts of a system. Several amplifiers may be cascaded to meet some

design specifications. However, viewed from the input and output sides, cascaded amplifiers may be rep-

resented by a single equivalent amplifier. That is, an amplifier may consist of one or more internal ampli-

fiers. At this stage of the course, amplifier design will be at the system level rather than at the level of the

internal components of an amplifier itself, which we will cover in Chapters 7 and 8. This chapter has illus-

trated a number of design examples relating to each topic area. The circuit topology was given, and the

design task was mainly to find the component values. Often a designer has to choose the circuit topology,

which generally requires evaluating alternative solutions. The following sequence (or process) is recom-

mended for the design of amplifiers at the system level:

Step 1. Study the design problem.

Step 2. Identify the design specifications: input resistance, output resistance, gain, and bandwidth

requirements.

Step 3. Establish a design strategy, and find the functional block diagram solution. Identify the

type and number of amplifiers to be used. Evaluate alternative methods of solving the design

problem.

Step 4. Find the circuit-level solution through such means as circuit topologies and hand analysis

using ideal amplifier models. Analysis and synthesis may be necessary to find the component

values.

Step 5. Evaluate your design by using more realistic amplifier models, and modify your design

values, if necessary.

Step 6. Carry out PSpice/SPICE verification using a complex circuit model, and get the worst-case

results given your components and parameter variations. Modify your design, if needed.
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Illustration of design steps Two signals are coming from two different transducers: v1 � 180 mV to

200 mV with Rs1 � 2 k� and v2 � 150 mV to 170 mV with Rs2 � 2 k�. Amplify the differential voltage so

that the output voltage is vo � 200(v1 � v2). The gain variation should be less than �3%. The load resistance is

RL � 5 k�. Determine the specifications of the amplifier.

SOLUTION

Step 1. Study the design problem. v1 � 180 mV to 200 mV with Rs1 � 2 k�, and v2 � 150 mV to 170 mV

with Rs2 � 2 k�.

Step 2. Identify the design specifications. Av � 200 � 3%, RL � 5 k�, and there is no bandwidth limit.

Step 3. Establish a design strategy, and find the functional block diagram solution. Since the input side will

have two voltage signals whose difference is to be amplified, we need a voltage differential amplifier at the input

stage. The output of this stage could be either voltage or current, which will be amplified by a gain stage, shown

in Fig. 2.32(a).

Step 4. Find the circuit-level solution. We will use two identical transconductance amplifiers to give dif-

ferential gain because it allows us to add (or subtract) two currents at a node. We will also use a transresis-

tance amplifier at the output side to give the desired voltage gain and a low output resistance. This

arrangement is shown in Fig. 2.32(b). Assuming ideal amplifiers of Gms1 � Gms2 � Gms, the output volt-

age is given by

vo � (Gms1v1 � Gms2v2)Zmo � ZmoGms(v1 � v2)

which gives Avo � ZmoGms. Assuming Gms � 20 mA ⁄ V, we get

Zmo � � � 10 kV ⁄A

Step 5. Evaluate your design. Let us take practical amplifiers with input and output resistances as shown in

Fig. 2.32(c). Using Eq. (2.35), we can find the effective voltage gain Av from

Av � 	 	 ZmoGms (Roe � Ro1 � R�o1)

Since Av will vary with variations in Ri1, R�i1, Ro2, Zmo, and Gms, let us allow �0.5% variation for each of them

so that the overall variation is limited to �2.5%. Assume Rs1, Rs2, and RL do not vary.

� � 0.995
Ri1

Ri1 + 2 k

Ri1

Ri1 + Rs1

RL

RL + Ro2

Roe

Roe + Ri2

Ri1

Ri1 + Rs1

200 V

20 mA

Avo

Gms

EXAMPLE 2.12

D

Step 7. Get a cost estimate of the project, and have a plan for component layout so that the project

requires the minimum fabrication time and is least expensive.

Step 8. Build a prototype unit in the lab, and take measurements to verify your design. Modify your

design, if needed.
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FIGURE 2.32 Amplifier design stages for Example 2.12

which gives Ri1 � R�i1  398 k�.

� � 0.995

which gives Ro2 � 25.1 �.

Let us assume that Ro1 � R�o1  200 k�. Since Roe � (Ro1 � R�o1) � 100 k�,

� � 0.995

which gives Ri2 � 502 �.
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Rs2
2 kΩ
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Step 6. Use PSpice/SPICE verification. The results of PSpice simulation for the circuit shown in Fig. 2.33 are

as follows:

The output voltage is vo � 9.8796 V, and Av � 9.8508 V/(200 mV � 150 mV) � 197.02.

Step 7. Get a cost estimate.

Two identical transconductance amplifiers for the differential stage: Gms � 20 mA ⁄ V � 0.5%, Ri1  398 k�,

and Ro1  200 k�. Estimated cost is $1.50.

One transresistance amplifier for the gain stage: Zmo � 10 kV ⁄ A � 0.5%, Ri2 � 502 �, and Ro2 � 25.1 �.

Estimated cost is $1.

Two DC power supplies: VCC � VEE � 12 V.

Introduction to Amplifiers and Frequency Response 

Summary

Amplifiers are normally specified in terms of gain, input resistance, and output resistance. An amplifier can

be classified as one of four types: a voltage amplifier, a current amplifier, a transconductance amplifier, or

a transimpedance amplifier. The gain relationships of various amplifiers can be related to each other. In

addition to amplifying signals, amplifiers can serve as building blocks for other applications, such as

impedance matching, negative resistance simulation, inductance simulation, and capacitance multiplica-

tion. Cascaded amplifiers are often used to increase the overall gain.

Amplifiers use transistors as amplifying devices. Transistors have internal capacitances and also

coupling capacitors for isolating the signal source and the load from DC signals. The gain of practical

amplifiers varies with the frequency of the signal source, and amplifiers can be classified based on their

frequency response as low-pass or band-pass.

Because it uses coupling, bypass, and transistor capacitors, an amplifier operates within a frequency

range called a bandwidth. There are three types of frequency characteristics: low-pass, high-pass, and

band-pass. An amplifier normally exhibits a band-pass characteristic. Analysis or design of an amplifier

requires computer-aided methods because of the complexity of the circuits and the frequency-dependent

parameters involving complex numbers.

In general, a capacitor that forms a series circuit with the input signal limits the low cutoff fre-

quency, whereas a capacitor that forms a parallel circuit limits the upper cutoff frequency. Analysis of

low break frequencies can be simplified by the short-circuit method, in which the time constant due to

one capacitor is determined by assuming that the other capacitors are effectively short-circuited. This

method can be extended to the analysis of multistage amplifiers. The dominant low cutoff (or 3-dB) fre-

quency can be set to one of the low break frequencies. In that case, if one of the cutoff frequencies is

less than the other frequencies by a factor of 5 to 10, the error introduced by this method is usually less

than 10%. Otherwise the error could be as high as 20%.

At high frequencies, any capacitor that is connected between the input and output terminals dominates

the frequency response as a result of Miller’s multiplication effect. Miller’s capacitor method, which can

be applied to determine the approximate value of the high cutoff frequency, gives a value higher than the

actual one. The zero-value method, which assumes that only one capacitor contributes to the circuit

response and other capacitors have a value of zero, calculates the high 3-dB cutoff frequency from the

effective time constant of all capacitors and gives a conservative estimate of the frequency.

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE

( 1) .2000 ( 2) .1990 ( 3) .1500 ( 4) .1493

( 5) .4970 ( 6) .4970 ( 7) 9.9003 ( 8) 9.8508
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Review Questions

1. What are the parameters of an amplifier?

2. What is the purpose of DC biasing of an amplifier?

3. What is the effect of rise time on the frequency response of an amplifier?

4. What is a slew rate?

5. What is the slew rate of a step input voltage?

6. What are the four types of amplifiers?

7. What is the circuit model of a voltage amplifier?

8. What is the open-circuit voltage gain of a voltage amplifier?

9. What is the effect of source resistance on the effective voltage gain of a voltage amplifier?

10. What is an ideal voltage amplifier?

11. What is the circuit model of a current amplifier?

12. What is the short-circuit current gain of a current amplifier?

13. What is the effect of source resistance on the effective current gain of a current amplifier?

14. What is an ideal current amplifier?

15. What is the circuit model of a transconductance amplifier?

16. What is the short-circuit transconductance of a transconductance amplifier?

17. What is the effect of source resistance on the overall voltage gain of a transconductance amplifier?

18. What is the open-circuit transimpedance of an amplifier?

19. What is the effect of source resistance on the effective current gain of a transimpedance amplifier?

20. What is an ideal transimpedance amplifier?

21. What is the effect on the overall gain of cascading amplifiers?

22. What is the principle of negative resistance simulation (see Prob. 2.18)?

23. What is a gyrator (see Prob. 2.21)?

24. What is the frequency response of an amplifier?

25. What is a low-pass amplifier?

26. What is a high-pass amplifier?

27. What is a band-pass amplifier?

28. Which capacitors contribute to the low cutoff frequency of amplifiers?

29. What is the short-circuit method?

30. What are the advantages and disadvantages of the short-circuit method?

31. Which capacitors contribute to the high cutoff frequency of amplifiers?

32. What is Miller’s capacitor method?

33. What are the advantages and disadvantages of Miller’s capacitor method?

Microelectronic Circuits: Analysis and Design92
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34. What is the zero-value method?

35. What are the advantages and disadvantages of the zero-value method?

36. What are the steps involved in applying the zero-value method?

Problems

The symbol indicates that a problem is a design problem. The symbol indicates that you can check the solu-

tion to a problem using PSpice/SPICE or Electronics Workbench.

2.2 Amplifier Characteristics

2.1 The measured small-signal values of the linear amplifier shown in Fig. 2.3(a) are as follows: vi � 50 	 10�3

sin 1000�t, ii � 1 	 10�6 sin 1000�t, vo � 6.5 sin 1000�t, and RL � 5 k�. The DC values are VCC � VEE
� 15 V and ICC � IEE � 15 mA. Find (a) the values of amplifier parameters Av, Ai, Ap, and Ri; (b) the

power delivered by the DC supplies Pdc and the power efficiency �; and (c) the maximum value of the input

voltage so that the amplifier operates within the saturation limits.

2.2 The measured values of the nonlinear amplifier in Fig. 2.4(a) are vo � 5.3 V at vI � 21 mV, vO � 5.5 V at

vI � 24 mV, and vO � 5.8 V at vI � 27 mV. The DC supply voltage is VCC � 12 V, and the saturation limits

are 2 V � vO � 11 V.

a. Determine the small-signal voltage gain Av.

b. Determine the DC voltage gain Adc.

c. Determine the limits of input voltage vI.

2.3 Determine the power gain Ap of the amplifier for the measured values.

a. vO � 2 V, vI � 1 mV, Ri � 100 k�, and RL � 10 k�.

b. iO � 100 mA, iI � 1 mA, Ri � 100 �, and RL � 1 k�.

2.3 Amplifier Types

2.4 The voltage amplifier shown in Fig. 2.6(a) has an open-circuit voltage gain of Avo � 150, an input resis-

tance of Ri � 1.8 k�, and an output resistance of Ro � 50 �. It drives a load of RL � 4.7 k�. The signal

source voltage is vs � 100 mV with a source resistance Rs � 200 �.

a. Calculate the effective voltage gain Av � vo ⁄ vs, the current gain Ai � io ⁄ ii, and the power gain Ap � PL ⁄ Pi.

b. Use PSpice/SPICE to check your results in part (a).

2.5 For the amplifier in Prob. 2.4, what should the load resistance RL be for maximum power transfer to the

load? Calculate the maximum output (or load) power PL(max).

2.6 When a load resistance of RL � 1.5 k� is connected to the output of a voltage amplifier, the output voltage

drops by 15%. What is the output resistance Ro of the amplifier?

2.7 The voltage amplifier shown in Fig. 2.6(a) has an open-circuit voltage gain of Avo � 200, an input resis-

tance of Ri � 100 k�, and an output resistance of Ro � 20 �. The signal source voltage is vs � 50 mV, the

source resistance is Rs � 1.5 k�, and the load resistance is RL � 22 �. Calculate (a) the output voltage vo,

(b) the output power PL, (c) the effective voltage gain Av � vo ⁄ vs, (d) the current gain Ai � io ⁄ is, and (e)
the power gain Ap � PL ⁄ Pi.

2.8 An amplifier is required to amplify the output signal from a transducer that produces a voltage signal of 

vs � 10 mV with an internal resistance of Rs � 2.5 k�. The load resistance is RL � 2 k� to 10 k�. 

The desired output voltage is vo � 5 V. The amplifier must not draw more than 1 �A from the transducer.

PD
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The variation in output voltage when the load is disconnected should be less than 0.5%. Determine the design

specifications of the amplifier.

2.9 An amplifier is required to give a voltage gain of Av � 100 � 1.5%. The source resistance is Rs � 500 �
to 5 k�, and the load resistance is RL � 5 k� to 20 k�. Determine the design specifications of the amplifier.

2.10 A resistance R is connected between the input and output terminals of a voltage amplifier, as shown in Fig. 2.6.

The input voltage signal is vs � 20 mV with an internal resistance of Rs � 1.5 k�.

a. Derive an expression for the input resistance Rx � vi ⁄ is.

b. Calculate Rx and is for Ri � 50 k�, Ro � 75 �, Avo � 2, and R � 10 k�.

c. Design an amplifier circuit that will simulate a negative resistance so that the input current drawn from

the source is ⏐is⏐ � 2.5 �A.

2.11 A capacitor C is connected between the input and output terminals of a voltage amplifier, as shown in 

Fig. P2.11(a). The peak input voltage is Vs(peak) � 20 mV with an internal resistance of Rs � 1.5 k�, and

the signal frequency is fs � 100 Hz.

a. Derive an expression for the input impedance Zx � Vi ⁄ Is.

b. Assuming an ideal amplifier, as shown in Fig. P2.11(b), calculate Zx and Is for C � 0.01 �F and Avo �
�100. That is, Ri � � and Ro � 0.

2.12 Design a voltage amplifier circuit that will simulate a negative resistance of R � �5 k� (see Prob. 2.10).

2.13 The current amplifier shown in Fig. 2.7(b) has a short-circuit current gain of Ais � 200, an input 

resistance of Ri � 150 �, and an output resistance of Ro � 2.5 k�. The load resistance is RL � 100 �. The

input source current is is � 4 mA with a source resistance of Rs � 47 k�.

a. Calculate the current gain Ai � io ⁄ is, the voltage gain Av � vo ⁄ vs, and the power gain Ap � PL ⁄ Pi.

b. Use PSpice/SPICE to check your results in part (a).

2.14 The current amplifier shown in Fig. 2.7(b) has a short-circuit current gain of Ais � 100, an input resistance

of Ri � 50 �, an output resistance of Ro � 22 k�, and a load resistance of RL � 150 �. The input source

current is is � 50 mA with a source resistance of Rs � 100 k�. Calculate the output current io.

2.15 The current amplifier shown in Fig. 2.7(b) has a source current of is � 5 �A, a source resistance of 

Rs � 100 k�, and an input resistance of Ri � 50 �. The short-circuit output current is io � 100 mA for 

RL � 0, and the open-circuit output voltage is vo � 12 V for RL � �. The load resistance is RL � 2.7 k�.

Calculate (a) the voltage gain Av � vo ⁄ vs, (b) the current gain Ai � io ⁄ is, and (c) the power gain 

Ap � PL ⁄ Pi.
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2.16 An amplifier is required to amplify the output signal from a transducer that produces a constant current of

is � 100 �A at an internal resistance varying from Rs � 10 k� to 100 k�. The desired output current is io �
20 mA at a load resistance varying from RL � 20 � to 500 �. The variation in output current should be kept

within �3%. Determine the design specifications of the amplifier.

2.17 An amplifier is required to give a current gain of Ai � 50 � 1.5%. The source resistance is Rs � 100 k�,

and the load resistance is RL � 100 �. Determine the design specifications of the amplifier.

2.18 A resistance R is connected to a current amplifier, as shown in Fig. P2.18.

a. Derive an expression for the input resistance Rx � vi ⁄ ii.

b. Design an amplifier circuit that will simulate a negative resistance of Rx � �10 k�.

2.19 Suppose the resistance R of the current amplifier in Fig. P2.18 is replaced by an impedance Z consisting of

R, C, and �R. This arrangement is shown in Fig. P2.19 for Ais � 2, converting the current source to a volt-

age source, Vs.

a. Derive an expression for the input impedance Zx(s) � Vi(s) ⁄ Ii(s), where s is Laplace’s operator. Note that

�R can be generated by another current amplifier such as the one shown in Fig. P2.18 with Ais � 2.

b. Design an amplifier circuit that will simulate an inductance of Le � 10 mH.

c. Use PSpice/SPICE to calculate the input impedance Zx for frequencies from 1 kHz to 5 kHz with a linear

increment of 1 kHz. Use a PSpice/SPICE F-type dependent source (see Sec. 2.8).
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2.20 a. Design an amplifier circuit that will simulate an inductance of Le � 50 mH (see Prob. 2.19).

b. Use PSpice/SPICE to verify your design.

2.21 The gyrator circuit shown in Fig. P2.19 has a capacitance of C � 100 pF. Determine the value of resistance

R that will give an effective inductance of Le � 15 mH.

2.22 Two ideal transconductance amplifiers are connected back to back, as shown in Fig. P2.22.

a. Find the relation between the input voltage and the input currents, and find the input impedance 

Zi � Vi ⁄ Ii.

b. If vs � 1 sin (2000�t), C � 0.1 �F, and Gm1 � Gm2 � 3 mA ⁄ V, use PSpice/SPICE to plot the transient

response of the output voltage vo(t) for a time interval from 0 to 1.5 ms with an increment of 15 �s.

2.23 A transconductance amplifier is needed to record the peak voltage of the circuit in Fig. 2.9. The recorder

needs 5 mA for a reading of 1 cm, and it should read 20 cm � 2% for a peak input voltage of 170 V. The

input resistance of the recorder varies from RL � 20 � to 500 �. The frequency of the input voltage is

fs � 60 kHz.

a. Determine the value of capacitance C.

b. Determine the design specifications of the transconductance amplifier.

2.24 An amplifier is required to give a transconductance gain of Zm � 20 mA ⁄ V � 2%. The source resistance

is Rs � 1 k�, and the load resistance is RL � 200 �. Determine the design specifications of the amplifier.

2.25 An amplifier is used to measure a DC voltage signal vs � 0 to 10 V with a source resistance of 

Rs � 2 k� to 5 k�. The output of the amplifier is a meter that gives a full-scale deflection at a current

of io � 100 mA and whose resistance is Rm � 20 � to 100 �. Determine the design specifications of

the amplifier.

2.26 The transimpedance amplifier shown in Fig. 2.10(a) has a transimpedance of Zmo � 0.5 kV ⁄ A, an input

resistance of Ri � 1.5 k�, and an output resistance of Ro � 4.7 k�. The input source current is is � 50 mA

with a source resistance of Rs � 10 k�. The load resistance is RL � 4.7 k�. Calculate the current gain 

Ai � io ⁄ is and the voltage gain Av � vo ⁄ vs.

2.27 A transimpedance amplifier is used to record the short-circuit current of a transducer of unknown internal

resistance; its output is a recorder that requires 10 V for a reading of 2 cm. The recorder should read 20

cm � 2% for an input current of 100 mA. The input resistance of the recorder varies from RL � 2 k� to 

RL � 10 k�. Determine the design specifications of the amplifier.

2.28 A transimpedance amplifier is used to measure a DC current signal is � 0 to 500 mA with a source resis-

tance of Rs � 100 k�. The output of the amplifier is a meter that gives a full-scale deflection at a volt-

age of vo � 5 V and whose resistance is Rm � 20 k�. Determine the design specifications of the

amplifier.
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2.29 The parameters of the voltage amplifier in Fig. 2.6(a) are vs � 100 mV, Rs � 2 k�, Avo � 250, 

Ri � 50 k�, Ro � 1 k�, and RL � 10 k�. Calculate the values of the equivalent current, transconductance,

and transimpedance amplifiers.

2.30 The parameters of the transconductance amplifier in Fig. 2.8(b) are vs � 100 mV, Rs � 2 k�, Gms � 20 mA ⁄ V,

Ri � 100 k�, Ro � 2 k�, and RL � 200 �. Calculate the values of the equivalent voltage, current, and tran-

simpedance amplifiers.

2.31 The slew rate of a unity-gain amplifier is SR � 0.5 V⁄�s, and the rise time is 0.3 �s. What is the maximum

value VS(max) of a step input voltage?

2.32 The slew rate of a unity-gain amplifier is SR � 0.5 V⁄�s. The input frequency is fs � 100 kHz. 

Calculate the maximum voltage Vs(max) of a sinusoidal input voltage.

2.33 The slew rate of a unity-gain amplifier is SR � 0.5 V⁄�s. The input is a sinusoidal peak voltage Vm � 10 V.

Determine the maximum input frequency fs(max) that will avoid distortion.

2.4 Cascaded Amplifiers

2.34 The parameters of the cascaded voltage amplifiers in Fig. 2.11(a) are Rs � 200 k�, Ro1 � Ro2 � Ro3 � 100 �,

Ri1 � Ri2 � Ri3 � RL � 2.5 k�, and Avo1 � Avo2 � Avo3 � 50.

a. Calculate the overall open-circuit voltage gain Avo � vo ⁄ vi, the effective voltage gain Av � vo ⁄ vs, the

overall current gain Ai � io ⁄ ii1, and the power gain Ap � PL ⁄ Pi.

b. Use PSpice/SPICE to check your results in part (a).

2.35 The parameters of the cascaded voltage amplifiers in Fig. 2.11(a) are Rs � 200 k�, Ro1 � Ro2 � 100 �, 

Ro3 � 300 �, Ri1 � Ri2 � Ri3 � 2.5 k�, RL � 1.5 k�, and Avo1 � Avo2 � Avo3 � 80.

a. Calculate the overall voltage gain Avo � vo ⁄ vs, the overall current gain Ai � io ⁄ ii1, and the power gain

Ap � PL ⁄ Pi.

b. Use PSpice/SPICE to check your results in part (a).

2.36 The parameters of the cascaded current amplifiers in Fig. 2.12(a) are Rs � 20 k�, Ro1 � Ro2 � Ro3 � 4.7 k�,

Ri1 � Ri2 � Ri3 � RL � 100 �, and Ais1 � Ais2 � Ais3 � 100.

a. Calculate the effective current gain Ai � io ⁄ is, the overall voltage gain Av � vo ⁄ vs, and the power gain

Ap � PL ⁄ Pi.

b. Use PSpice/SPICE to check your results in part (a).

2.37 One transconductance amplifier is cascaded with a transimpedance amplifier, as shown in Fig. P2.37.

The parameters are Rs � 5 k�, Ri1 � 50 k�, Ro1 � 200 �, Zmo � 10 kV⁄A, Ri2 � 1 M�, Ro2 � 100 k�,

RL � 1 k�, and Gms � 20 mA ⁄ V.

a. Calculate the overall open-circuit voltage gain Avo � vo ⁄ vi, the effective voltage gain Av � vo ⁄ vs, the

overall current gain Ai � io ⁄ ii, and the power gain Ap � PL ⁄ Pi.

b. Use PSpice/SPICE to check your results in part (a).
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2.5 Frequency Response of Amplifiers

2.38 The voltage amplifier shown in Fig. 2.17(a) is required to have a midrange voltage gain of Av(mid) � �50

in the frequency range of 10 kHz to 50 kHz. The source resistance is Rs � 1 k�, and the load resistance is

RL � 5 k�.

a. Determine the specifications of the amplifier and the values for coupling capacitor C1 and shunt

capacitor C2.

b. Use PSpice/SPICE to verify your design by plotting the frequency response ⏐Av( j�)⏐ against frequency.

2.39 The voltage gain of an amplifier is given by

Av( j�) �

Calculate (a) the cutoff frequencies fL and fH, (b) the bandwidth BW � fH � fL, and (c) the passband gain

in decibels.

2.40 The voltage gain of an amplifier is given by

Av( j�) �

Calculate (a) the bandwidth BW frequency if ⏐Av( j�)⏐ � 100 and (b) the bandwidth BW frequency if

⏐Av( j�)⏐ � 50.

2.41 A low-pass transconductance amplifier is shown in Fig. P2.41. The circuit parameters are C � 0.1 �F,

Rs � 5 k�, Gms � 20 mA ⁄ V, Ri � 500 k�, and Ro � 50 k�. Calculate the unity-gain bandwidth 

fbw � Av(mid) fH for (a) RL � 1 k� and (b) RL � 10 k�.

2.6 Miller’s Theorem

2.42 A capacitor of C � 0.01 �F is connected across the input and output sides of an amplifier, as shown in

Fig. P2.42. The amplifier parameters are Avo � �502, Ro � 50 �, and Ri � 100 k�. The source resistance is

Rs � 2 k�, and the load resistance is RL � 10 k�.

a. Use Miller’s theorem to find the break frequencies.

b. Express the frequency-dependent gain Av( j�) � Vo( j�) ⁄ Vs( j�).

vi vo~Vs RLCRoGmsvi
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+

−

+

−
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2.43 A capacitor of C � 10 nF is connected across the input and output sides of an amplifier, as shown in Fig. P2.42.

The amplifier parameters are Avo � �1000, Ro � 100 �, and Ri � 200 k�. The source resistance is Rs � 5 k�,

and the load resistance is RL � 5 k�.

a. Use Miller’s theorem to find the break frequencies.

b. Express the frequency-dependent gain Av( j�) � Vo( j�) ⁄ Vs( j�).

2.44 A capacitor of C � 0.1 �F is connected across the input and output sides of an amplifier, as shown in

Fig. P2.44(a). Determine the equivalent Miller capacitance Cx seen by the source, as shown in Fig. P2.44(b),

for (a) Avo � �200 and (b) Avo � �1.

2.45 A resistance RF is connected across the input and output sides of an amplifier, as shown in Fig. P2.45. The

circuit parameters are Rs � 1 k�, Avo � �2 	 105, Ri � 2 M�, Ro � 75 �, RF � 20 k�, and RL � 5 k�.

a. Use Miller’s theorem to find the effective voltage gain Av � vo ⁄ vs.

b. Use PSpice/SPICE to check your results in part (a).
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2.7 Frequency Response Methods

2.46 The parameters of the circuit in Fig. P2.46 are Rs � 500 �, C1 � 20 �F, Ri � 1 k�, RL � 10 k�, C2 � 10 pF,

and gm � 15 mA ⁄ V. Use s-domain analysis to find the low 3-dB frequency fL, the high 3-dB frequency fH,

and the midband gain Av(mid) � APB.

2.47 The parameters of the circuit in Fig. P2.47 are Rs � 1 k�, C1 � 10 �F, Ci � 20 pF, Ri � 25 k�, 

RL � 10 k�, Ro � 10 k�, Co � 10 pF, and gm � 15 mA ⁄ V. Use s-domain analysis to find the low 3-dB

frequency fL, the high 3-dB frequency fH, and the midband gain Av(mid) � APB.

2.48 The parameters of the circuit in Fig. P2.48 are Rs � 4 k�, RG � 20 k�, RL � 10 k�, Cgs � 10 pF, 

Cgd � 20 pF, and gm � 10 mA ⁄ V. Use s-domain analysis to find the high 3-dB frequency fH and the low-pass

gain Av(low) � APB.

2.49 An amplifier circuit is shown in Fig. P2.49. Use the zero-value method to find the high 3-dB frequency fH
and the low-pass gain Av(low) � APB.

~ vo
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2.50 Repeat Prob. 2.49 for Rsr � 0.

2.51 An amplifier circuit is shown in Fig. P2.51. Use the short-circuit and zero-value methods to find the low 

3-dB frequency fL, the high 3-dB frequency fH, and the midband gain Av(mid) � APB.

2.52 Repeat Prob. 2.51 for RE � 0.

2.53 An amplifier circuit is shown in Fig. P2.53. Use the short-circuit and zero-value methods to find the low 

3-dB frequency fL, the high 3-dB frequency fH, and the midband gain Av(mid) � APB.

2.54 An amplifier circuit is shown in Fig. P2.54. Use the short-circuit and zero-value methods to find the low 

3-dB frequency fL, the high 3-dB frequency fH, and the midband gain Av(mid) � APB.
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Learning Outcomes
After completing this chapter, students should be able to do

the following: 

• Describe the external characteristics and circuit

models of op-amps. 

• Analyze op-amp circuits to derive their input and

output relationships.

• Calculate the effect of a finite op-amp gain on the

overall voltage gain of op-amp circuits.

• Determine the bandwidth of op-amp circuits.

• Design op-amp circuits to meet certain input and

output specifications.

• List a few examples of op-amp applications in signal

conditioning.

Symbols and Their Meanings
Symbol Meaning
Ao, Af Op-amp open-loop voltage gain and

overall (closed-loop) voltage gain of an

op-amp circuit

BW, APB Bandwidth and pass-band voltage gain

CMRR Common-mode rejection ratio 

fH, fL High and low cutoff or break frequencies 

CHAPTER 3
INTRODUCTION  

TO OPERATIONAL
AMPLIFIERS

AND APPLICATIONS
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3.1 Introduction

The operational amplifier (or op-amp) is a high-gain, direct-coupled amplifier consisting of multiple

stages: an input stage to provide a high input resistance with a certain amount of voltage gain, a middle

stage to provide a high voltage gain, and an output stage to provide a low output resistance. It operates with

a differential voltage between two input terminals, and it is a complete, integrated-circuit, prepackaged am-

plifier. An op-amp, often referred to as a linear (or analog) integrated circuit (IC), is a popular and versa-

tile integrated circuit. It serves as a building block for many electronic circuits. For most applications,

knowledge of the terminal characteristics of op-amps is all you need to design op-amp circuits. However,

for some applications requiring precision, internal knowledge of op-amps is necessary.

3.2 Characteristics of Ideal Op-Amps

The symbol for an op-amp is shown in Fig. 3.1. An op-amp has at least five terminals. Terminal 2 is called

the “inverting input” because the output that results from the input at this terminal will be inverted. Terminal

3 is called the “noninverting input” because the output that results from the input at this terminal will have

the same polarity as the input. Terminal 4 is for negative DC supply �VEE. Terminal 6 is the output terminal.

Terminal 7 is for positive DC supply VCC.

Instead of using two DC power supplies, we can generate VCC and VEE from a single power supply

VDC, as shown in Fig. 3.2(a). The value of R should be high enough (usually R � 10 k�) that it does not

draw much current from the DC supply VDC. Capacitors are used for decoupling (bypass) of the DC power

supply, and the value of C is typically in the range of 0.01 �F to 10 �F. Instead of two resistors, a poten-

tiometer can be used to ensure that VCC � VEE, as shown in Fig. 3.2(b). Diodes D1 and D2 (see Chapter 4)

Microelectronic Circuits: Analysis and Design104

Symbol Meaning
Ri, Ro Input and output resistances

vp (or v+), Voltages at the noninverting and inverting terminals 

vn (or v–) of an op-amp

vS(t), vO(t) Instantaneous input signal and output voltages

vs(t), vo(t) Small-signal input signal and output voltages

VS, VO DC input signal and output voltages

VCC, VEE Positive and negative DC supply voltages

A

43

2

6

7

−VEE

+VCC

vO

v+

v− −

+
FIGURE 3.1 Symbol for an op-amp

67722_03_ch03a_p103-139.qxd  2/19/10  9:48 AM  Page 104

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



prevent any reverse current flow; they are often used to protect the op-amp in case the positive and nega-

tive terminals of the supply voltage VDC are reversed accidentally. Also, two zener diodes (see Chapter 4)

can be used to obtain symmetrical supply voltages, as shown in Fig. 3.2(c). The value of R should be low

enough to force the zener diodes to operate in the zener or avalanche mode (see Sec. 4.7). Note that these

circuits will not work if the DC supply comes with a ground.

3.2.1 Op-Amp Circuit Model

The output voltage of an op-amp is directly proportional to the small-signal differential (or difference) in-

put voltage. Thus, an op-amp can be modeled as a voltage-dependent voltage source; its equivalent circuit

is shown in Fig. 3.3(a). The output voltage vO is given by

vo � Aovd � Ao(vp � vn) (3.1)

where Ao � small-signal open-loop voltage gain
vd � small-signal differential (or difference) input voltage
vn � small-signal voltage at the inverting terminal with respect to the ground
vp � small-signal voltage at the noninverting terminal with respect to the ground
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Input resistance Ri is the equivalent resistance between the differential input terminals. The input

resistance of an op-amp with a bipolar junction transistor (BJT) input stage is very high, with a typical

value of 2 M�. Op-amps with a field-effect transistor (FET) input stage have much higher input resis-

tances (i.e., 1012 �). Therefore, the input current drawn by the amplifier is very small (typically on the

order of nanoamperes), tending to zero.

Output resistance Ro is Thevenin’s equivalent resistance. It is usually in the range of 10 � to 100 �,

with a typical value of 75 �. Its effective value is reduced, however, when external connections are

made; then Ro can be neglected for most applications.

Open-loop differential voltage gain Ao is the differential voltage gain of the amplifier with no ex-

ternal components. It ranges from 104 to 106, with a typical value of 2 � 105. Since the value of Ao is

very large, vd becomes very small (typically on the order of microvolts), tending to zero. The transfer

characteristic (vO versus vd) is shown in Fig. 3.3(b). In reality, the output voltage cannot exceed the pos-

itive or negative saturation voltage �Vsat of the op-amp, which is set by supply voltages VCC and VEE,

respectively. The saturation voltage is usually 1 V lower than the supply voltage VCC or VEE. Thus, the

output voltage will be directly proportional to the differential input voltage vd only until it reaches the sat-

uration voltage; thereafter the output voltage remains constant. The gain of practical op-amps is also fre-

quency dependent. Note that the model in Fig. 3.3(a) does not take into account the saturation effect and

assumes that gain Ao remains constant for all frequencies.

The analysis and design of circuits employing op-amps can be greatly simplified if the op-amps in

the circuit are assumed to be ideal. Such an assumption allows you to approximate the behavior of the

op-amp circuit and to obtain the approximate values of circuit components that will satisfy some design

specifications. Although the characteristics of practical op-amps differ from the ideal characteristics, the

errors introduced by deviations from the ideal conditions are acceptable in most applications. A com-

plex op-amp model is used in applications requiring precise results. The circuit model of an ideal op-

amp is shown in Fig. 3.4; its characteristics are as follows:

• The open-loop voltage gain is infinite: Ao � 	.

• The input resistance is infinite: Ri � 	.

• The amplifier draws no current: ii � 0.

• The output resistance is negligible: Ro � 0.

• The gain Ao remains constant and is not a function of frequency.

• The output voltage does not change with changes in power supplies. This condition is generally

specified in terms of the power supply sensitivity (PSS): PSS � 0.

• An op-amp is a differential amplifier, and it should amplify the differential signal appearing be-

tween the two input terminals. Any signal that is common to two inputs (i.e., noise) should not be

amplified and should not appear in the output. Thus, the differential gain (due to a differential sig-

nal) should tend to infinity, and the common-mode gain (due to a common signal) should tend to

zero. The condition is generally specified in terms of the common-mode rejection ratio (CMRR):

CMRR � 	. This ratio is discussed in Sec. 3.2.3.
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FIGURE 3.4 Model of an ideal op-amp
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Finding the differential input voltage and input current of an op-amp The op-amp of Fig. 3.3(a) has

an open-loop gain of Ao � 2 � 105. The input resistance is Ri � 0.6 M�. The DC supply voltages are VCC � 12 V

and �VEE � �12 V. Assume that Vsat � 11 V.

(a) What value of vd will saturate the amplifier?

(b) What are the values of the corresponding input current ii?

SOLUTION

(a) vd � �Vsat ⁄ Ao � �11 ⁄ (2 � 105) � �55 �V

(b) ii � �vd ⁄ Ri � 
55 �V ⁄ 0.6 M� � 
0.1 nA

EXAMPLE 3.1

Finding the maximum output voltage of an op-amp The op-amp of Fig. 3.3(a) has Ao � 2 � 105,

Ri � 2 M�, Ro � 75 �, VCC � 12 V, and �VEE � �12 V. The maximum possible output voltage swing is

�11 V. If v� � 100 �V and v� � 25 �V, determine the output voltage vO.

SOLUTION

From Eq. (3.1),

vO � Ao(v� � v�) � 2 � 105 � (25 � 100) � 10�6 � �15 V

Because of the saturation, the output voltage cannot exceed the maximum voltage limit of �11 V, and therefore 

vO � �11 V.

EXAMPLE 3.2

3.2.2 Op-Amp Frequency Response

The differential voltage gain of an op-amp has the highest value at DC or low frequencies. The gain

decreases with frequency. A typical frequency response is shown in Fig. 3.5. The gain falls uniformly

with a slope of �20 dB/decade. This uniform slope is maintained by internal design in internally

compensated op-amps. The voltage gain of an internally compensated op-amp at frequency f can usu-

ally be expressed as

Ao( j�) � � (3.2)

where Ao is DC gain, typically 2 � 105 and fb is break (or 3-dB) frequency in hertz.

Ao

1 + jf>fb
Ao

1 + jv>vb
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For f �� fb and ( f ⁄ fb) �� 1, Eq. (3.2) is reduced to

Ao( j�) � � (3.3)

The magnitude of this gain becomes unity (or 0) at frequency f � fbw. That is,

fbw � Ao fb (3.4)

where fbw is called the unity-gain bandwidth. The typical value of fbw for the LF411 op-amp is 4 MHz.

The 3-dB frequency can be related to time constant � or to rise time tr by

f � � � (3.5)

Thus, the frequency response is inversely proportional to the rise time tr. The input signal frequency fs
should be less than the maximum op-amp frequency; otherwise the output voltage will be distorted. For

example, if the rise time of an input signal is tr � 0.1 �s, its corresponding input frequency is fs � 0.35 ⁄ 0.1

�s � 3.5 MHz, and the output voltage will be distorted in an op-amp of fbw � 1 MHz.

3.2.3 Common-Mode Rejection Ratio

Because an op-amp is a differential amplifier, it should amplify the differential voltage between the in-

put terminals. Any signal (i.e., noise) that appears simultaneously at both inputs should not be ampli-

fied. Let v1 and v2 be the input voltages at the noninverting and inverting terminals, respectively, as

shown in Fig. 3.6(a). As shown in Fig. 3.6(b), these voltages can be resolved into two components: dif-

ferential voltage vd and common-mode voltage vc.

Let us define the differential voltage vd as

vd � v2 � v1 (3.6)

and the common-mode voltage vc as

vc � (3.7)
v1 + v2

2

0.35

tr

2.2

2ptr

1

2pt

Ao fb
if

Ao

if >fb
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FIGURE 3.5 Voltage gain of an internally compensated op-amp
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Then, the two input voltages can be expressed as

v2 � vc � (3.8)

v1 � vc � (3.9)

Let A1 be the voltage gain with an input at the inverting terminal and the noninverting terminal grounded.

Let A2 be the voltage gain with an input at the noninverting terminal and the inverting terminal grounded.

We can obtain the output voltage of the op-amp by applying the superposition theorem. That is,

vO � A1v1 � A2v2 (3.10)

Substituting v1 from Eq. (3.9) and v2 from Eq. (3.8) into Eq. (3.10) yields

vO � A1�vc � � � A2�vc � �
� � �vd � (A2 � A1)vc

� Advd � Acvc (3.11)

� Ad�vd � vc� (3.12)

where Ad � (A2 � A1) ⁄ 2 is differential voltage gain and Ac � (A2 � A1) is common-mode voltage gain.

According to Eq. (3.12), the output voltage depends on the common-mode voltage vc and the differen-

tial voltage vd. Since A1 is negative and A2 is positive, Ad � Ac. If Ad can be made much greater than Ac,

vO � Advd and the output voltage will be almost independent of the common-mode signal vc. The ability of

an op-amp to reject the common-mode signal is defined by a performance criterion called the common-mode
rejection ratio (CMRR), which is defined as the magnitude of the ratio of the voltage gains. That is,

CMRR � ⏐ ⏐ (3.13)

� 20 log⏐ ⏐ (dB) (3.14)

The value of CMRR should ideally be infinity; a typical value is 100 dB for the LF411 op-amp.

Ad

Ac

Ad

Ac

Ac

Ad

A2 - A1

2

vd

2

vd

2

vd

2

vd

2
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Finding the output voltages and gains of a practical op-amp The input voltages of an op-amp are

v2 � 1005 �V and v1 � 995 �V. The op-amp parameters are CMRR � 100 dB and Ad � 2 � 105. Determine

(a) the differential voltage vd, (b) the common-mode voltage vc, (c) the magnitude of the common-mode gain

Ac, and (d) the output voltage vO.

SOLUTION

From Eq. (3.14),

20 log (CMRR) � 100 dB

or log (CMRR) � � 5

which gives CMRR � ⏐Ad ⁄ Ac⏐ � 105.

(a) The differential voltage vd is

vd � v2 � v1 � 1005 �V � 995 �V � 10 �V

(b) From Eq. (3.7), the common-mode voltage is

(c) From Eq. (3.13),

� 105

or

(d) From Eq. (3.11), the output voltage vo becomes

vo � Advd � Acvc

� 2 � 105 � 10 �V � 2 � 1000 �V � 2 � 0.002 � 2.002 V or 1.998 V

NOTE: In the absence of the common-mode signal, vc � 0 and

vo � Advd � 2 � 105 � 10 � 106 � 2 V

vc is 100 times vd, but the CMRR introduces only a 0.1% error in the output voltage. Therefore, the effect

of the common-mode signal can be neglected. An ideal op-amp will have CMRR � 	 so that vo � Advd.

| Ac| =

| Ad|

10 
5

=

2 * 10 
5

10 
5

= 2

2  Ad

Ac
 
2

vc =

(v1 + v2)

2
=

(1005 �V + 995 �V )

2
= 1000 �V

100

20

EXAMPLE 3.3
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3.3 Op-Amp PSpice/SPICE Models

There are many types of op-amps, as we will see in Chapter 14. An op-amp can be simulated from its in-

ternal circuit arrangement. The internal structure of op-amps is very complex, however, and differs from

one model to another. For example, the �A741 type of general-purpose op-amp consists of 24 transistors.

It is too complex for the student version of the PSpice circuit simulation software to analyze; however, a

macromodel, which is a simplified version of the op-amp and requires only two transistors, is quite accu-

rate for many applications, and can be simulated as a subcircuit or a library file [1, 2]. Some manufacturers

of op-amps supply macromodels of their products [3]. The student version of PSpice has a library called

NOM.LIB, which contains models of three common types of op-amps: �A741, LM324, and LF411. The

parameters of the three op-amps for the circuit model in Fig. 3.3(a) are as follows:

• The �A741 op-amp is a general-purpose op-amp with a BJT input stage. It is capable of producing

output voltages of �14 V with DC power supply voltages of �15 V. The parameters are Ri � 2 M�,

Ro � 75 �, Ao � 2 � 105, break frequency fb � 10 Hz, and unity-gain bandwidth fbw � 1 MHz.

• The LF411 op-amp is a general-purpose op-amp with an FET input stage. It is capable of producing

output voltages of �13.5 V with DC power supply voltages of �15 V. The parameters are Ri � 1012

�, Ro � 50 �, Ao � 2 � 105, break frequency fb � 20 Hz, and unity-gain bandwidth fbw � 4 MHz.

• The LM324 op-amp has a BJT input stage and is used with a single DC power supply voltage. It

can produce output voltages in the range from approximately 20 mV to 13.5 V with a DC supply

voltage of �15 V. The parameters are Ri � 2 M�, Ro � 50 �, Ao � 2 � 105, break frequency

fb � 4 kHz, and unity-gain bandwidth fbw � 1 MHz.

The professional version of PSpice supports library files for many devices. It is advisable to check

the name of the current library file by listing the files of the PSpice programs.

If the PSpice/SPICE model of an op-amp is not available, it is possible to represent the op-amp by

simple models that give reasonable results, especially for determining the approximate design values of

op-amp circuits. PSpice/SPICE models can be classified into three types: DC linear models, AC linear

models, and nonlinear macromodels. Taking the �A741 op-amp as an example, we will develop simple

PSpice/SPICE models of these three types.

3.3.1 DC Linear Model

An op-amp may be modeled as a voltage-controlled voltage source, as shown in Fig. 3.7. Two zener diodes

(see Sec. 4.7) are connected back to back in order to limit the output swing to the saturation voltages (say,

between �14 V and �14 V). This simple model, which assumes that the voltage gain is independent of
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KEY POINTS OF SECTION 3.2

■ An op-amp is a direct-coupled differential amplifier. It has a high gain (typically 2 � 105), a high

input resistance (typically 1 M�), and a low output resistance (typically 50 �).

■ An ideal op-amp has the characteristics of infinite gain, infinite input resistance, and zero output

resistance.

■ An op-amp requires DC power supplies, and the maximum output voltage swing is limited to the DC

supply voltages.
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the frequency, is suitable only for DC or low-frequency applications. The list of the PSpice/SPICE subcir-

cuit UA741_DC for Fig. 3.7 is shown here:

* Subcircuit definition for UA741_DC

.SUBCKT UA741_DC  1  2  3  4

*  Subcircuit name  Vi+ Vi- Vo+ Vo-

RI  1  2  2MEG ; Input resistance

RO  5  3  75 ; Output resistance

EA  5  4  1  2  2E+5 ; Voltage-controlled voltage source

D1  3  6  DMOD ; Zener diode with model DMOD

D2  4  6  DMOD ; Zener diode with model DMOD

.MODEL DMOD D (BV=14V) ; Ideal zener model with a zener voltage of 14 V

.ENDS UA741_DC ; End of subcircuit definition

In PSpice/SPICE, the name of a subcircuit must begin with X. For example, the calling statement

for the amplifier A1, which uses the subcircuit UA741_DC, is as follows:

XA1 7 8 9 10 UA741_DC

* Vi+ Vi- Vo+ Vo- Subcircuit name

This subcircuit definition UA741_DC can be inserted into the circuit file. Alternatively, it can reside in a user-

defined file, say USER.LIB in C drive, in which case the circuit file must contain the following statement:

C:USER.LIB ; Library file name must include the drive and directory location

3.3.2 AC Linear Model

The frequency response of internally frequency-compensated op-amps can be approximated by a single

break frequency, as shown in Fig. 3.8(a). This characteristic can be modeled by the circuit of Fig. 3.8(b),

which is a frequency-dependent model of an op-amp. The dependent sources have a common node, 4.

Without this common node, PSpice/SPICE will give an error message because there will be no DC path

from the nodes of the dependent current source to the ground. The common node could be either with the

input stage or with the output stage. The time constant � � R1C1 gives the break frequency fb. If an op-

amp has more than one break frequency, it can be represented by using as many capacitors as there are

breaks. Ri and Ro are the input and output resistances, respectively. Ao is the open-circuit DC voltage gain.

Two zener diodes are connected back to back in order to limit the output swing to the saturation voltages

(say, between �14 V and �14 V).

The no-load output voltage can be expressed in Laplace’s domain as

Vo(s) � AoV2(s) � � (3.15)
AoVd

1 + R1C1s

AoR1I1

1 + R1C1s
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FIGURE 3.7 DC linear model
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Substituting s � j� � j2�f into Eq. (3.15) gives

Ao( j�) � � (3.16)

which gives the frequency-dependent open-loop voltage gain of an op-amp with a single break frequency as

Ao( j�) � � (3.17)

where fb � 1 ⁄ (2�R1C1) is break frequency in hertz and Ao is large-signal (or DC) voltage gain of the

op-amp.

For �A741 op-amps, fb � 10 Hz, Ao � 2 � 105, Ri � 2 M�, and Ro � 75 �. If we let R1 � 10 k�
(used as a typical value), C1 � 1 ⁄(2� � 10 � 10 � 103) � 1.5619 �F. 

Note that we could also choose a different value of R1. The list of the PSpice/SPICE subcircuit

UA741_AC for Fig. 3.8(b) is shown here:

* Subcircuit definition for UA741_AC

.SUBCKT UA741_AC  1   2   3   4

* Subcircuit name Vi+ Vi- Vo+ Vo-

RI  1  2  2MEG ; Input resistance

RO  6  3  75 ; Output resistance

GB  4  5  1  2  0.1M ; Voltage-controlled current source

R1  5  4  10K

C1  5  4  1.5619UF

EA  6  4  5  4  2E+5 ; Voltage-controlled voltage source

D1  3  7  DMOD ; Zener diode with model DMOD

D2  4  7  DMOD ; Zener diode with model DMOD

.MODEL DMOD D (BV=14V) ; Ideal zener model with a zener voltage of 14 V

.ENDS UA741_AC ; End of subcircuit definition

3.3.3 Nonlinear Macromodel

The subcircuit definitions of op-amp macromodels are described by a set of .MODEL statements. The

macromodels are normally simulated at room temperature and contain nominal values. The effects 

Ao

1 + j f >fb
Vo

Vd

AoVd

1 + j f >fb
AoVd

1 + j2p fR1C1
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f (in Hz) 

Vd Ri

Ro
6

5
32

411
fb fbw

C1

Ao

Voltage gain

−20 dB/decade
−

+

V2

−
−

+
Vo

−

+
+

AoV2
Vd
Ri

R1

(b)  Linear circuit model using dependent sources(a)  Break frequency

I1 =  6

D1

D2

FIGURE 3.8 AC linear model with a single break frequency
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of temperature are not included. The library file NOM.LIB contains the subcircuit definition UA741,

which can be called up by including the following general statements in the circuit file:

* Subcircuit call for UA741 (or LF411 or LM324) op-amp

* Connections: noninverting input

* | Inverting input

* | |

* | | Positive power supply

* | | | Negative power supply

* | | | | Output

* | | | | | Subcircuit name

XA1 1 2 4 5 6 UA741 (or LF411 or LM324) ; Subcircuit calling must begin with X

* Vi+ Vi- Vp+ Vp-Vout ; Calling UA741 for amplifier A1

.LIB NOM.LIB ; Calling library file NOM.LIB

� NOTE With PSpice/OrCAD schematics, there is no need for developing subcircuit definitions of an 
op-amp macromodel. PSpice or OrCAD automatically creates the macromodel from the op-amp schematic. 
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KEY POINTS OF SECTION 3.3

■ An op-amp can be represented in PSpice/SPICE by one of three models: (a) a DC linear model, which

is simple but suitable only for low frequencies (typically less than 20 Hz); (b) an AC linear model,

which is simple and frequency dependent; (c) a nonlinear macromodel, which is more complex.

■ The student version of PSpice limits the number of active devices and nodes, allowing only one

macromodel in a circuit. Thus, the choice of a model depends on the complexity of the circuit; the

preferred model is the macromodel, followed by the AC model and then the DC model.

3.4 Analysis of Ideal Op-Amp Circuits

In Eq. (3.1) there are three possible conditions for the output voltage vO: (a) if vn � 0, vO will be positive

(vO � Aovp); (b) if vp � 0, vO will be negative (vO � �Aovn); or (c) if both vp and vn are present,

vO � Ao(vp � vn). Therefore, depending on the conditions of the input voltages, op-amp circuits can

be classified into three basic configurations: noninverting amplifiers, inverting amplifiers, or differential

(or difference) amplifiers (see Sec. 3.5.3).

3.4.1 Noninverting Amplifiers

The configuration of a noninverting amplifier is shown in Fig. 3.9(a). The input voltage vS is connected to

the noninverting terminal. The voltage vx, which is proportional to the output voltage, is connected via R1

and RF to the inverting terminal. Using Kirchhoff’s voltage law (KVL), we get

vS � vx � vd

The differential voltage vd, given by

vd � vS � vx
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is then amplified by the op-amp, whose output is then fed back to the inverting terminal. Thus, this is a

feedback circuit; the block diagram is shown in Fig. 3.9(b). We will cover feedback in Chapter 10.

Let us assume an ideal op-amp. That is, vd � 0, iS � 0, and Ao � 	. The voltage vx at the inverting

terminal is

vx � vS � vd � vS

Using Kirchhoff’s current law (KCL) at the inverting terminal, we get

i1 � if � ii � 0

Since the current ii drawn by an ideal op-amp is zero, i1 � �if. That is,

or

which, after simplification, yields

vO � �1 � �vS

giving the closed-loop voltage gain Af as

Af � � 1 � (3.18)

Since the current drawn by the amplifier is zero, the effective input resistance of the amplifier is very high,

tending to infinity:

Rin � � 	

� NOTE vd and is tend to be close to zero due to the large op-amp gain Ao, not zero. Otherwise, the circuit will

not work as expected.

vS

iS

RF

R1

vO

vS

RF

R1

vS

R1
= -

vS - vO

RF

vx

R1
= -

vx - vO

RF
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~
RF

R1

vx

vn

Rout

i1

ii if

iS vd

R1

R1 + RF

RF

R1
vO = 

v1 = 0 

1 +  vS

(a)  Noninverting configuration (b)  Closed-loop feedback

vd

vS
vO

vx

vS

v2 vp

Ao

−

− −

−

−

+

+ +

+

+

vS

iS
Rin =  

+VCC

−VEE

vO

vd
Ao =  

vO

vS
Af =  

FIGURE 3.9 Noninverting amplifier
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The effective output resistance is given by Rout � Ro � 0. If RF � 0 or R1 � 	, as shown in Fig. 3.10,

Eq. (3.18) becomes

Af � 1 (3.19)

That is, the output voltage equals the input voltage: vO � vS. The circuit of Fig. 3.10 is commonly referred to

as a voltage follower because its output voltage follows the input voltage. It has the inherent characteristics

of a high input impedance (or resistance, typically 1010 �) and a low output impedance (or resistance,

typically 50 m�). The exact values can be found by applying the feedback analysis techniques discussed in

Chapter 10. A voltage follower is commonly used as the buffer stage between a low impedance load and a

source requiring a high impedance load.

CMRR of a Noninverting Amplifier

If CMRRo is the CMRR of the op-amp, we can find out the CMRR of the noninverting amplifier from the

following derivations. Let and denote the difference and common-mode signals of the amplifier,

respectively. Considering two input signals v1 and v2 to the noninverting amplifier as shown in Fig. 3.9(a),

we have vid � (v2 � v1) � v2 � vs and vicm � (v2 � v1) ⁄ 2 � v2 ⁄ 2 � vS ⁄ 2 since v1 � 0. 

The voltage vp at the noninverting terminal is vp � v2, and the voltage vn at the inverting terminal

can be expressed in terms of vO by 

Similarly, let vdo and vcmo denote the difference and common-mode signals at the op-amp input.  Then, we

have vdo � (vp � vn) and vcmo � (vp � vn) ⁄ 2. Thus, the output voltage vo can be expressed in terms of

the op-amp differential gain Ad and common-mode gain Acm as 

After substituting for vp (vS � 2vicm � vid) and vn using the relationships in terms of vid and vicm, we can

find the following expression for vO:

(3.20)vo = Ad(vp - vn) +

Acm

2
(2vicm + vn) = Adavid -  vo 

R1

R1 + RF
b + Acm avicm + vO 

R1 > 2
R1 + RF

b

vo = Advdo + Acmvcmo = Ad(vp -  vn) +

Acm(vp + vn)

2

vn =

R1

R1 + RF
vO

vicmvid
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vS

iS
Rin =  

iS
vd

vS
−

−+

+
Ao

−

+

Rout

vO = vS

−

+

FIGURE 3.10 Voltage follower
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This can be solved for vO after we collect all the terms containing vo in terms of vid and vcm:

(3.21)

Since Ad �� Acm and Ad �� RF ⁄ R1 �� 1, the denominator of Eq. (3.21) is approximately equal to Ad,

and vo in Eq. (3.21) can be approximated to

(3.22)

where is the CMRR of the op-amp. From Eq. (3.22), we can find the differential voltage

gain and the common-mode gain of the noninverting  amplifier:

(3.23)

(3.24)

Therefore, we can find the CMRR of the noninverting amplifier, which is the same as that of the op-amp:

(3.25)

� NOTES

1. The current iS flowing into an op-amp and the differential voltage vd are very small, tending to zero. Thus, the

inverting terminal is at a ground potential with respect to the noninverting terminal, and it is said to be at the

virtual short.
2. Ao is the open-loop voltage gain of the op-amp, whereas Af is the closed-loop voltage gain of the op-amp circuit

(or amplifier) and is dependent only on external components.

3. A noninverting amplifier can be designed to give a specified gain Af simply by choosing the appropriate ratio

RF ⁄ R1. A small value of R1 will load the amplifier and cause it to draw appreciable current, and a large value

of RF will increase the noise generated in the resistor. As a guide, all resistances in op-amp circuits should be

between 1 k� and 10 M�.

4. Designing a noninverting voltage amplifier is very simple: Given gain Af, choose R1 and then find RF.

CMRR amp =

Ad-amp

Acm -amp
= CMRR o

Acm-amp =

1

CMRR o
a1 +

RF

R1
b

Ad-amp = 1 +

RF

R1

Acm-amp Ad-amp 

CMRRo = A d  >A cm

vo L

Ad

Ad
a1 +

RF

R1
bvid +

Acm

Ad
a1 +

RF

R1
bvicm = a1 +

RF

R1
bvid +

1

CMRRo
a1 +

RF

R1
bvicm

vo =

Ad(1 + RF>R1)vid + Acm(1 + RF>R1)vicm

1 + RF>R1 + Ad - Acm>2

Introduction to Operational Amplifiers and Applications 117

Designing a noninverting op-amp circuit Design a noninverting amplifier as shown in Fig. 3.9(a) to

provide a closed-loop voltage gain of Af � 80. The input voltage is vS � 200 mV with a source resistance of

Rs � 500 �. Find the value of output voltage vO. The DC supply voltages are VCC � VEE � 12 V.

EXAMPLE 3.4

D
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SOLUTION

Choose a suitable value of R1: Let R1 � 5 k�. Find the value of RF from Eq. (3.18). Since Af � 80 � 1 � RF ⁄ R1,

and RF � 79 � 5 � 395 k�

Find the output voltage vO from Eq. (3.18):

vO � AfvS � 80 � 200 � 10�3 � 16 V

which exceeds the maximum DC supply voltage VCC � 12 V. Thus, the output voltage will be vO � VCC � 12 V.

NOTE: Rs is in series with the op-amp input resistance Ri, which is very large in comparison to Rs.

Therefore, Rs will not affect the closed-loop gain Af.

RF

R1
= 79

Finding the voltage gain of a noninverting op-amp circuit For the noninverting amplifier in 

Fig. 3.9(a), the input voltage is vS � 100 mV with a source resistance of Rs � 500 �. The circuit 

parameters are RF � 395 k�, R1 � 5 k�, and Ao � 2 � 105. Calculate (a) the closed-loop gain Af, (b) the out-

put voltage vO, and (c) the errors in the output voltage vO and the gain Af if Ao tends to infinity.

SOLUTION

Since the current drawn by the op-amp is zero, i1 � �if. That is,

which gives

(3.26)

The output voltage vO is

vO � Ao(vS � vx) � Aovd (3.27)

The input voltage at the noninverting terminal is the sum of vx and vd. That is,

vS � vx � vd

which, after substitution of vx from Eq. (3.26) and vd from Eq. (3.27), becomes

vS =

R1vO

R1 + RF
+

vO

Ao
= vOa R1

R1 + RF
+

1

Ao
b

vx =

R1

R1 + RF
vO

vx

R1
= -

vx - vO

RF

EXAMPLE 3.5
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Thus, the closed-loop voltage gain Af is given by

(3.28)

where (3.29)

For a small value of x, which is usually the case, (1 � x)�1 � 1 � x, and Eq. (3.28) can be approximated by

(3.30)

Therefore, the error introduced for a finite value of gain Ao is x.

(a) From Eq. (3.29),

� 40 � 10�5 � 40 � 10�3%

From Eq. (3.28),

(b) The output voltage vO is

vO � AfvS � 79.968 � 100 � 10�3 � 7.9968 V

(c) From Eq. (3.30), the error in the output voltage vO is

vO � � �40 � 10�5 � 80 � �32 mV, or �0.04%

The error in the gain Af is

Af � �x � �40 � 10�5 � �0.04%

NOTE: To minimize the dependence of the closed-loop gain Af on the open-loop gain Ao, the value of

x should be made very small. That is,

Ao �� (3.31)

This condition is often satisfied by making Ao at least 10 times larger than (1 � RF ⁄ R1). That is,

� 0.1Ao (3.32)a1 +

RF

R1
b

a1 +

RF

R1
b

-  x a1 +

RF

R1
b

Af = a 1 + 395> 5
1 + 40 * 10 -

 
5
b = 79.968

x = a1 + 395 k> 5 k

2 * 105 k
b

Af = a1 +

RF

R1
b (1 - x)

x =

1

Ao
a1 +

RF

R1
b

Af =

vO

vS
 =

Ao(R1 + RF)

AoR1 + R1 + RF
=

1 + RF > R1

1 + (1 + RF > R1) >Ao
=

1 + RF > R1

1 + x
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Finding the parameters of a practical noninverting op-amp circuit The noninverting amplifier in

Fig. 3.9(a) has R1 � 10 k� and RF � 10 k�. The op-amp parameters are Ao � 2 � 105, fb � 10 Hz, Ro � 75 �,

and Ri � 2 M�. The frequency of the input signal is fs � 10 kHz. Determine (a) the unity-gain bandwidth fbw

of the op-amp, (b) the closed-loop voltage gain Af, and (c) the closed-loop break frequency fc of the op-amp circuit.

SOLUTION

Using Eq. (3.28), we find the frequency-dependent voltage gain of the noninverting amplifier to be

Substituting the frequency-dependent gain A( j�) from Eq. (3.2), we get

(3.33)

since � � 2�f. If we assume that (1 � RF ⁄ R1) �� Ao, which is generally the case, and substitute fbw � Ao fb,

Eq. (3.33) becomes

(3.34)

which gives the closed-loop break (or 3-dB) frequency as

(3.35)

where � = R1 ⁄ (R1 + RF) is called the feedback ratio, or the feedback factor. This should not be confused with

the current gain �F of bipolar transistors in Chapters 1 and 8.

The closed-loop DC gain is (1 � RF ⁄ R1) (as expected), and this gain also falls off at a rate of �20 dB

decade after a break frequency of fc � �fbw.

For R1 � 10 k�, RF � 10 k�, Ao � 2 � 105, fb � 10 Hz, and f � fs � 10 kHz,

which is small compared to Ao � 2 � 105.

(a) From Eq. (3.4),

fbw � Ao fb � 2 � 105 � 10 � 2 MHz

(b) From Eq. (3.34), we get

�

� 1.9999 ��0.57°

(c) From Eq. (3.35), we get

fc � �Ao fb � 0.5 � 2 � 105 � 10 � 1 MHz

=

2

1 + j 0.01

2

1 + j(10 * 103) * 2> (2 * 106)
Af ( jv) =

1 + 1

1 + jf (1 + 1)> ( fbw)

b =

R1

(R1 + RF)
=

10 kÆ

(10 kÆ + 10 kÆ)
= 0.5

RF

R1
=

10 kÆ

10 kÆ

= 1

fc =

f bw

1 + RF> R1
=

f bwR1

R1 + RF
= bfbw = bAo fb

Af ( jv) =

1 + RF> R1

1 + jf(1 + RF> R1) >  fbw

Af ( jv) =

1 + RF> R1

1 + (1 + RF> R1) > Ao + jf (1 + RF> R1) > (Ao fb) 

Af ( jv) =

1 + RF> R1

1 + (1 + RF> R1) > Ao( jv)

EXAMPLE 3.6
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3.4.2 Inverting Amplifiers

Another common configuration is the inverting voltage amplifier, as shown in Fig. 3.11. RF is used to feed

the output voltage back to the inverting terminal of the op-amp. Using Kirchhoff’s voltage law, we have

vS � R1iS � vd (3.36)

�vd � RFif � vO (3.37)

� NOTE The circuit does not require the resistance Rx for the normal operation as an inverting amplifier. However,
Rx establishes a nonzero voltage at the noninverting terminal, and any voltage signals generated due to the op-amp
offset parameters will appear at both the inverting and noninverting terminals. By making Rx � R1 �� RF, which is equal
to Thevenin’s equivalent resistance looking at the inverting terminal, we minimize or eliminate the effect of the offset
voltage on the difference voltage vd.

Using Kirchhoff’s current law at the inverting terminal, we get

iS � if � ii (3.38)

For an ideal op-amp, vd � 0 and ii � 0. That is, Eq. (3.36) becomes

vS � R1iS

which gives

iS �

Also, RFif � vO � 0, which gives the feedback current as

if � �

For ii � 0, Eq. (3.38) becomes

iS � if or � �
vO

RF

vS

R1

vO

RF

vS

R1
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Ao

R1
RF

iS

ii

if

Rout
vS

iS
Rin =  

vS

v1

vp

vn

−

+

vd

−
−

−

+ +
+

vO

Rx = (R1 || RF)

v2 = 0 

FIGURE 3.11 Inverting amplifier
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Therefore, the output voltage is related to the input voltage by

vO � �� �vS (3.39)

which gives the closed-loop voltage gain of the op-amp circuit as

Af � � � (3.40)

Since vd � 0, the effective input resistance Rin of the amplifier is given by

Rin � � � R1

The effective output resistance is given by Rout � Ro � 0.

CMRR of an Inverting Amplifier

Similar to the CMRR expression in Eq. (3.25) for a noninverting amplifier, we can derive the CMRR of an

inverting amplifier. Considering two input signals v1 and v2, vid � v2 � v1 � �v1 and vicm � (v2 � v1) ⁄ 2 �
v1 ⁄ 2 since v2 � 0.

The voltage vp at the noninverting terminal is vp � 0, and the voltage vn at the inverting terminal

can be expressed in terms of vO by 

Similar to the noninverting op-amp, let vdo and vcmo denote the difference and common-mode signals at

the op-amp input. Then, we have vdo � (vp � vn) and vcmo � (vp � vn) ⁄ 2. Thus, the output voltage vO can

be expressed in terms of the op-amp differential gain Ad and common-mode gain Acm as

After substituting for vp (� 0) and vn using the relationships in terms of vid � �v1 and vcm � v1 ⁄ 2,

we can find the following expression for vo:

(3.41)+ Acmavicm 

RF

R1 + RF
+ vO 

R1> 2
R1 + RF

b

vO = Ad(0 - vn) +

Acm

2
 (0 + vn) = avid 

RF

R1 + RF
- vO 

R1

R1 + RF
b

vO = Advdo + Acmvcmo = Ad(vp - vn) +

Acm(vp + vn)

2

vn = vO +

RF

R1 + RF
  (v1 - vO) = vO 

R1

R1 + RF
+ v1 

RF

R1 + RF

vS

(vS + vd)>R1

vS

iS

RF

R1

vO

vS

RF

R1
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We can solve this for vo after collecting all the terms containing vo in terms of vid and vcm:

(3.42)

Since Ad �� Acm and Ad �� RF ⁄ R1 �� 1, the denominator of Eq. (3.42) is approximately equal to Ad,

and vo in Eq. (3.42) can be approximated to 

(3.43)

where is the CMRR  of the op-amp.  From Eq. (3.43), we can find the differential

voltage gain and common-mode gain of the noninverting amplifier:

(3.44)

(3.45)

Therefore, we can find the CMRR of the noninverting amplifier, which is the same as that of the op-amp: 

(3.46)

� NOTES

1. The negative sign in Eq. (3.39) signifies that the output voltage is out of phase with respect to the input voltage

by 180° (in the case of an AC input) or of opposite polarity (in the case of a DC input).

2. The current ii flowing into the op-amp is very small, tending to zero, and the voltage vd at the inverting terminal

is also very small, tending to zero. Although the inverting terminal is not the ground point, this terminal is said to

be a virtual short.

3. We can design an inverting amplifier to give a specified gain simply by choosing the appropriate ratio RF ⁄ R1. A

small value of R1 will load the input source, and a large value of RF will increase the noise generated in the resis-

tor. As a guide, all resistances in op-amp circuits should be between 1 k� and 10 M�.

4. If R1 � RF, Eq. (3.40) gives Af � �1 and vO � �vS. The circuit then behaves as a unity-gain inverter (or simply

an inverter).

5. Designing an inverting voltage amplifier is straightforward: Given Rin and gain Af, find R1 and then find RF.

CMRRamp =

Ad-amp

Acm-amp
= CMRR o

Acm-amp =

1

CMRRo
 
RF

R1

 Ad-amp =

RF

R1

Acm-amp Ad-amp 

CMRRo = Ad >Acm

vO L

Ad

Ad
 
RF

R1
 vid +

Acm

Ad
 
RF

R1
 vicm =

RF

R1
 vid +

1

CMRR o
 
RF

R1
 vicm

vO =

Ad RF>R1 vid + Acm RF>R1 vicm

1 + RF>R1 + Ad - Acm>2
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Designing an inverting op-amp circuit to limit the input current A transducer produces an input-signal

voltage of vS � 100 mV with an internal resistance of Rs � 2 k�. Design the inverting op-amp amplifier of

Fig. 3.11 by determining the values of R1, RF, and Rx. The output voltage should be vO � �8 V. The current

drawn from the transducer should not be more than 10 �A. Assume an ideal op-amp and VCC � VEE � 15 V.

EXAMPLE 3.7
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Finding the voltage gain of an inverting op-amp circuit The parameters of the op-amp circuit in

Fig. 3.11 are RF � 800 k�, R1 � 10 k�, and Ao � 2 � 105. Calculate (a) the closed-loop gain Af � vO ⁄ vS,

(b) the output voltage vO, and (c) the errors in the output voltage vO and the gain Af if Ao tends to infinity.

Assume that source resistance Rs � 0 and VS � 100 mV.

SOLUTION

R1 � 10 k�, RF � 800 k�, RF ⁄ R1 � 80, Ao � 2 � 105, and vS � 100 mV. From Fig. 3.11, vO � Aovd or

vd � vO ⁄ Ao. The input current iS through R1 can be found from

(3.47)iS =

vS + vd

R1
=

vS + vO> Ao

R1

EXAMPLE 3.8

SOLUTION

Rs � 2 k�, vS � 100 mV, and vO � �8 V. The source resistance Rs (not shown in Fig. 3.11) is in series with

R1. Let

R�1 � R1 � Rs

From Eq. (3.40),

The maximum input current is

iS(max) � 10 �A

The minimum input resistance is

Thus, R�1 � R1 � Rs � Rin(min) � 10 k�

Thus, RF � 80(R1 � Rs) � 80R′1 � 80 � 10 k� � 800 k�

Thus, R1 � R�1 � Rs � 10 k � 2 k � 8 k�

Rx � R1 � Rs � 10 k�

Rin(min) =

vS

iS(max)
=

100 mV

10 �A
= 10 kÆ

- 80 = -

RF

R¿1
= -

RF

(R1 + Rs)

Af =

vO

vS
= -

8

(100 * 10 - 3)
= - 80
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From Fig. 3.11, the output voltage is given by

vO � �vd � ifRF � �vd � iSRF (since if � iS)

� �

which, after simplification, gives the closed-loop voltage gain Af as

� � � � (3.48)

where x � �
A

1

o
� �1 � � (3.49)

For a small value of x, which is usually the case, (1 � x)�1 � 1 � x, and Eq. (3.48) can be approximated by

Af � � (1 � x) (3.50)

Therefore, the error introduced for a finite value of gain Ao is x.

(a) From Eq. (3.49),

x � � 40.5 � 10�5 � 40.5 � 10�3%

From Eq. (3.48),

Af � � �79.9676

(b) The output voltage vO is

vO � AfvS � �79.9676 � 100 � 10�3 � �7.99676 V

(c) From Eq. (3.50), the error in the output voltage vO is

vO � � 40.5 � 10�5 � 80 � 32.4 mV, or 0.0405%

The error in the gain Af is

Af � x � 40.5 � 10�5 � 0.0405%

xRF

R1

- 80

(1 + 40.5 * 10 - 5)

a 1 + 80

2 * 10 5
b

RF

R1

RF

R1

RF

R1(1 + x)

RF> R1

1 + (1 + RF> R1)> Ao
Af =

vO

vS

vO

Ao
-

vS + vO> Ao

R1
 RF
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Finding the parameters of a practical inverting op-amp circuit

(a) An inverting amplifier has R1 � 10 k� and RF � 800 k�. The op-amp parameters are Ao � 2 � 105, 

fb � 10 Hz, Ro � 75 �, and Ri � 2 M�. The frequency of the input signal is fs � 10 kHz. Determine the unity-

gain bandwidth fbw, the closed-loop voltage gain Af, and the closed-loop break frequency fc of the op-amp.

(b) Use PSpice/SPICE to plot the closed-loop frequency response of the voltage gain. Assume vs � 0.1 V (AC),

and use the linear AC model.

SOLUTION

(a) Using Eq. (3.48), we find the frequency-dependent voltage gain of the inverting amplifier to be

Substituting the frequency-dependent gain Ao( j�) from Eq. (3.2), we get

(3.51)

since � � 2�f. If we assume that (1 � RF ⁄ R1) �� Ao, which is generally the case, and substitute fbw � Ao fb,

Eq. (3.51) becomes

(3.52)

which gives the closed-loop break (or 3-dB) frequency as

(3.53)

where � � R1 ⁄ (R1 � RF) is called the feedback ratio or the feedback factor. (It should not be confused with the

current gain �F of a bipolar transistor.) Notice from Eq. (3.52) that the DC gain is �RF ⁄ R1 (as expected), and

it falls off at a rate of �20 dB/decade after a break frequency of fc � �fbw.

For R1 � 10 k�, RF � 800 k�, Ao � 2 � 105, fb � 10 Hz, and f � fs � 10 kHz,

which is small compared to Ao � 2 � 105.

From Eq. (3.4),

fbw � Ao fb � 2 � 105 � 10 � 2 MHz

b =

R1

(R1 + RF)
=

10 kÆ

(10 kÆ + 800 kÆ)
= 12.346 * 10 -3

RF

R1
=

800 kÆ

10 kÆ

= 80

fc =

fbw

1 + RF>R1
=

fbw R1

R1 + RF
= bfbw = bAo  fb

Af ( jv) =

-RF> R1

1 + jf (1 + RF> R1)>fbw

Af ( jv) =

-RF>R1

1 + (1 + RF>R1)>Ao + jf (1 + RF>R1)>(Ao fb)

Af ( jv) =

-RF> R1

1 + (1 + RF> R1)>Ao( jv)

EXAMPLE 3.9

67722_03_ch03a_p103-139.qxd  2/19/10  9:48 AM  Page 126

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Introduction to Operational Amplifiers and Applications 127

Substituting the values in Eq. (3.52), we get the voltage gain at f � fs � 10 kHz as

Thus, the magnitude of the closed-loop voltage gain at fs � 10 kHz is �74.15. If the input is a sinusoidal sig-

nal, the output voltage will be phase shifted by (180° � 22°) � 158°.

From Eq. (3.53),

fc � �fbw � 12.346 � 10�3 � 2 � 106 � 24.69 kHz

(b) The inverting amplifier for PSpice simulation is shown in Fig. 3.12(a).

The frequency response, which is shown in Fig. 3.13, gives the low-frequency gain Af(dc) � 79.95 and 

Af � 61.67 at fs � 10 kHz. At Af � 56.48 (estimated value is 0.707 � 79.95 � 56.53), fc � 12.198 kHz. The

calculated values are fc � 24.69 kHz and Af � 74.15 (at fs � 10 kHz). However, this simulation was done

using the nonlinear macromodel of UA741. If we run the simulation with the linear op-amp model shown in

Fig. 3.12(b), we get the low-frequency gain Af(dc) � 79.93 and Af � 74.07 at fs � 10 kHz. At Af � 56.45

(estimated value is 0.707 � 79.93 � 56.51), fc � 24.5 kHz. The calculated values are fc � 24.69 kHz and

Af � 74.15 (at fs � 10 kHz).

 =

- 80

1 + j 0.405
= - 74.15 �-22°

Af ( jv) =

- 80

1 + j2p f (1 + 80)>2p fbw
=

- 80

1 + j (10 * 103) * 81>(2 * 106)

~vS

μA741
+

−

+

+

−

+

−

+

−

−

+

−

2

31

C1
1.5615 μF

R1
10 kΩ

RF
800 kΩ

Ri

Rx
10 kΩ

R1
10 kΩ

Ro
75 Ω

vO

V1

+

−

V2 vOI1 = V1
R1

(a)  Circuit

(b)  Op-amp model

AoV2

0

4

2 5 6

4

3   

1

~

FIGURE 3.12 Inverting amplifier for PSpice simulation
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3.5 Op-Amp Applications

The applications of op-amps are endless, and there are numerous books about op-amps [4–6, 7–10]. Most

of the applications are derived from the basic noninverting and inverting, configurations described in

Sec. 3.4. In this section we discuss several applications of op-amps.

3.5.1 Integrators

If the resistance RF in the inverting amplifier of Fig. 3.11 is replaced by a capacitance CF, the circuit will

operate as an integrator. Such a circuit is shown in Fig. 3.14(a). Rx is included to minimize the effect of op-

amp imperfections (i.e., the input biasing current, which will be discussed in Sec. 14.3). The value of

Rx should be made equal to R1. The impedance of CF in Laplace’s domain is ZF � 1 ⁄(sCF). Applying

Eq. (3.39) gives the output voltage in Laplace’s domain as

Vo(s) � � Vs(s) � � Vs(s) (3.54)

from which the output voltage in the time domain becomes

vO(t) � � �t

0
vS dt � vC(t � 0) (3.55)

1

R1CF

1

sR1CF

aZF

Z1

b
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KEY POINTS OF SECTION 3.4

■ The output voltage of an op-amp circuit is almost independent of the op-amp parameters; it depends

largely on the external circuit elements.

■ We can simplify the analysis of an op-amp circuit by assuming that the voltage across the op-amp ter-

minals and the current drawn by the op-amp are very small, tending to zero. The error due to these as-

sumptions generally is less than 0.1%.

FIGURE 3.13 PSpice frequency response for Example 3.9
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where vC(t � 0) � Vco represents the initial capacitor voltage. That is, the output voltage is given by the

integral of the input voltage vS. Equation (3.55) can also be derived from a circuit analysis similar to that

discussed in Sec. 3.4.2. That is,

if � iS � � (3.56)

since the op-amp input current is zero. Therefore, the output voltage, which is the negative of the capaci-

tor voltage, is given by

vO(t) � �vC(t) � � �t

0
iS dt � vC(t � 0) (3.57)

Substituting iS � vS ⁄ R1 from Eq. (3.56) into Eq. (3.57), we can obtain Eq. (3.55). Time constant �i � R1CF

for Fig. 3.14(a) is known as the integration time constant. If the input is a constant current iS � IS, then

Eq. (3.57) gives

vO(t) � �vC(t) � � � vC(t � 0) � � � vC(t � 0) (3.58)

That is, the output voltage is the integral of the input current IS and is proportional to the input charge Q.

Thus, the circuit in Fig. 3.14(a) can also be used as a current integrator, or charge amplifier. The plot of

the output voltage for a pulse input is shown in Fig. 3.14(b). Due to the half-wave symmetry of the input

voltage vS, the output voltage vO will also be half-wave symmetrical. That is, the first zero crossing of the

output voltage will be at t � T ⁄ 4, where T is the period of the input voltage. The area �A under the input

voltage during the interval (T ⁄ 2 to T ⁄ 4) will be equal and opposite to the area �B during the interval

(3T ⁄ 4 to T ⁄ 2) such that the output waveform crosses the zero axis at every T ⁄ 2 interval.

At lower frequencies, the impedance ZF of CF will increase, and less signal will be fed back to the

inverting terminal of the op-amp. Thus, the output voltage will increase. At higher frequencies, the im-

pedance ZF will decrease, causing more signal to be fed back to the inverting terminal. Thus, the output

voltage will decrease. Therefore, an integrator circuit behaves like a low-pass filter. The magnitude plot

of the voltage gain Vo( j�) ⁄ Vs( j�) in Eq. (3.54) will have a low-pass characteristic with a zero break fre-

quency, as shown in Fig. 3.14(c).

For the case in which the input signal is a constant DC voltage, Eq. (3.55) simplifies to

(3.59)vO(t) = - a VS

R1CF
b t - Vco

Q

CF

ISt

CF

1

CF

vS

R1

vS + vd

R1
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vO

t (in s) 

t (in s) 

A

3

2

6
~

CF
if

(b)  Waveforms

Vo
Vs

(in dB)

(c)  Magnitude plot

vO

(a)  Circuit

0

0

0
f (in Hz) 

1
2pR1CF

f1 = 

f1

vS

iS
iiR1

−

− −

−

+
+ +

+
vd ≈ 0

vd ≈ 0
ii ≈ 0

Rx = R1

−VS

−Vsat

+Vsat

VS +A

−B

−20 dB/decade

vS

FIGURE 3.14 Integrator circuit
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Typical plots of some input signals and the resulting output signals are shown in Fig. 3.15.

In practice, as a result of its imperfections (e.g., drift, input offset current), an op-amp produces an

output voltage even if the input signal is zero (vS � 0), and the capacitor will be charged by the small

but finite current through it. The capacitor prevents any DC signal from feeding back from the output

terminal to the input side of the op-amp. As a result, the capacitor will be charged continuously, and the

output voltage will build up until the op-amp saturates. A resistor with a large value of RF is normally

connected in parallel with the capacitor of capacitance CF, as shown in Fig. 3.16. RF provides the DC

feedback and overcomes this saturation problem. Time constant �F (� RFCF) must be larger than the 

period Ts (� 1 ⁄ fs) of the input signal. A ratio of 10 to 1 is generally adequate; that is, �F � 10Ts. For 

Fig. 3.16, the feedback impedance is

and Eq. (3.39) gives the output voltage in Laplace’s domain as

(3.60)Vo(s) = -

RF>R1

1 + sRFCF
Vs(s)

ZF = RF|| a 1

sCF
b =

RF

(1 + sRFCF)
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vS

vO

vS

vO

vS

vO

t

t
t

t

t

t

t

0

1

−1

0

0

0

0

0

t

t2

2 3
t3

t2

FIGURE 3.15 Typical input and output signals of an integrator
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Rx = (R1 || RF)

R1

iS

vS
−

+ vd

− −

+
+

+VCC

−VEE vO

−

+
FIGURE 3.16 Practical inverting integrator
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For a step input voltage of vS � VS, VS(s) � VS ⁄s, and Eq. (3.60) can be simplified to give the output volt-

age in the time domain as

vO(t) � � (1 � e�t ⁄RFCF) (3.61)

For t � 0.1RFCF, Eq. (3.61) can be approximated by

(3.62)

which is the time integral of the input voltage. Therefore, the analysis and the input–output relation of the

integrator in Fig. 3.14 can be applied to the one in Fig. 3.16, provided �F � 10T.

vO(t) = -  VS 

RF

R1
a t

RFCF
b = -   a VS

R1CF
b t

VS 

RF

R1
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Designing an op-amp integrator
(a) Design an integrator of the form shown in Fig. 3.16. The frequency of the input signal is fs � 500 Hz. The volt-

age gain should be unity at a frequency of f1 � 1590 Hz. That is, the unity-gain bandwidth is fbw � 1590 Hz.

(b) The integrator in part (a) has VCC � 12 V, �VEE � �12 V, and maximum voltage swing � �10 V. The initial

capacitor voltage is Vco � 0. Draw the waveform of the output voltage for the input voltage shown in Fig. 3.17. 

(c) Use PSpice/SPICE to plot the output voltage for the input voltage in part (b).

SOLUTION

(a) The steps in completing the design are as follows:

Step 1. Choose a suitable value of CF: Let CF � 0.1 �F.

Step 2. Calculate the time constant required to satisfy the unity-gain frequency requirement:

Step 3. Calculate the value of R1 from �i:

R1 � � � 1 k�
100 �s

0.1 �F
 
t i

CF

ti =

1

2pf1
=

1

2p * 1590 Hz
= 100 �s

EXAMPLE 3.10

vS

t (in ms) 1 2 3 4 5

−2

0

2

FIGURE 3.17 Input voltage for Example 3.10

D
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Step 4. Choose time constant �F � 10Ts � 10 ⁄ fs:

�F � � 20 ms

Step 5. Calculate the value of RF from �F:

RF � � � 200 k�

(b) Vsat � �10 V, and �i � R1CF � 1 � 103 � 0.1 � 10�6 � 0.1 ms. Since �F �� �i, the effect of �F can be

neglected.

Under the steady-state condition after the initial transient, the capacitor voltage at t � 0 will be Vco � �10 V

(negative of the output voltage). If we assume an initial capacitor voltage of Vco � 0, then we must start the in-

tegration at T/4.

For 0 � t � 1 ms: From Eq. (3.55), the output voltage is given by

vO � �t

0
2 dt � 10 � 2 � 10,000t

where t is in milliseconds. At t � 1 ms, vO � �10 V, which is more than the saturation voltage and thus is not

possible. The time required for the output voltage to reach the saturation voltage of �10 V is t1 � 10 ⁄ (2 �
10,000) � 0.5 ms. For 0.5 ms � t � 1 ms, the capacitor voltage is Vco � 10 V.

For 1 ms � t � 2 ms: From Eq. (3.55), the output voltage is given by

vO � �t�1

0

2 dt � �10 � 2 � 10,000(t � 1)

where t is in milliseconds. At t � 2 ms, vO � 10 V, and the capacitor voltage is Vco � �10 V.

For 2 ms � t � 3 ms: From Eq. (3.55), the output voltage is given by

vO � �t�2

0
2 dt � 10 � 2 � 10,000(t � 2)

where t is in milliseconds. At t � 3 milliseconds, vO � �10 V, and the capacitor voltage is Vco � 10 V.

For 3 ms � t � 4 ms: From Eq. (3.55), the output voltage is given by

vO � �t�3

0
2 dt � �10 � 2 � 10,000(t � 3)

where t is in milliseconds. At t � 4 ms, vO � 10 V, and the capacitor voltage is Vco � �10 V.

The waveforms for input and output voltages are shown in Fig. 3.18.

(c) The integrator for PSpice simulation is shown in Fig. 3.19. The plot of the output voltage vO � V(CF�2) is

shown in Fig. 3.20. Under the steady-state condition for the time interval of 10 ms to 14 ms after the initial

transient. Note that the input signal voltage is delayed by 0.5 ms for PSpice simulation, and the PSpice

model parameters of VS are

V1=-2V V2=2V TD=0.5ms TR=1ns TF=1ns PW=1ms PER=2ms

The output voltage waveform is close to the expected values: Vo(max) � 10.103 V (expected 10 V) and

Vo(min) � �10.238 V. If we plot the output voltage, starting from 0, we can see the transient behavior, and

it will take a number of cycles before the waveform reaches its steady-state condition

NOTE: While running the PSpice simulation, you must select Use Initial Condition in the setup;

otherwise the output plot will differ from what is shown in Fig. 3.20.

-   10 +

1

R1CF

  10 -

1

R1CF

-   10 +

1

R1CF

10 -

1

R1CF

20 ms

0.1 �F
 
tF

CF

10

500 Hz
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FIGURE 3.18 Waveforms for Example 3.10

FIGURE 3.19 Integrator circuit for PSpice simulation

FIGURE 3.20 PSpice plots for Example 3.10
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Frequency Response of Op-Amp Integrators

Replacing the op-amp by its equivalent circuit gives the integrator shown in Fig. 3.21(a). Capacitor Ci is

the input capacitor of the op-amp, and it influences the high cutoff frequency. There will not be any low

cutoff frequency, and the circuit will behave as a high-pass circuit. There will be two high break frequen-

cies: �i for Ci and �F for CF. The low-frequency gain will be �RF ⁄ R1. Thus, the transfer function can be

expressed as

(3.63)

Since CF is connected between the input and output sides of the op-amp and the voltage gain is very high,

CF will dominate the high cutoff frequency fH � fF � 1 ⁄ (2� CFRF). That is, �i �� �F. The typical fre-

quency response is shown in Fig. 3.21(b).

Af (s) =

-RF>R1

(1 + s>vi)(1 + s>vF)
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Aovd
RL

10 kΩ
Ri

2 MΩ

Ro
75 Ω

R1
1 kΩ

+

−

+

−
−

−

+

+−

CF
0.1 μF

RF
200 kΩ

f (in Hz)

−20 dB/decade

−40 dB/decade

RF

R1

|Af(jw)|

(b)  Frequency response(a)  Op-amp integrator

vs ~

4 3

vd voCi
1.5 pF

2

1

0
fifF

FIGURE 3.21 Op-amp integrator circuit

Finding the 3-dB frequency of an integrator using Miller’s theorem The integrator of Fig. 3.14(a)

has CF � 0.001 �F and R1 � 1 k�. The open-loop gain of the op-amp is Ao � 2 � 105. Use Miller’s theorem

(discussed in Sec. 2.6) to find the 3-dB frequency of the integrator.

SOLUTION

Miller’s theorem can be applied to replace the feedback capacitance CF by an equivalent input capaci-

tance Cx and an output capacitance Cy, as shown in Fig. 3.22. With the open-loop gain Ao � Avo

and the capacitive impedance ZF � 1 ⁄ ( j2�fCF), we can apply Eqs. (2.102) and (2.103) to find the Miller 

capacitances:

Cx � CF(1 � Ao) � 0.001 �F � (1 � 2 � 105) � 200.001 �F

Cy � CF(1 � 1 ⁄ Ao) � CF � 0.001 �F

EXAMPLE 3.11
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The output voltage in Laplace’s domain is

Vo(s) � AoVd(s)

The transfer function between the input and output voltages is given by

Therefore, the 3-dB frequency is

�b � � 5 rad ⁄s or fb � �b ⁄ 2� � 0.7958 Hz
1

(R iCx)
 =

1

(1 * 10 3
* 200.001 * 10 -6)

A (s) =

Vo(s)

Vs (s)
=

Ao

1 + R1Cxs

Vd(s) =

1> (sCx)

R i + 1> (sCx)
 Vs (s) =

Vs (s)

1 + R1Cxs

Cx Cy

R1

Aovd
vS

−
−

+
+

vd

−

+

vO

−

+

Finding the frequency response of an op-amp integrator The op-amp integrator in Fig. 3.21(a) has

R1 � 1 k�, RF � 200 k�, CF � 0.1 �F, Ci � 1.5 pF, Ri � 2 M�, Ro � 75 �, and open-loop voltage gain

Ao � 2 � 105.

(a) Calculate the low-frequency (or DC) voltage gain APB � vo ⁄ vs.

(b) Use the zero-value method to calculate the high 3-dB frequency fH.

(c) Use PSpice/SPICE to plot the frequency response.

SOLUTION

(a) Assuming all capacitors are open-circuited, the low-frequency pass-band voltage gain can be found as follows:

APB � � � �200-

200 kÆ

1 kÆ

-

RF

R1

EXAMPLE 3.12

FIGURE 3.22 Equivalent circuit for Example 3.11
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(b) The high-frequency equivalent circuits of the op-amp integrator are shown in Fig. 3.23. If CF is open-

circuited and the voltage-controlled voltage source is converted to a voltage-controlled current source, we

get the circuit in Fig. 3.23(a). The transconductance gm is given by

gm � (3.64)

Applying a test voltage vx and KVL, we get

vx � RFix � (Ro � RL)(ix � gmvx)

which gives the resistance Rx as

Rx � � (3.65)

� � 1 �

Thevenin’s equivalent resistance presented to Ci is

RCi � R1 � Ri � Rx � 1 k� � 2 M� � 1 � � 1 �

and fCi � � � � 106.1 � 109 Hz
1

[2 p * (1.5 pF * 1)]

1

[2 p (CiRCi)]

v i

2 p

200 kÆ + 75 Æ ‘ 10 kÆ

1 + 2.67 * 103A >V * (75Æ ‘ 10 kÆ)

RF + Ro ‘ RL

1 + gm(Ro ‘ RL)

vx

ix

=

2 * 10 
5

75
= 2.67 kA > V

Ao

Ro

Rx

CF

ix

iy

gmvx

ix − gmvx

−

−

−

+

+
+

RF

RF

vx RLR1 Ro

(a)  CF open-circuited 

gmvx

Rx

Ci Ri

Ri

Ro RL

(b)  Ci open-circuited

R1

vy

vx

FIGURE 3.23 High-frequency equivalent circuits for op-amp integrator
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If we assume Ci is open-circuited, the equivalent circuit is shown in Fig. 3.23(b). Applying a test voltage vy and

using Eq. (2.116), we can find the equivalent resistance Ry � vy ⁄ iy. That is,

Ry � � Ro � RL � (R1 � Ri)[1 � gm(Ro � RL)] (3.66)

� 75 � � 10 k� � (1 k� � 2 M�)[1 � 2.667 � 103 A ⁄ V� (75 � � 10 k�)] � 198.4 M�

Thevenin’s equivalent resistance presented to CF is

RCF � RF � Ry � 200 k� � 198.4 M� � 199.8 k�

Thus, using Eq. (2.112), high 3-dB frequency fH is

fH � � � 7.97 Hz

which is dominated by CF as expected and can be approximated by

fH �

There really was no need to find the value of Ry, which is usually very large for an op-amp circuit, and RCF � RF.

(c) Node numbers are assigned to the AC equivalent circuit of Fig. 3.21(a) for PSpice simulation. The PSpice plot

of the frequency response is shown in Fig. 3.24, which gives the midfrequency gain as ⏐Alow⏐ � 198.16. The

high 3-dB frequency is approximately fH � 7.96 Hz. The expected values are fH � 7.97 Hz and APB � �200.

vF

2p
=

1

[2p(CFRCF)]
=

1

[2p * (0.1 � F * 199.8 kÆ)]
= 7.97 Hz

1

2p (1 * 1.5 pF + 199.8 kÆ * 0.1 �F)

1

2p (RCiCi + RCFCF)

vy

iy

3.5.2 Differentiators

If the resistance R1 in the inverting amplifier of Fig. 3.11 is replaced by a capacitance C1, as shown in

Fig. 3.25(a), the circuit will operate as a differentiator. The value of Rx should be made equal to RF. The

impedance of C1 in Laplace’s transform is Z1 � 1 ⁄ (sC1). Using Eq. (3.39), we can find the output voltage

in Laplace’s domain as

Vo(s) � � Vs(s) � �sRFC1Vs(s) (3.67)aRF

Z1
b

FIGURE 3.24 Frequency response for Example 3.12
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which gives the output voltage in the time domain as

vO � �RFC1 (3.68)

This equation can also be derived from a circuit analysis similar to that discussed in Sec. 3.4.2. That is,

iS � if � C1 (3.69)

vO � �RFif � �RFiS (3.70)

Substituting iS from Eq. (3.69) into Eq. (3.70) gives Eq. (3.68). Time constant �d � RFC1 in Fig. 3.25(a)

is known as the differentiator time constant. The output voltage in response to a triangular wave is shown

in Fig. 3.25.

A differentiator circuit is useful in producing sharp trigger pulses to drive other circuits. When the fre-

quency is increased, the impedance Z1 of C1 decreases and the output voltage increases. Therefore, a differ-

entiator circuit behaves like a high-pass network. The magnitude plot of the voltage gain Vo( j�) ⁄ Vs( j�) in

Eq. (3.67) has a high-pass characteristic with an infinite break frequency, as shown in Fig. 3.25(c). Typical

plots of some input signals and the resulting output signals are shown in Fig. 3.26.

dvS

dt

dvS

dt
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vS

vO

t

Ao

4
3

2

6

7C1

RF

Rx = RF 
vO

iS if
ii

0

0

t
0

f (in Hz) 

Vo

Vs

1
2pRFC1

f1 =  

20 dB/decade

f1

(c)  Magnitude plot(b)  Waveforms(a)  Circuit

20 log

vS
−

+ vd

−

−

−

+ +
+

+VCC

−VEE

FIGURE 3.25 Differentiator circuit
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FIGURE 3.26 Typical input and output signals of a

differentiator
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If there is any sharp change in the input voltage vS(t) due to noise or picked-up interference, there

will be amplified spikes at the output, and the circuit will behave like a noise magnifier. Thus, this type

of differentiating circuit is not often used. A modified circuit that is often utilized as a differentiator is

shown in Fig. 3.27(a), in which a small resistance R1 (�RF) is connected in series with C1 to limit the

gain at high frequencies. However, this arrangement also limits the high-frequency range, as shown in

the magnitude plot in Fig. 3.27(b).

The impedance Z1 for R1 and C1 in Laplace’s domain is

Z1 � R1 � �

Using Eq. (3.67), we have for the transfer function of the circuit in Fig. 3.27(a)

Af (s) � � � � � (3.71)

For s � j�,

Af ( j�) �� (3.72)

The magnitude of Eq. (3.72) is given by

(3.73)

Therefore, the break frequency is �b � 1 ⁄ (R1C1). For frequencies greater than �b, (�R1C1)2 �� 1, and

Eq. (3.73) reduces to

(3.74)ƒ Af ( jv) ƒ =

RF

R1

ƒ Af ( jv) ƒ =

RFC1v

[1 + (vR1C1)2]1/2

RFC1 jv

1 + jvR1C1

RFC1s

1 + sR1C1

RF

Z1

Vo(s)

Vs(s)

1 + sR1C1

sC1

1

sC1
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FIGURE 3.27 Practical inverting differentiator
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Designing an op-amp differentiator
(a) Design a differentiator of the form shown in Fig. 3.27(a) to satisfy the following specifications: gain-limiting

break frequency fb � 1 kHz, and maximum closed-loop gain Af(max) � 10. Determine the values of R1, RF,

and C1.

(b) Use PSpice/SPICE to plot the frequency response for part (a). Assume a sinusoidal input voltage of rms

value Vs � 0.1 V.

SOLUTION

Af(max) � 10, and fb � 1 kHz.

(a) The steps in completing the design are as follows:

Step 1. Choose a suitable value for capacitance C1: Let C1 � 0.1 �F.

Step 2. Calculate the value of R1 from the break frequency fb:

R1 � 1592 �

Step 3. Calculate the value of RF from Eq. (3.74):

Af(max) �

RF � 1592 Af(max) � 1592 � 10 � 15.92 k�

(b) The differentiator circuit for PSpice simulation is shown in Fig. 3.28. The plot of the frequency response for

the output voltage is shown in Fig. 3.29, which gives Af(max) � 9.995 (expected value is 100 � 0.1 � 10). 

RF

R1

1 kHz =

1

(2pR1 * 0.1 * 10 - 6)

fb =

1

(2pR1C1)

EXAMPLE 3.13

D

5
52

3
1

7 1

4

6 VEE
12 V

CF

0 V

U1

0

0

0.1 V ~Vs

V−

V+
−

−
−

−

−+ +

+

VCC
12 V

−

+

R1
1592 Ω

Rx
15.92 kΩ

RF
15.92 kΩ

0.1 µF
µA741

FIGURE 3.28 Differentiator circuit for PSpice simulation
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Frequency Response of Op-Amp Differentiators

Replacing the op-amp by its equivalent circuit gives the differentiator shown in Fig. 3.30(a). The addition

of capacitor C1 to the integrator in Fig. 3.21(a) sets a low cutoff frequency �L. Thus, the transfer function

can be expressed as

Af (s) � (3.75)

CF will dominate the high cutoff frequency fH. That is, �L � �H �� �i. The typical frequency response

is shown in Fig. 3.30(b). The output will increase with frequency until f � fL =1⁄ (2�C1R1) and then remain

constant between fL and fH. The circuit can be made to operate effectively until fL only, after which we can

let the gain fall by making fL � fH, as shown in Fig. 3.30(b) by the light-colored line.

- (RF >R1)s

(s + vL)(1 + s>vi)(1 + s>vF)

Introduction to Operational Amplifiers and Applications 141

The break frequency fb (at Af � 9.995 � 0.707 � 7.07) is 983 Hz (expected value is 1 kHz). The upper fre-

quency limit (i.e., 95 kHz) is due to the internal frequency behavior of the op-amp.

FIGURE 3.29 PSpice plot for Example 3.13
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20 dB/decade

−20 dB/decade
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Aovd
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~ vo

fL fH fi
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FIGURE 3.30 Op-amp differentiator circuit
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Designing a differentiator circuit to give a specified frequency response Design a differentiator

circuit as shown in Fig. 3.30(a) to give (a) fL � 1 kHz and fH � 5 kHz and (b) fL � fH � 5 kHz. The pass-band

gain is APB � �20. The op-amp parameters are Ci � 1.5 pF, Ri � 2 M�, Ro � 75 �, and open-loop voltage

gain Ao � 2 � 105.

SOLUTION

If we assume that C1 is short-circuited and the other capacitors are open-circuited, the pass-band voltage gain

is given by APB � �RF ⁄ R1. If we let R1 � 5 k�,

RF � ⏐APB⏐R1 � 20 � 5 � 100 k�

(a) We will first consider fL � 1 kHz and fH � 5 kHz. The low-frequency equivalent circuit is shown in Fig. 3.31.

We can see from Eq. (3.65) that the effective resistance Rx due to RF is very small because the voltage gain

Ao (i.e., gm [�Ao ⁄ Ro ]) is very large and the op-amp input voltage vd is very small. Thus, Thevenin’s equiv-

alent resistance seen by C1 becomes

RC1 � R1 � (Ri � Rx) � R1

and Thevenin’s equivalent resistance seen by CF becomes

RCF � RF � Ry � RF

The low 3-dB frequency is given by

(3.76)

which gives

C1 =

1

2pR1 fL
=

1

2p * 5 k * 1 kHz
= 31.83 nF

fL =

1

2pRC1C1

EXAMPLE 3.14

D

RF

vd vo

ix

CF and Ci open-circuited 

Rx =   
vd
ix

ix − gmvd

gmvd

R1

RLRi Ro

C1

+

+ −

−

FIGURE 3.31 Low-frequency equivalent circuits for an 

op-amp differentiator
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3.5.3 Differential Amplifiers

In the differential amplifier configuration, shown in Fig. 3.32, two input voltages (va and vb) are applied—

one to the noninverting terminal and another to the inverting terminal. Resistances Ra and Rx are used to

step down the voltage applied to the noninverting terminal. Let us apply the superposition theorem to find

the output voltage vO. That is, we will find the output voltage voa, which is due to the input voltage va only,

and then we will find the output voltage vob, which is due to vb only. The output voltage will be the sum of

voa and vob.

The voltage vp can be related to the input voltage va by

(3.78)

Applying Eqs. (3.18) and (3.78) gives the output voltage voa, which is due to the input at the noninverting

terminal, as

(3.79)voa = a1 +

RF

R1
bvp = a1 +

RF

R1
b a Rx

Rx + Ra
b  va

vp =

Rx

Rx + Ra
 va

Introduction to Operational Amplifiers and Applications 143

The high 3-dB frequency is given by

(3.77)

which gives

(b) For fL � fH � 5 kHz, CF � 318.3 pF, and Eq. (3.76) gives

C1 =

1

2pR1 fL
=

1

2p * 5 k * 5 k *

= 6.37 pF

CF =

1

2pRF fH
=

1

2p * 100 k * 5 k *

= 318.3 pF

fH =

1

2pRF CF

Ao

~

RF

R1

Rxvx

ii

if

ib

~

Ra

ia
vb

v1

vp

vn

−

+

va
−

+

−

+

vd

−
−

+ +

−

+

vO

FIGURE 3.32 Differential amplifier
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Applying Eq. (3.39) gives the output voltage vob, which is due to the input at the inverting terminal, as

(3.80)

Therefore, the resultant output voltage is given by

(3.81)

which, for Ra � R1 and RF � Rx, becomes

(3.82)

Thus, the circuit in Fig. 3.32 can operate as a differential voltage amplifier with a closed-loop voltage gain of

Af�RF ⁄ R1. For example, if va � 3 V, vb � 5 V, Ra � R1 � 12 k�, and RF � Rx � 24 k�, then Eq. (3.82) gives

If all the resistances have the same values (i.e., Ra � R1 � RF � Rx), Eq. (3.82) is reduced to

vO � va � vb (3.83)

in which case the circuit will operate as a difference amplifier. For example, if va � 3 V, vb � 5 V, and

Ra � RF � R1 � Rx � 20 k�, then Eq. (3.83) gives

vO � va � vb � 3 � 5 � �2 V

CMRR of a Differential Amplifier

Similar to the CMRR expression in Eq. (3.46) for an inverting amplifier, we can derive the CMRR of a

differential amplifier. Considering two input signals and , we have and 

The voltage at the noninverting terminal is 

for and 

and the voltage at the inverting terminal can be expressed in terms of by 

Similarly, let and denote the differential and common-mode signals at the op-amp input.  Then,

we have and . Thus, the output voltage can be expressed in terms

of the op-amp differential gain and common-mode gain as 

After substituting for and using the relationships in terms of and , we  can find the following

expression for :

vO =  Ad(vp - vn) +

Acm

2
 (vp + vn) =

Ad

R1 + RF
 (RFvid - vOR1) +

Acm

R1 + RF
 aRFvicm +

vOR1

2
b

vO

vicmvidvnvp

vO = Advdo + Acmvcmo = Ad (vp - vn) +

Acm (vp + vn)

2

AcmAd

vOvcmo = (vp + vn)>2vdo = (vp - vn)
vcmovdo

vn = vO +

RF

R1 + RF
  (vb - vO) = vO

R1

R1 + RF
+ vb

RF

R1 + RF

vOvn

Rx = RFRa = R1vp =

Rx

Ra + Rx
 va =

RF

R1 + RF
 va

vp

vicm = (va + vb)>2.vid = va - vbvavb

vO =

(3 - 5) * 24 kÆ

12 kÆ

 = -  4 V

vO = (va - vb) 

RF

R1

vO = vob + voa = -

RF

R1
 vb + a1 +

RF

R1
b a Rx

Rx + Ra
bva

vob = -

RF

R1
 vb
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This can be solved for after we collect all the terms containing in terms of and :

(3.84)

Since Ad 		 Acm and  Ad 		 RF ⁄R1 		 1, the denominator of Eq. (3.84) is approximately equal to Ad,

and in Eq. (3.84) can be approximated to

(3.85)

where is the CMRR of the op-amp. From Eq. (3.85), we can find the differential volt-

age gain and the common-mode gain of the difference amplifier:

(3.86)

Therefore, we can find the CMRR of the difference amplifier, which is the same as that of the op-amp:

(3.87)

Since the common-mode signal can be orders of magnitude higher than the differential signal, the

common-mode component of Eq. (3.85) can be significant. Therefore, the basic differential amplifier

shown in Fig. 3.32 suffers from two disadvantages: a low input resistance and an insufficient common-

mode rejection, because has in general a high value.

3.5.4 Instrumentation Amplifiers

An instrumentation amplifier is a dedicated differential amplifier with an extremely high input impedance.

Its gain can be precisely set by a single resistance. It has a high common-mode rejection capability (i.e., it

can reject a signal that is common to both terminals but amplify a differential signal), and this feature is

useful for receiving small signals buried in large common-mode offsets or noise. Therefore, instrumenta-

tion amplifiers are commonly used as signal conditioners of low-level (often DC) signals in large amounts

of noise. The circuit diagram of an instrumentation amplifier is shown in Fig. 3.33. The amplifier consists

of two stages. The first stage is the differential stage. Each input signal (vS1 or vS2) is applied directly to

the noninverting terminal of its op-amp in order to provide the very high input impedance. The second

stage is a difference amplifier, which gives a low output impedance and can also allow voltage gain.

The voltage drop between the input terminals of an op-amp is very small, tending to zero: vd1 �
vd2 � 0. Thus, the voltage drop across the middle resistor Rg of the potential divider is

vrg � vS1 � vS2

which gives the current irg through Rg as

irg =

vrg

Rg
=

vS1 - vS2

Rg

RF>R1

CMRRamp =

Ad-amp

Acm-amp
= CMRRo

 Ad-amp =

RF

R1
              

Acm-amp =

1

CMRRo
 
RF

R1

Acm-amp Ad-amp 

CMRRo = Ad >Acm

vO L

Ad

Ad
 
RF

R1
 vid +

Acm

Ac
 
RF

R1
 vicm =

RF

R1
 vid +

1

CMRRo
 
RF

R1
 vicm

vO 

vO =

Ad RF>R1 vd + Acm RF>R1 vicm

1 + RF>R1 + Ad - Acm>2

vcmvidvOvO
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This current flows through all three of the resistors because the currents flowing into the input terminals

of the op-amps are practically zero. Therefore, the output voltage of the differential stage becomes

Using Eq. (3.82), we can calculate the output voltage vO as

(3.88)

which is the output of the instrumentation amplifier. This gain is normally varied by Rg. If the gain varia-

tion is not desired, then Rg can be removed and the differential amplifier can be made with two unity-gain

voltage followers. This arrangement is shown in Fig. 3.34 by making Rg � 
.

CMRR of an Instrumentation Amplifier

We can find the overall differential gain of an instrumentation amplifier from Eq. (3.88) as

(3.89)

It can easily be shown that the common-mode voltage gain of the first stage is unity. Applying,

therefore, the common-mode gain of the second stage from Eq. (3.86), we can find the common-mode

gain of the amplifier:

(3.90)Acm-amp =

1

CMRRo
 
RF

R1

Ad-amp = a1 +

2R

Rg
bRF

R1

vO = - vod 

RF

R1
= - (vS1 - vS2)a1 +

2R

Rg
b aRF

R1
b

vod = irg(Rg + 2R) =

vS1-    vS2

Rg 

 (Rg + 2R) = (vS1 - vS2)a1 +

2R

Rg
b
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A1

vS1

vrg =  vS1 − vS2 

irg

R

R

Rg
vod

R1

Ra = R1

Rx = RF

RF

vd

vd1

− −

−

−

+

+

+

vO

−

+

+

A2

vS2

Differential input buffer Difference amplifier

vd2

+ +

− −

A3

−

+

FIGURE 3.33 Instrumentation amplifier
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Thus, the ratio of Eqs. (3.89) and (3.90) gives the CMRR of the instrumentation amplifier:

(3.91)

Therefore, the CMRR of the instrumentation amplifier is greater than that of the op-amps by a factor of

(1 � 2R ⁄Rg), which can be large. For example, if we make RF � R1, there is a large multiplying factor of

for the differential voltage gain, but not for the common-mode gain.

3.5.5 Noninverting Summing Amplifiers

The basic noninverting amplifier in Fig. 3.9 can be operated as a summing amplifier. A noninverting sum-

ming amplifier with three inputs is shown in Fig. 3.35. Summing amplifiers are commonly employed in

analog computing. By the superposition theorem, the voltage vp at the noninverting terminal is

(3.92)

where RA � (Ra � Rb � Rc) (3.93)

Applying Eq. (3.18) for the noninverting amplifier and Eq. (3.92) gives the output voltage:

(3.94)

For Ra � Rb � Rc � R, Eq. (3.93) gives RA � R ⁄ 3, and Eq. (3.94) becomes

(3.95)vO = a1 +

RF

RB
b a va + vb + vc

3
b

vO = a1 +

RF

RB
bvp = a1 +

RF

RB
b aRA

Ra
 va +

RA

Rb
 vb +

RA

Rc
 vcb

=

RA

Ra 

va +

RA

Rb
 vb +

RA

Rc
 vc

vp =

Rb ‘ Rc

Ra + Rb ‘ Rc
 va +

Ra ‘ Rc

Rb + Ra ‘ Rc
 vb +

Ra ‘ Rb

Rc + Ra ‘ Rb
 vc

(1 + 2R>Rg)

CMRRamp = a1 +

2R

Rg
bCMRRo
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R1 RF

Differential input buffer Difference amplifier

vvS1 − vS2 RF
R1

vO =   

A1

vS1

vS2

vd1

− −

+ +

+

A2
vd2

+ +

−− −

A3

+
+

−

−

Ra = R1

Rx = RF

(vS2 − vS1)  
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Thus, the output voltage is equal to the average of all the input voltages times the closed-loop gain 

(1 � RF ⁄ RB) of the circuit. If the circuit is operated as a unity follower with RF � 0 and RB � 
, the

output voltage will equal the average of all the input voltages. That is,

(3.96)

If the closed-loop gain (1 � RF ⁄RB) is made equal to the number of inputs, the output voltage becomes

equal to the sum of all the input voltages. That is, for three inputs, n � 3, and (1 � RF ⁄ RB) � n � 3. Then,

Eq. (3.95) becomes

vO � va � vb � vc (3.97)

3.5.6 Inverting Summing Amplifiers

The basic inverting amplifier in Fig. 3.11 can be operated as an inverting summing amplifier. An inverting

summing amplifier with three inputs is shown in Fig. 3.36. Depending on the values of the feedback resis-

tance RF and the input resistances R1, R2, and R3, the circuit can be operated as a summing amplifier, a

scaling amplifier, or an averaging amplifier. Since the output voltage is inverted, another inverter may be

required, depending on the desired polarity of the output voltage.

The value of Rx should equal the parallel combination of R1, R2, R3, and RF. That is,

Rx � (R1 � R2 � R3 � RF) (3.98)

For an ideal op-amp, vd � 0. Using Ohm’s law, we get

Since the current flowing into the op-amp is zero (ii � 0),

i1 � i2 � i3 � if

or (3.99)
v1

R1
+

v2

R2
+

v3

R3
= -

vO

RF

i1 =

v1

R1
,  i2 =

v2

R2
,  i3 =

v3

R3
,  if = -

vO

RF

vO =

va + vb + vc

3
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 ii ≈ 0
 vd ≈ 0

va

vb

vc

Ra

Rb

Rc

vO
RF
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iiVn

Ao
vd

Vn

Vp

−

−

−

+

+

+
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which gives the output voltage as

(3.100)

Thus, vO is a weighted sum of the input voltages, and this circuit is also called a weighted, or scaling,

summer. If R1 � R2 � R3 � RF � R, Eq. (3.100) is reduced to

vO � �(v1 � v2 � v3) (3.101)

and the circuit becomes a summing amplifier. If R1 � R2 � R3 � nRF, where n is the number of input sig-

nals, the circuit operates as an averaging amplifier. For three inputs, n � 3, and Eq. (3.100) becomes

(3.102)

3.5.7 Addition–Subtraction Amplifiers

The functions of noninverting and inverting summing amplifiers can be implemented by only one op-amp,

as shown in Fig. 3.37, in order to give output voltage of the form

vO � A1va � A2vb � A3vc � B1v1 � B2v2 � B3v3

where A1, A2, A3, B1, B2, and B3 are the gain constants. The resistances Rx and Ry are included to make

the configuration more general. Applying Eqs. (3.94) and (3.100) gives an expression for the resultant

output voltage:

(3.103)

where RA � (Ra � Rb � Rc � Rx) (3.104)

RB � (R1 � R2 � R3 � Ry) (3.105)

To minimize the effects of offset biasing currents on the output of op-amps (discussed further in

Sec. 14.3), Thevenin’s equivalent resistance looking from the noninverting terminal is normally made

equal to that looking from the inverting terminal. That is,

(RB � RF) � RA (3.106)

vO = a1 +

RF

RB
b  aRA

Ra
 va +

RA

Rb
 vb +

RA

Rc
 vcb - aRF

R1
 v1 +

RF

R2
 v2 +

RF

R3
 v3b

vO = -  

v1 + v2 + v3

3

vO = - aRF

R1
 v1 +

RF

R2
 v2 +

RF

R3
 v3b
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Rx = (R1 || R2 || R3 || RF)

v1

v2

v3

R1

R2

R3

i1

if

ii

i2

i3

Ao
vd

+ +

− −
 ii ≈ 0
 vd ≈ 0

vO

−

+
FIGURE 3.36 Inverting summing amplifier
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or (3.106)

Using this condition, we can simplify the term (1 � RF ⁄RB)RA:

Substituting this relation into Eq. (3.103) yields

(3.107)

which has the general form

vO � A1va � A2vb � A3vc � B1v1 � B2v2 � B3v3

Equation (3.107) is valid only if the condition of Eq. (3.106) is satisfied. For known values of gain

constants As and Bs, the resistance values can be determined. Difficulty arises, however, in determining

values of Rx and Ry that meet the criteria of Eq. (3.106). A technique proposed by W. P. Vrbancis [11]

can be applied to determine the values of Rx and Ry. If details and proof of this technique are omitted,

the design procedures can be simplified to the following steps:

Step 1. Add all the positive coefficients: A � A1 � A2 � A3.

Step 2. Add all the negative coefficients: B � B1 � B2 � B3.

Step 3. Define a parameter C � A � B � 1.

Step 4. Depending on the value of C, determine the values of Rx and Ry:

a. If C 	 0, Rx � 
 and Ry � RF ⁄C.
b. If C � 0, Rx � �RF ⁄C and Ry � 
.
c. If C � 0, Rx � 
 and Ry � 
.

vO = aRF

Ra
 va +

RF

Rb
 vb +

RF

Rc
 vcb -   aRF

R1
 v1 +

RF

R2
 v2 +

RF

R3
 v3b

a1 +

RF

RB
bRA = a1 +

RF

RB
b a RBRF

RB + RF
b = RF

RBRF

RB + RF
= RA
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+

−
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−
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Step 5. Choose a suitable value of RF, and find the values of the other components. RF is normally chosen

to meet one of the following constraints:

a. If the equivalent resistance RA is to be set to a particular value, RF can be found from the rela-
tion RF � MRA, where M is the largest value of A, or (B � 1).

b. If the minimum value of any resistances is to be limited to Rmin, RF can be found from the
relation RF � NRmin, where N is the largest value of A1, A2, A3, B1, B2, B3, or C.

(If it is not necessary to meet any of these conditions, we can complete the design by choosing a suitable

value of RF.)

Step 6. If the value of any resistor is too high or too low, we can multiply all the resistances by a con-

stant without affecting the output voltage or the condition of Eq. (3.106).
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Designing a summing op-amp circuit for a certain resistance RA Design an inverting and a nonin-

verting summing amplifier of the configuration shown in Fig. 3.37 to give an output voltage of the form

vO � 4va � 6vb � 3vc � 7v1 � v2 � 5v3

The equivalent resistance RA is to be set to 15 k�.

SOLUTION

The coefficients are A1 � 4, A2 � 6, A3 � 3, B1 � 7, B2 � 1, and B3 � 5. Let us follow the design steps just

described.

Step 1. A � 4 � 6 � 3 � 13.

Step 2. B � 7 � 1 � 5 � 13.

Step 3. C � A � B � 1 � 13 � 13 � 1 � �1.

Step 4. Since C � 0, Rx � �RF ⁄ C � RF and Ry � 
.

Step 5. The design can be completed by choosing a value of RF. For the given value of RA � 15 k�, RF � MRA.

In this case, M � B � 1 � 13 � 1 � 14. Thus, the values are as follows:

RF � Ry � MRA � 14 � 15 � 210 k�

Ra � � � 52.5 k�

Rb � � � 35 k�

Rc � � � 70 k�

Rx � � � 210 k�

R1 � � � 30 k�
210 k

7

RF

B1

RF

C

210 k

3

RF

A3

210 k

6

RF

A2

210 k

4

RF

A1

EXAMPLE 3.15

D
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R2 � � � 210 k�

R3 � � � 42 k�

Ry � 


Check:

From Eq. (3.104),

RA � (52.5 k� � 35 k� � 70 k� � 210 k�) � 15 k�

From Eq. (3.105),

RB � (30 k� � 210 k� � 42 k�) � 16.15 k�

From Eq. (3.106),

RB � RF � (16.15 k� � 210 k�) � 15 k�

Thus, the condition of RA � (RB � RF) is satisfied.

210 k

5

RF

B3

210 k

1

RF

B2

Designing a summing op-amp circuit for a minimum resistance Rmin Design an inverting and a

noninverting summing amplifier of the configuration shown in Fig. 3.37 to give an output voltage of the form

vO � 8va � 6vb � 3vc � 7v1 � v2 � 5v3

The minimum value of any resistance is to be set to Rmin � 15 k�.

SOLUTION

The coefficients are A1 � 8, A2 � 6, A3 � 3, B1 � 7, B2 � 1, and B3 � 5. Let us follow the design steps

described earlier.

Step 1. A � 8 � 6 � 3 � 17.

Step 2. B � 7 � 1 � 5 � 13.

Step 3. C � A � B � 1 � 17 � 13 � 1 � 3.

Step 4. Since C 	 0, Rx � 
 and Ry � RF ⁄ C � RF ⁄ 3.

Step 5. The design can be completed by choosing a value of RF. For the given value of Rmin � 15 k�, 

RF � NRmin, where N is the largest value of A1, A2, A3, B1, B2, B3, or C. In this case, N � 8. Thus, the values

are as follows:

RF � NRmin � 8 � 15 k � 120 k�

Ra � � � 15 k�

Rb � � � 20 k�
120 k

6

RF

A2

120 k

8

RF

A1

EXAMPLE 3.16

D
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3.5.8 Optocoupler Drivers

Optocouplers, also known as optical isolators, are generally used to transfer electrical signals from one part

of a system to another without direct electrical connection. They find many applications in instrumentation

for electrical power engineering, where direct electrical connections between low-level signals and high-

current power lines must be avoided, and in medical electronics, where direct connections between patients

and electrical power systems must be avoided.

An optocoupler consists of a light-emitting diode (LED), which emits light when forward current is

applied, and a photodiode, which converts light to electrical current proportional to the incident light. The light

power produced by an LED is directly proportional to the current through the diode. However, the output power

is a nonlinear function of the diode voltage. Therefore, an optocoupler is supplied by a current source.

An optocoupler drive circuit is shown in Fig. 3.38. This circuit is a modification of the inverting

op-amp shown in Fig. 3.11. Since the current flowing through the op-amp is very small, tending to zero,

iS � if. Thus, the voltage across R2 is

vΟ � �RFif � �RFiS

The load current iO is given by

(3.108)iO = if - i1 = iS -

vO

R2
= iS +

RFiS

R2
= a1 +

RF

R2
b iS
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Rc � � � 40 k�

Rx � 


R1 � � � 17.14 k�

R2 � � � 120 k�

R3 � � � 24 k�

Ry � � � 40 k�

Check:

From Eq. (3.104),

RA � (15 k� � 20 k� � 40 k�) � 7.06 k�

From Eq. (3.105),

RB � (17.14 k� � 120 k� � 24 k� � 40 k�) � 7.5 k�

From Eq. (3.106),

RB � RF � (7.5 k� � 120 k�) � 7.06 k�

Thus, the condition of RA � (RB � RF) is satisfied.

120 k

3

RF

C

120 k

5

RF

B3

120 k

1

RF

B2

120 k

7

RF

B1

120 k

3

RF

A3
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Therefore, the circuit operates as a current amplifier. The LED acting as the load does not determine the

load current iO. Only the multiplier RF ⁄ R2 determines the load current. Substituting iS � vS ⁄ R1 gives the

output current as a function of the input voltage. That is,

(3.109)

The circuit then operates as a transconductance amplifier (or voltage–current converter).

3.5.9 Photodetectors

A photodiode produces a current that is a linear function of the light intensity; this current is normally mea-

sured as incident optical power density DP. The ratio of the output current to the incident optical power

density is called the current responsitivity. This current can be measured by an inverting op-amp of the type

shown in Fig. 3.11, which is a current–voltage converter. The output voltage depends on the input current.

From Eq. (3.37) for vd � 0, we get

vΟ � �RFif � �RFiS

A simple light-sensing circuit consisting of a photodiode and an inverting op-amp is shown in Fig. 3.39.

The anode terminal of the diode can be connected to either the ground or a negative voltage. However,

a reverse-biasing voltage will reduce the diode junction capacitance, which in turn decreases the fre-

quency (or transient) response time of the circuit.

iO = a1 +

RF

R2
b a 1

R1
bvS
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~
 Rx ≈ (R1 || RF)

RF

R2
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vS
−

+

vO

_

+

Ao

++

−−

FIGURE 3.38 Optocoupler drive circuit
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+

−

+

−

Rx = RF
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FIGURE 3.39 Photodetector circuit
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3.5.10 Voltage–Current Converters

If the input signal is a voltage source and it is transmitted to a remote load, the load current will depend

on the series resistance between the input signal and the load. Even a small drop across the series resis-

tance could significantly change the percentage error of the load voltage. Any changes in the load resis-

tance due to wear and tear or temperature will contribute to the error. The simplest type of voltage–current

converter, shown in Fig. 3.40(a), is a modification of the basic noninverting amplifier shown in Fig. 3.9(a).

The current through the resistor R1 is given by

(3.110)

Thus, the output current iO through the load resistance R depends only on vS and R1, not on R. For a fixed

value of R1, iO is directly proportional to vS. Note that none of the load terminals in Fig. 3.40(a) is con-

nected to the ground. That is, the load is floating. The advantage of this arrangement is that no common-

mode signal (i.e., noise) will appear across the load.

Op-amps are primarily voltage amplifiers; their current-carrying capability is very limited. Many

applications (such as indicators and actuators) require regulated variable current, which is beyond the

op-amp’s capability. The circuit shown in Fig. 3.40(b) can provide the load current iL proportional to the

input voltage vS. The output of the op-amp forces the base current through transistor Q1, resulting in a

proportional collector current through Q1, the load RL, and R1. The load current iL can be controlled by

varying either the input voltage or the value of R1. The value of the base resistance R must be sufficiently

large to protect the base–emitter junction of Q1 and to limit the output current of the op-amp. Also, the

DC supply voltage VCC � RLiL (�RLi1 � vSRL ⁄ R1). The load resistance RL is floating. Thus, the

circuit cannot be used with a grounded load.

iO = i1 =

vS - vd

R1
=

vS

R1
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Designing an op-amp photodetector circuit Design a photodetector circuit of the form shown in

Fig. 3.39 to give an output voltage of vO � �200 mV at an incident power density of DP � 500 nW⁄ cm2. The

current responsitivity of the photodiode is Di � 1 A ⁄ W, and the active area is a � 40 mm2.

SOLUTION

The power produced by the photodiode is

P � DPa � (500 nW⁄cm2) � 40 mm2 � 200 nW

Therefore, the current produced by the diode is

iS � PDi � 1 A ⁄ W � 200 nW � 200 nA

The output voltage is vO � �RFiS, which, for iS � 200 nA and vO � �200 mV, gives

RF � � � � 1 M�
200 mV

200 nA

vO 

iS

EXAMPLE 3.17

D
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3.5.11 DC Voltmeters

The voltage–current converter in Fig. 3.40(a), which consists of a noninverting amplifier, can be used as a

DC voltmeter, as shown in Fig. 3.41. Since all signals are DC quantities, we will use uppercase symbols.

A moving coil meter with an internal resistance of Rm is connected in the feedback path. For an ideal op-

amp, vd � 0; the meter current is given by

(3.111)

which gives the relation between the input voltage and the meter current as

VS � R1IM (3.112)

Thus, the input voltage VS can be measured from the deflection of the meter, which is proportional to IM.

If the full-scale deflection current of the moving coil is IM(max) � 100 �A and R1 � 2 M�, the full-scale

reading will be VS(max) � R1IM(max) � 2 M� � 100 �A � 200 V.

IM = I1 =

Vx

R1
=

VS - vd

R1
=

VS

R1
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−

+
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+
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iS

+

−
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+

− −

+

vS

−

+
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iS = ii ≈ 0 
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FIGURE 3.40 Voltage–current converter

~
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+
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− −
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+VCC
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FIGURE 3.41 DC voltmeter
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3.5.12 DC Millivoltmeters

The inverting amplifier in Fig. 3.11 can be operated as a DC millivoltmeter, as shown in Fig. 3.42. This

circuit is similar to the optocoupler drive in Fig. 3.38, except that the LED is shorted, and we expect sim-

ilar equations. As before, we will use uppercase symbols for DC quantities. For an ideal amplifier, vd � 0

and Ii � 0. The current through R1, which is the same as that through RF, is

(3.113)

Applying Kirchhoff’s voltage law around the loop formed by op-amp inputs RF and R2 yields

�vd � RFIF � R2(IF � IM) or 0 � RFIF � R2(IF � IM)

from which we can find the meter current IM:

(3.114)

This equation is the same as Eq. (3.109) for the optocoupler in Fig. 3.38. If RF 		 R2, which is usually

the case, Eq. (3.114) can be approximated by

(3.115)

from which we can find the input voltage VS in terms of the meter current IM:

(3.116)

� R2IM for R1 � RF

If R1 � RF � 150 k�, R2 � 1 k�, and the full-scale deflection current of the moving coil is IM(max) � 100 �A,

the full-scale reading will be VS(max) � R2IM(max) � 1 k� � 100 �A � 100 mV.

VS =

R1R2

RF
IM

IM L

RF

R1
a 1

R2
bVS

IM =

RF + R2

R2
IF = a1 +

RF

R2
b IF = a1 +

RF

R2
b VS

R1

IS = IF =

VS

R1
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−

−

−

−

+
+

+

+

+

Rx = (R1 || RF) 

IF − IM

FIGURE 3.42 DC millivoltmeter
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3.5.13 Negative Impedance Converters

Some applications (e.g., oscillators, which we will study in Chapter 13) require the characteristic of nega-

tive resistance (or impedance) to compensate for any undesirable resistance (or impedance). The op-amp

circuit shown in Fig. 3.43 can be employed to obtain this characteristic. Since the circuit has an impedance

Z, all voltages and currents will have a magnitude and a phase angle. All quantities are expressed in rms

values, and we will use uppercase symbols.

Since vd � 0,

Vs � Vx � Vd � Vx

Applying Eq. (3.18) for the noninverting amplifier, we get the rms output voltage:

Since the current drawn by the op-amp is zero, the current I flowing through the impedance Z is the same

as the input current Is. That is,

(3.117)

which gives the input impedance Zin as

(3.118)

If Z is replaced by a resistance R, then Z � R. The circuit will behave as a negative resistance, and

Eq. (3.118) becomes

(3.119)

Thus, the ratio R1 ⁄ RF acts as a multiplying factor for R. If R1 � RF � R, Eq. (3.119) becomes

Rin � �R (3.120)

For example, if R1 � RF � R � 10 k�, the circuit in Fig. 3.43 will behave as a resistance of Rin � �10 k�.

Zin = Rin = -R aR1

RF
b

Zin =

Vs

Is
= -Z aR1

RF
b

I = Is =

Vs - Vo

Z
=

1

Z
aVs - Vs -

RF

R1
Vsb = - 

RF

ZR1
Vs

Vo = a1 +

RF

R1
bVs
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+

+

+

−
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−

−
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FIGURE 3.43 Negative impedance converter

67722_03_ch03b_p140-178.qxd  2/19/10  7:34 PM  Page 158

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



3.5.14 Constant Current Sources

It is often necessary to generate a constant current source from a voltage source. The circuit of Fig. 3.43 can

be modified to convert a voltage source to a current source, as shown in Fig. 3.44(a). One side of the load

ZL is connected to the ground. If R1 � RF and Z � R, the input resistance becomes Rin � �R. The circuit

inside the shaded area can be replaced by �R; the equivalent circuit is shown in Fig. 3.44(b). The voltage

source Vs can be replaced by its Norton equivalent, as shown in Fig. 3.44(c). Since the parallel combination

of R and �R is infinite, or an open circuit, Fig. 3.44(c) can be reduced to Fig. 3.44(d). The current flowing

into load impedance ZL is simply

(3.121)

Thus, the load current IL is directly proportional to the input voltage Vs and is independent of the load

impedance ZL. To simplify the design, we can choose R1 � RF � R.

3.5.15 Noninverting Integrators

The integrators in Figs. 3.14(a) and 3.16(a) invert the polarity of the input signal and thus require an addi-

tional unity-gain inverter to get a signal of the same polarity. The circuit of Fig. 3.44(a) can operate as a

noninverting integrator if the impedance ZL is replaced by a capacitor, as shown in Fig. 3.45(a). That is,

R1 � RF � R and ZL � Xc �

Since Ii � 0, the voltage at the inverting terminal is given by

(3.122)

The voltage across the capacitor is given by

Vc � ILZL (3.123)

Vx =

R1

R1 + RF
 Vo =

R

R + R
 Vo =

Vo

2

1

( jv C )

IL = Is =

Vs

R
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~

R

(c)  Norton equivalent

R

Vs
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IL IL

ZL

IL

ZL ZL

ZL

IL+

−

Vs

Is Is

Is

+

−

+

−

+

−

Vd+

+

−

−

Rin = −R

−R −R
Z = R

R1 = R
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FIGURE 3.44 Constant current source
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For an ideal op-amp, vd � 0. Thus,

Vc � Vx � Vd � Vx

which, after substitution of Vx from Eq. (3.122) and Vc from Eq. (3.123), gives

or Vo � 2Vc � 2ILZL (3.124)

Substituting IL from Eq. (3.121) into Eq. (3.124), we get

(3.125)

which, if converted into the time domain, gives the output voltage as

(3.126)

where Vco is the initial capacitor voltage at the beginning of integration. The charging of the capacitor can

be represented by an equivalent circuit, as shown in Fig. 3.45(b). Thus, the capacitor voltage vC can be

found directly from Fig. 3.45(b) as follows:

(3.127)

Thus, vO(t) � 2vx(t) � 2vC(t).

� NOTE Since one terminal of the capacitor C is grounded, the capacitor can be charged easily to a desired

initial condition at the beginning of integration.

vC(t) =

1

CL
 iS(t) dt + Vco =

1

RCL
 vS dt + Vco

vO(t) =

2

CRL
 vS(t) dt + 2Vco

Vo =

2ZLVs

R
=

2Vs

jvCR

ILZL =

Vo

2
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+
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FIGURE 3.45 Noninverting integrator
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3.5.16 Inductance Simulators

An op-amp circuit can be used to simulate the characteristic of an inductor. Such an op-amp circuit is

shown in Fig. 3.46(a). It consists of two op-amps. The part of the circuit within the shaded area is identi-

cal to the negative impedance converter of Fig. 3.43; we can apply Eq. (3.118) to replace it with an equiv-

alent impedance, provided we substitute Z � R3, R1 � R4, and RF � ZC � 1 ⁄ ( j�C). Thus, the equivalent

impedance is given by

(3.128)

If the circuit within the shaded area is replaced by ZL, the resultant circuit also becomes a negative imped-

ance converter, as shown in Fig. 3.46(b). Applying Eq. (3.118) gives the input impedance of the circuit:

(3.129)

Substituting ZL from Eq. (3.128) into Eq. (3.129) yields

(3.130)

where Le is the effective inductance given by

(3.131)

Therefore, by choosing the values of R1, R2, R3, R4, and C, we can simulate the desired value of

inductance Le.

Le =

R1R3R4

R2
 C

= jvC 

R1R3R4

R2
= jvLe

Zin =

Vs

Is
= -R1a 1

R2
b (-R3)a R4

ZC
b

Zin =

Vs

Is
= -R1aZL

R2
b

ZL =

V1

I1
= -R3a R4

ZC
b
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−
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FIGURE 3.46 Inductance simulator
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� NOTES

1. From this theoretical development it might appear that inductance simulators could be used in many applications

as a replacement for bulky physical inductors. Because of the physical limitations of op-amps, however, induc-

tance simulators suffer from many drawbacks and do not find many practical applications.

2. The op-amp nonlinearities begin limiting the behavior of the inductance simulator at appallingly low frequencies

(even less than 20 Hz), and the inductor does not reduce the current at high frequencies as expected.

3. Inductors are commonly used in electrical power applications for storing magnetic energy. A simulated inductor

cannot be used to store energy in a magnetic field, so it cannot be used in electrical power circuits (i.e., as a

power filter).
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Designing an op-amp inductance simulator Determine the values required for the components in

Fig. 3.46(a) in order to simulate an inductor of L � 1 mH.

SOLUTION

Let R3 � R4 � 100 k� and C � 10 pF. From Eq. (3.131), we get

If R1 � 5 k�, then R2 � 100 � 5 � 500 k�.

� NOTE: To use Eq. (3.131), the designer needs to know the values of five quantities to find the value
of Le. The designer has to assume four values, and there is no unique solution to this design problem.

R2

R1
=

R3R4C

Le
=

100 * 10 
3

* 100 * 10 
3

* 10 * 10 -

 
12

(1 * 10 -

 
3)

= 100

EXAMPLE 3.18

D

3.5.17 AC-Coupled Bootstrapped Voltage Followers

To minimize the effect of DC input biasing current on the output voltage of op-amps, a resistance Rx may

be connected to the noninverting terminal, as shown in Fig. 3.47(a). This reduces the effective input imped-

ance of the voltage follower to Rx. However, the input impedance can be increased by the circuit, as shown

in Fig. 3.47(b); an AC equivalent circuit is shown in Fig. 3.47(c) for higher frequencies at which the capac-

itors appear as short circuits. The op-amp is operated as a unity follower, which can be represented by an

amplifier of approximately unity gain: Av � 1. RF appears to be connected from the input terminal to the

output terminal of the amplifier, and its effect on the input impedance is the same as the Miller impedance

Zin connected from the input terminal to the ground. The equivalent circuit is shown in Fig. 3.47(d). From

Eq. (2.77), Zin is given by

(3.132)Zin =

Vs

Is
=

RF

1 - Av

67722_03_ch03b_p140-178.qxd  2/19/10  7:34 PM  Page 162

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



which, for Av � 1, yields Zin � 
. Since the amplifier gain is unity, the output voltage equals the input

voltage and there is no voltage drop across RF. Therefore, no current flows through RF, and the input

impedance is very high—ideally, infinity. Notice that the voltage at the end of RF in Fig. 3.47(c) is “pulled

up” to the value of the input voltage, thereby offering infinite input impedance. Because of this “bootstrap”

characteristic, the circuit is known as a bootstrapped amplifier.
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−
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−
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FIGURE 3.47 AC-coupled bootstrapped voltage follower

KEY POINT OF SECTION 3.5

■ The three basic op-amp configurations—inverting, noninverting, and differential—can be applied to

perform various signal-processing functions such as integrators, differentiators, inductance simula-
tors, meters, limiters, detectors, comparators, and precision rectifiers.
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3.6 Op-Amp Circuit Design

So far, we have designed numerous op-amp circuits. Once the circuit configuration was known, the task

was to find the component values. Since the output is dependent mostly on external components, we often

must choose some components before a final solution can be found. Generally, in a practical design prob-

lem, the circuit diagrams are not known. A designer must decide on the type of configuration, and alter-

native solutions are possible. In addition, like any other design problem, designing an op-amp circuit

requires weighing alternative solutions and comparing complexity and costs. The design sequence can be

summarized as follows:

Step 1. Study the problem.

Step 2. Create a block diagram of the solution.

Step 3. Find a hand-analysis circuit-level solution.

Step 4. Use PSpice/SPICE for verification.

Step 5. Construct the circuit in the lab and take measurements.
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Designing a proportional controller A control system requires a proportional controller that will pro-

duce vO � 5 V if the error signal ve � 0, vO � 0 if ve � �0.1 V, and vO � 10 V if ve � 0.1 V. These require-

ments are graphed in Fig. 3.48. Design a circuit that will implement this control strategy.

SOLUTION

Step 1. Study the problem. The output voltage is related to the error voltage by

vO � 50ve � 5 � 50(Vref � vS) � 5 � 50Vref � 50vS � 5

Step 2. Create a block diagram of the solution. The problem requires a summing amplifier, as shown in

Fig. 3.49(a). Since the signal vS is expected to be positive, we also need an inverter.

Step 3. Devise a hand-analysis circuit-level solution. The inverting summing amplifier and the circuit imple-

mentation are shown in Fig. 3.49(b). Let R1 � R2 � 10 k�, RF � 50R1 � 500 k�, and R3 � RF � 500 k�.

Choose VCC � 12 V. Since the maximum output voltage is 10 V, there is no need for a voltage-limiting circuit.

Step 4. Use PSpice/SPICE for verification. You are encouraged to plot vO against vS for vS � 4.6 V to 5.4 V

in increments of 0.01. Invoke DC sweep with the following statement: vref is set to �5 V.

.DC VS 4.6 5.4 0.01

ve

vevref

vS

vO

vO

−0.1

−
+

0.1

10

5

0

Probelm: vO = 50Vref  − 50vS + 5  

FIGURE 3.48 Proportional controller

EXAMPLE 3.19

D
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Summary

An op-amp is a high-gain differential amplifier that can perform various functions in electronic circuits.

Op-amps are normally used with a feedback circuit, and the output voltage becomes almost independent

of the op-amp parameters. The basic configurations of op-amp amplifiers can be used in many applications

such as integrators, differentiators, inductance simulators, meters, limiters, detectors, comparators, and

precision rectifiers.

The analysis of an op-amp circuit can be simplified by assuming ideal characteristics. An ideal op-

amp has a very high voltage gain, a very high input resistance, a very low output resistance, and a negli-

gible input current. The characteristics of practical op-amps differ from the ideal characteristics, but

analyses based on the ideal conditions are valid for many applications and provide the starting point for

practical circuit design. Although the DC model of op-amps can be used to analyze complex op-amp cir-

cuits, it does not take into account the frequency dependence and op-amp nonlinearities. If the op-amp is

operated at frequencies higher than the op-amp break frequency, the effect of frequency dependence should

be evaluated.

The op-amp macromodel gives better accuracy. However, the student version of PSpice allows simu-

lation of an amplifier with only one op-amp. If the limit is reached, then the use of the AC model is recom-

mended. The DC model should be the last choice unless the input signal is DC.

Introduction to Operational Amplifiers and Applications 165

vref

vS

vO1

R1

RF

12 V

Inverter

(a)  Block diagram
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FIGURE 3.49 Circuit design implementation for Example 3.19
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Review Questions

1. What are the characteristics of an ideal op-amp?

2. What is the minimum number of terminals in an op-amp?

3. What is the typical open-loop voltage gain of an op-amp?

4. What is the typical input resistance of an op-amp?

5. What are the saturation voltages of an op-amp?

6. What is the purpose of supply voltages in an op-amp?

7. What is the PSS of an op-amp?

8. What is the CMRR of an op-amp?

9. What is the typical value of the output resistance of an op-amp?

10. Ideally, what should be the differential voltage gain of an op-amp?

11. Ideally, what should be the common-mode voltage gain of an op-amp?

12. What is the unity-gain bandwidth of an op-amp?

13. What is the effect of rise time on the frequency response of an op-amp?

14. What is the difference between a closed-loop gain and an open-loop gain?

15. What is the virtual ground of an op-amp?

16. What is the integration time constant?

17. What is the frequency response of an integrator?

18. What is the differentiator gain constant?

19. What are the problems of a differentiator?
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20. What is the frequency response of a differentiator?

21. What is a voltage follower?

22. What are the advantages of a voltage follower?

23. What is the significance of negative resistance?

24. What is a weighted summing amplifier?

Problems

The symbol indicates that a problem is a design problem. The symbol indicates that you can check the solu-

tion to a problem using PSpice/SPICE.

3.2 Characteristics of Ideal Op-Amps

3.1 The op-amp in Fig. 3.3(a) has an open-loop gain of Ao � 2 � 105. The input resistance is Ri � 2 M�. The

DC supply voltages are VCC � 15 V and �VEE � �15 V.

a. What value of vd will saturate the amplifier?

b. What is the value of op-amp input current ii?

3.2 The op-amp shown in Fig. P3.2 is used as a noninverting amplifier. The values are Ao � 105, VCC � 12 V,

and �VEE � �12 V. If vS � 50 �V, determine the output voltage vO.

PD
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vp

Ao

vO

vS vd

+

+

++

−

−

−−

+12 V

−12 V

FIGURE P3.2

3.3 The op-amp shown in Fig. P3.3 is used as an inverting amplifier. The op-amp parameters are Ao � 105,

VCC � 12 V, and �VEE � �12 V. If vS � 10 �V, determine the output voltage vO.

3.4 The op-amp in Fig. 3.3(a) has the following specifications: Ao � 2 � 105, Ri � 2 M�, Ro � 75 �, VCC � 15 V,

�VEE � �15 V, and maximum output voltage swing � 14 V. If v� � 0 and v� � 2 sin 377t, plot the

instantaneous output voltage vO.

3.5 The op-amp in Fig. 3.3(a) has the following specifications: Ao � 2 � 105, Ri � 2 M�, Ro � 75 �, 

VCC � 15 V, �VEE � �15 V, and maximum output voltage swing � 14 V. If v� � 75 �V and

v� � �25 �V, determine the output voltage vO.

vS

+

−
Ao

vO

vd
++

−

−

−

+

FIGURE P3.3
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3.6 The input voltages of an op-amp are v1 � 100 �V and v2 � 60 �V. The op-amp parameters are CMRR �
90 dB and Ad � Ao � 2 � 105. Determine (a) the differential voltage vd, (b) the common-mode voltage vc,

(c) the magnitude of the common-mode gain Ac, and (d) the output voltage vO.

3.3 Op-Amp PSpice/SPICE Models

3.7 Develop PSpice/SPICE subcircuits for the DC model (in Fig. 3.7) and the AC model (in Fig. 3.8) for the

LF411 op-amp. The parameters are Ri � 1012 �, Ro � 50 �, Ao � 2 � 105, break frequency fb � 20 Hz,

and unity-gain bandwidth fbw � 4 MHz. Assume DC power supply voltages of 15 V.

3.8 Develop PSpice/SPICE subcircuits for the DC model (in Fig. 3.7) and the AC model (in Fig. 3.8) for the

LM324 op-amp. The parameters are Ri � 2 M�, Ro � 50 �, Ao � 2 � 105, break frequency fb � 4 kHz,

and unity-gain bandwidth fbw � 1 MHz. Assume a DC supply voltage of �15 V.

3.4 Analysis of Ideal Op-Amp Circuits

3.9 Design a noninverting amplifier as shown in Fig. 3.9(a) to provide a closed-loop voltage gain of Af � 100.

The input voltage is vS � 100 mV with a source resistance of Rs � 1 k�. Find the value of output voltage

vO. The DC supply voltages are given by VCC � VEE � 15 V. Assume an ideal op-amp.

3.10 With the design values in Prob. 3.9, find the output voltage vO, the input resistance Rin � vS ⁄ iS, and the

output resistance Rout under the following conditions:

a. Ao � 25 � 103, Ri � 1012 �, and Ro � 50 �.

b. Ao � 5 � 105, Ri � 1012 �, and Ro � 50 �.

c. Use PSpice/SPICE to verify your results in parts (a) and (b).

3.11 Design a noninverting amplifier as shown in Fig. 3.9(a) by determining the values of RF and R1. The closed-

loop gain should be Af � 10. The input voltage to the amplifier is vS � 500 mV, and it has a source resis-

tance of 200 �. What is the value of output voltage vO?

3.12 The input voltage to the noninverting amplifier in Fig. 3.9(a) is shown in Fig. P3.12. The source resistance

Rs is negligible, RF � 20 k�, R1 � 5 k�, VCC � 15 V, and �VEE � �15 V. Plot the output voltage vO if

RF � 20 k� and R1 � 5 k�. 
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3.13 The noninverting op-amp amplifier in Fig. 3.9(a) has an open-loop gain of Ao � 5 � 103, R1 � 10 k�, and

RF � 30 k�. Calculate (a) the closed-loop voltage gain Af, (b) the output voltage vO, and (c) the error in

output voltage if Ao is assumed to be infinite.

3.14 The input voltage to the noninverting amplifier in Fig. 3.9(a) is vS � 10 sin (2000�t). The source resis-

tance Rs is negligible. If RF � 20 k�, R1 � 5 k�, VCC � 15 V, and �VEE � �15 V, plot the output

voltage vO.

P

P

D
P

67722_03_ch03b_p140-178.qxd  2/19/10  7:34 PM  Page 168

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



3.15 A voltage follower is shown in Fig. P3.15. The op-amp parameters are Ao � 5 � 105, Ro � 75 �, and Ri �
2 M�. The input voltage is vS � 5 V, and Rs � 10 k�. Find the output voltage vO, the input resistance Rin �
vS ⁄ iS, and the output resistance Rout.
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Rin =

FIGURE P3.15

3.16 a. A noninverting amplifier has R1 � 15 k� and RF � 50 k�. The op-amp parameters are Ao �
2 � 105, fb � 10 Hz, Ro � 75 �, and Ri � 2 M�. The frequency of the input signal is fs �
100 kHz. Determine the unity-gain bandwidth fbw, the closed-loop voltage gain Af, and the closed-loop

break frequency fc of the op-amp circuit.

b. Use PSpice/SPICE to plot the closed-loop frequency response of the voltage gain. Assume vs � 0.1 V

(AC), and use the linear AC model.

3.17 Repeat Prob. 3.16 for R1 � RF � 15 k�.

3.18 Two noninverting op-amps are cascaded as shown in Fig. P3.18. The unity-gain bandwidth of the op-amps

is , and the slew rate is . 

a. If and determine the volt-

age gain .

b. Determine the maximum frequency of the input signal if the amplitude of the output voltage is

limited to 10 V. 

c. Use PSpice to verify your results.

v1f max 

Af = vO>v1

R6=45 kÆ,R5=500 kÆ,R4=50 kÆ,R3=180 kÆ,R2=200 kÆ,R1=20 kÆ,

SR = 6 V>�sfu=1 MHz

v1
vo1

+

R1

R3

R6

R4 R5

R2

vO 

+

−

+ −

+

A1

A2

FIGURE P3.18

3.19 A transducer produces a voltage signal of vS � 50 mV and has an internal resistance of Rs � 5 k�. Design

the inverting op-amp amplifier of Fig. 3.11 by determining the values of R1, RF, and Rx. The output voltage

should be vO � �5 V. The current drawn from the transducer should not be more than 20 �A. Assume an

ideal op-amp and VCC � VEE � 12 V.

D

P
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3.20 With the design values in Prob. 3.19, find the value of output voltage vO, the input resistance Rin � vS ⁄ iS,

and the output resistance Rout under the following conditions:

a. Ao � 25 � 103, Ri � 1012 �, and Ro � 50 �.

b. Ao � 5 � 105, Ri � 1012 �, and Ro � 50 �.

c. Use PSpice/SPICE to verify your results in parts (a) and (b).

3.21 The inverting amplifier in Fig. 3.11 has R1 � 5 k�, RF � 
, Rx � 5 k�, VCC � 15 V, �VEE � �15 V, and

maximum output voltage swing � 14 V. If vS � 200 mV, determine the output voltage vO.

3.22 The inverting amplifier in Fig. 3.11 has R1 � 10 k�, RF � 50 k�, and Rx � 8.33 k�. The op-amp has an

open-loop voltage gain of Ao � 2 � 105. The input voltage is vS � 100 mV. Calculate (a) the closed-loop

gain Af, (b) the output voltage vO, and (c) the error in output voltage if the open-loop gain Ao is assumed to

be infinite.

3.23 a. An inverting amplifier has R1 � 15 k� and RF � 50 k�. The op-amp parameters are Ao � 2 � 105, 

fb � 10 Hz, Ro � 75 �, and Ri � 2 M�. The frequency of the input signal is fs � 100 kHz. Determine

the unity-gain bandwidth fbw, the closed-loop voltage gain Af, and the closed-loop break frequency fc of

the op-amp circuit.

b. Use PSpice/SPICE to plot the closed-loop frequency response of the voltage gain. Assume vs � 0.1 V

(AC), and use the linear AC model.

3.24 Repeat Prob. 3.23 for R1 � RF � 15 k�.

3.25 The inverting amplifier shown in Fig. P3.25 has The unity-gain

bandwidth of the op-amps is , and the slew rate is .

a. Determine the value of that will give a voltage gain of �10 V/V.

b. Determine the maximum frequency fmax of the input signal v1 if the amplitude of the output voltage is

limited to 10 V. 

c. Use PSpice to verify your results.

Af = vO>v1 =Rx

SR = 6 V>�sfu = 1 MHz
R1 = 50 kÆ, and R2 = R3 = 20 kÆ..
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3.26 Two inverting op-amps are cascaded as shown in Fig. P3.26. The unity-gain bandwidth of the op-amps is 

fu � 1 MHz, and the slew rate is . 

a. If and determine the voltage gain

.

b. Use PSpice to verify your results.

Af = vO>v1

R5 = 160 kÆ,R4 = 20 kÆ,R3 = 150 kÆ,R2 = 100 kÆ,R1 = 20 kÆ,

SR = 6 V>�s

P

P
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3.27 Two transducers produce voltage signals of vb � 200 mV and va � 220 mV. Design a differential ampli-

fier as shown in Fig. 3.32 to produce an output voltage ⏐vO⏐ � 5 V. Assume an ideal op-amp and 

VCC � VEE � 12 V.

3.28 With the design values in Prob. 3.27, find the value of output voltage vO under the following conditions of

the op-amp:

a. Ao � 25 � 103 and Ri � 1012 �.

b. Ao � 5 � 105 and Ri � 1012 �.

c. Use PSpice/SPICE to verify your results in parts (a) and (b).

3.29 a. Design a differential amplifier as shown in Fig. 3.32 to give a differential voltage gain of 

⏐Af⏐ � 200. The input voltages are vb � 70 mV and va � 50 mV. Assume an ideal op-amp and VCC �
VEE � 12 V.

b. Calculate the error in output voltage if the open-loop gain is Ao � 5 � 105.

3.30 The values of the differential amplifier in Fig. 3.32 are Ao � 5 � 105, R1 � 5 k�, RF � 50 k�, 

Ra � 2 k�, and Rx � 20 k�. The input voltages are vb � 5 mV and va � �15 mV. Find the output voltage vO.

3.31 The differential amplifier shown in Fig. P3.31 has , and 

. The unity-gain bandwidth of the op-amps is , and the slew rate is 

a. Determine the output voltage in terms of and .

b. Use PSpice to verify your results.

v2v1

SR = 6 V> �s.fu = 1 MHzR6 = R7 = 50 kÆ

R4 = R5 =R3 = 50 kÆR1 = 100 kÆ, R2 =150 kÆ,
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FIGURE P3.31

3.32 The differential amplifier shown in Fig. P3.32 has 

. The unity-gain bandwidth of the op-amps is and the slew rate is 

.

a. Determine the voltage gain .

b. Use PSpice to verify your results.

Af = vO>vi

 6 V> �s
SR =fu = 1 MHz,and RF = 500 kÆ

R4 = 100 kÆ,R3 = 50 kÆ,R1 = 40 kÆ, R2 = 80 kÆ,

D
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3.33 Two noninverting op-amps can be cascaded to produce a differential voltage as shown in Fig. P3.33 such

that . The unity-gain bandwidth of the op-amps is and the slew rate is

.

a. If determine the differential voltage

gains and . 

b. Using the values in part (a), determine the maximum frequency of the input signal if the ampli-

tude of the output voltage due to v1 is limited to 10 V. 

c. Use PSpice to verify your results.

v1f max 

a2a1

R1 = R5 = 10 kÆ, R2 = R4 = 500 kÆ, and R3 = R6 = 9.8 kÆ,

SR = 6 V> �s
fu = 1 MHz,vO = a1v1 - b1v2
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3.34 Two noninverting op-amps can be cascaded to produce a differential voltage as shown in Fig. P3.34 such

that . The unity-gain bandwidth of the op-amps is and the slew rate is

. 

a. If determine the differential voltage

gains and . 

b. Using the values in part (a), determine the maximum frequency of the input signal if the ampli-

tude of the output voltage due to v1 is limited to 10 V. 

c. Use PSpice to verify your results.

v1f max 

a2a1

R1 = R5 = 10 kÆ, R2 = R4 = 500 kÆ, and R3 = R6 = 9.8 kÆ,

SR = 6 V>�s
fu = 1 MHz,vO = a1v1 - b1v2
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−
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FIGURE P3.34
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3.35 The amplifier shown in Fig. P3.35 can produce a differential voltage such that . The

unity-gain bandwidth of the op-amps is and the slew rate is . 

a. If determine the differential voltage gains and .

b. Using the values in part (a), determine the maximum frequency of the input signal if the ampli-

tude of the output voltage due to v1 is limited to 10 V. 

c. Use PSpice to verify your results.

v1f max 

a2a1R1 = R3 = 10 kÆ and R2 = R4 = 1 MÆ,

SR = 6 V>�sfu = 1 MHz,
vO = a1v1 - a2v2
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3.36 The amplifier shown in Fig. P3.36 can produce a differential voltage such that . The

unity-gain bandwidth of the op-amps is and the slew rate is . Derive an expres-

sion of the output voltage if , , and . RF = R5R1 = R4R2 = R3

SR = 6 V>�sfu = 1 MHz,
vO = a1v1 - a2v2

−

+

+

−

R4

R1 RF

Rx

R5

R2

R3−

+

v1

v2

+
vO

−

FIGURE P3.36

3.5 Op-Amp Applications

3.37 The integrator in Fig. 3.16 has VCC � 15 V, �VEE � �15 V, maximum voltage swing � 14 V, 

CF � 0.01 �F, R1 � 1 k�, and RF � 1 M�. The initial capacitor voltage is Vco � 0. Draw the waveform

for the output voltage if the input voltage is described by

1 V for 0 � t � 1 ms

vS ���1 V for 1 � t � 2 ms

1 V for 2 � t � 3 ms

�1 V for 3 � t � 4 ms
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3.38 The integrator in Fig. 3.16 has VCC � 15 V, �VEE � �15 V, maximum voltage swing � 14 V, 

CF � 0.1 �F, R1 � 10 k�, and RF � 1 M�. The initial capacitor voltage is Vco � 0. Draw the waveform of

the output voltage for the input voltage shown in Fig. P3.38.
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3.39 The integrator in Fig. 3.16 has CF � 0.01 �F, R1 � 10 k�, and RF � 1 M�. The open-loop voltage gain

of the op-amp is Ao � 5 � 105. Use Miller’s theorem to find the 3-dB frequency of the integrator.

3.40 Design an integrator as shown in Fig. 3.16 to be operated with an AC signal of 5 kHz and to give a closed-

loop voltage gain of at � � 1 rad/s.

3.41 a. Design a differentiator as shown in Fig. 3.27(a) to satisfy the following specifications: maximum voltage

gain of Af(max) � 20 and gain-limiting frequency fb � 10 kHz. Determine the values of R1, RF, and C1.

b. Use PSpice/SPICE to check your results by plotting the frequency response in part (a).

3.42 The differentiator in Fig. 3.27(a) has R1 � 2 k�, RF � 10 k�, and C1 � 0.01 �F. Determine (a) the differ-

entiator time constant �d, (b) the gain-limiting frequency fb, and (c) the maximum closed-loop voltage gain

Af(max).

3.43 Design an instrumentation amplifier as shown in Fig. 3.33 to give a differential voltage gain Af between 500

and 1000.

3.44 Design an instrumentation amplifier as shown in Fig. 3.34 to give a fixed differential voltage gain of Af � 750.

3.45 The noninverting summing amplifier in Fig. 3.35 has Ra � Rb � Rc � 20 k�, RF � 40 k�, RB �
20 k�, va � 2 V, vb � �3 V, vc � �2 V, VCC � 15 V, �VEE � �15 V, and maximum voltage swing �
14 V. Determine the output voltage vO.

3.46 The inverting summing amplifier in Fig. 3.36 has R1 � R2 � R3 � 20 k�, RF � 40 k�, Rx � 5.71 k�, 

v1 � 2 V, v2 � �3 V, v3 � �2 V, VCC � 15 V, �VEE � �15 V, and maximum voltage swing � 14 V.

Determine the output voltage vO.

3.47 Design an add–subtract summing amplifier as shown in Fig. 3.37 to give an output voltage of the form 

vO � 5va � 7vb � 3vc � 2v1 � v2 � 6v3. The equivalent resistance RA should be set to 20 k�.

3.48 Design an add–subtract summing amplifier as shown in Fig. 3.37 to give an output voltage of the form 

vO � 5va � 9vb � 3vc � 8v1 � 2v2 � 6v3. The minimum value of any resistance should be Rmin � 20 k�.

3.49 Design an optocoupler drive circuit as shown in Fig. 3.38 to produce a drive current of 500 mA from a signal

voltage of 10 mV.

Af = 10D
P
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3.50 Design a photodetector circuit as shown in Fig. 3.39 to give an output voltage of 1 V at an incident power

density of DP � 1 �W/cm2. The current responsitivity of the photodiode is Di � 1 A/W, and the active area

is a � 40 mm2.

3.51 The voltage-to-current converter circuit in Fig. 3.40(a) has R1 � R � 10 k� and vS � 200 mV. Determine

the load current iO.

3.52 The full-scale current of the moving coil for the DC voltmeter in Fig. 3.41 is IM � 200 �A. Determine the

value of R1 to give a full-scale reading of VS � 300 V.

3.53 Design a DC millivoltmeter as shown in Fig. 3.42. The full-scale current of the moving coil is IM � 0.5 �A.

Determine the values of R1, RF, and R2 to give a full-scale voltage reading of VS � 200 mV.

3.54 Design a negative impedance converter as shown in Fig. 3.43 by determining the component values such

that the input resistance will be Zin � Rin � �15 k�.

3.55 a. The noninverting integrator in Fig. 3.45(a) has VCC � 15 V, �VEE � �15 V, maximum voltage swing

� 14 V, C � 0.01 �F, and R1 � RF � R � 1 M�. The initial capacitor voltage is Vco � 0. Draw the

waveform for the output voltage if the input is a step voltage described by 

vS � 1 V for t � 0

b. Use PSpice/SPICE to plot the output voltage in part (a).

3.56 Design an inductance simulator as shown in Fig. 3.46 by determining the values of components. The induc-

tance should be Le � 2 mH.

3.6 Op-Amp Circuit Design

3.57 A control system requires a proportional controller that will produce vO � 5 V if the error signal ve � 0, 

vO � 10 V if ve � �0.1 V, and vO � 0 if ve � 0.1 V. These requirements are graphed in Fig. P3.57. Design

a circuit that will implement this control strategy to produce vO from vS and vref.
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3.58 A triggering circuit requires short pulses vO of approximately 10 V magnitude and pulse width of tw � 200 �s,

as shown in Fig. P3.58. Design a circuit that will generate triggering pulses. (There is no unique solution.)

w t

w t

vO

10 V

−10 V

0

p 2p 4p 5p 6p3p

vI (in V)

10

7.5
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0

vI = 5(1 + sin 377t)

t  = 200 μs

FIGURE P3.58
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3.59 A control system requires a proportional and integral controller that will produce vO � 5 V if the signal ve1

� 0, vO � 10 V if ve1 � �0.1 V, and vO � 0 if ve1 � 0.1 V, as shown in Fig. P3.59. Design a circuit that will

implement this control strategy to produce vO from the reference signal vS and the feedback signal vref.
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3.60 The inverting amplifier shown in Fig. P3.60 can give high voltage gain and requires a narrow range of resis-

tor values. The output voltage should be vO � 12 V for vS � �0.05 V and vO � �12 V if vS � 0.05 V.

Design a circuit that will implement this control strategy.

iS R1

R2 R3

R4

ii

iiF

vd

vS

+

− vO

++

−

− −

+

+VCC

−VEE

Ao

FIGURE P3.60

3.61 Design an op-amp circuit to obtain a voltage gain of Af � 100 V/V with an input resistance of 

Ri � 25 k�. The peak-to-peak output voltage swing should be limited to 11 V at 25 kHz. Assume DC

supply voltages of 12 V. Use PSpice to verify your design by plotting the frequency response and the tran-

sient response with an input signal of 1 mV at 25 kHz.

3.62 Design an op-amp differential amplifier circuit to obtain a voltage gain of Af � 5 kV/V with an input resis-

tance of Ri � 500 k�. The peak-to-peak output voltage swing should be limited to 11 V at 25 kHz.

Assume DC supply voltages of 12 V. Use PSpice to verify your design by plotting the frequency response

and the transient response with a differential voltage of 1 mV at 25 kHz.

For Probs. 3.63 to 3.66, the op-amp has Ci � 1.5 pF, Ri � 2 M�, Ro � 75 �, and open-loop voltage gain

Ao � 2 � 105. Use PSpice/SPICE to check your design by plotting the frequency response.

3.63 Design an integrator as shown in Fig. 3.21(a) to give a DC voltage gain ⏐APB⏐ � 20 and a high 3-dB fre-

quency fH � 1 kHz. Assume R1 � 1 k� and RL � 20 k�.

3.64 Design a differentiator circuit as shown in Fig. 3.30(a) to give fL � 5 kHz and fH � 10 kHz. The pass-band

gain is ⏐APB⏐� 20.
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3.65 An amplifier circuit is shown in Fig. P3.65. Use the short-circuit and zero-value methods to find the low

3-dB frequency fL, the high 3-dB frequency fH, and the pass-band gain APB.
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3.66 An amplifier circuit is shown in Fig. P3.66. Use the short-circuit and zero-value methods to find the low

3-dB frequency fL, the high 3-dB frequency fH, and the pass-band gain APB.

Vo

~Vs

Rs
2 kΩ

R1
20 kΩ

C1
4 μF

R
5 kΩ

RL
10 kΩ

C2
1 μF+

−

+

+

−

−

Ao

FIGURE P3.66
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Learning Outcomes
After completing this chapter, students should be able to do

the following:

• Describe the ideal and practical characteristics 

of semiconductor diodes.

• Determine the circuit models of a diode and apply

them for analyzing diode circuits.

• Determine the DC and small-signal performances 

of simple diode circuits.

• Explain the characteristics of zener diodes and their

applications as voltage regulators.

Symbols and Their Meanings
Symbol Meaning

Instantaneous DC and AC and quiescent

DC diode currents

Instantaneous DC and AC output voltages

Average and rms output voltages

Peak-to-peak and peak ripple output

voltages

Instantaneous DC and AC and quiescent

DC diode voltages

VZ, IZT DC zener voltage and current

VZK, IZK DC zener knee voltage and current

vZ(t), iZ(t) Instantaneous zener voltage and current

vD, vd, VD

Vr(pp), Vr(p)

Vo(av), Vo(rms)

vO(t), vo(t)

iD, id, ID

CHAPTER 4
SEMICONDUCTOR

DIODES
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Symbol Meaning
vL(t), iL(t) Instantaneous zener voltage and current

Small-signal AC and DC diode resistances

VZO, RZ Threshold zener voltage and small-signal zener resistance

TJ, TA Junction and ambient temperature

4.1 Introduction

A diode is a two-terminal semiconductor device. It offers a low resistance on the order of milliohms in one

direction and a high resistance on the order of gigaohms in the other direction. Thus a diode permits an

easy current flow in only one direction. A diode is the simplest electronic device, and it is the basic build-

ing block for many electronic circuits and systems. In this chapter, we will discuss the characteristics of

diodes and their models through analysis of a diode circuit.

A diode exhibits a nonlinear relation between the voltage across its terminals and the current

through it. However, analysis of a diode can be greatly simplified with the assumption of an ideal char-

acteristic. The results of this simplified analysis are useful in understanding the operation of diode cir-

cuits and are acceptable in many practical cases, especially at the initial stage of design and analysis.

If more accurate results are required, linear circuit models representing the nonlinear characteristic of

diodes can be used. These models are commonly used in evaluating the performance of diode circuits.

If better accuracy is required, however, computer-aided modeling and simulation are normally used.

4.2 Ideal Diodes

The symbol for a semiconductor diode is shown in Fig. 4.1(a). Its two terminals are the anode and the

cathode. If the anode voltage is held positive with respect to the cathode terminal, the diode conducts and

offers a small forward resistance. The diode is then said to be forward biased, and it behaves as a short

circuit, as shown in Fig. 4.1(b). If the anode voltage is kept negative with respect to the cathode terminal,

the diode offers a high resistance. The diode is then said to be reverse biased, and it behaves as an open

circuit, as shown in Fig. 4.1(c). Thus, an ideal diode will offer zero resistance and zero voltage drop in

the forward direction. In the reverse direction, it will offer infinite resistance and allow zero current.

An ideal diode behaves as a short circuit in the forward region of conduction (vD � 0) and as an

open circuit in the reverse region of nonconduction (iD � 0). The v-i characteristic of an ideal diode is

shown in Fig. 4.1(d). Because the forward voltage tends to be greater than zero, the forward current through

the diode tends to be infinite. In practice, however, a diode is connected to other circuit elements, such

rd, RD

Forward
region

Reverse
region

(d)  Ideal v-i characteristic 

iD

vD

vS
vD

iD

D1

R Anode

Cathode

(a)  Diode

+
+

−
−

vS vD
0 V

(b)  Diode on

iD

R A

K

+

−
+

−

vS vD = vS

iD  0

R A

K

(c)  Diode off

−

+
+

−

FIGURE 4.1 Characteristics of an ideal diode
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Semiconductor Diodes 181

Application as a diode OR logic function A diode circuit that can generate an OR logic function is

shown in Fig. 4.2. A positive logic convention denotes logic 0 for 0 V and logic 1 for a positive voltage, typically

5 V. Show the truth table that illustrates the logic output.

SOLUTION

If both inputs have 0 V (i.e., VA � 0 and VB � 0), both diodes will be off, and the output VC will be 0

(or logic 0) only. If either VA or VB (or both) is high (�5 V), the corresponding diode (D1 or D2 or both)

will conduct, and the output voltage will be high at VC � 5 V. As we will see later, a real diode has a finite

voltage drop of approximately 0.7 V, and the output voltage will be approximately 5 � 0.7 � 4.3 V (or

logic 1). The truth table that illustrates the logic functions is shown in Table 4.1. We can define the logic

level at any desired value. That is, for example, we can say greater than 3 V for logic 1, and less than 1 V

for logic 0.

EXAMPLE 4.1

Voltages Logic Levels

VA VB VC A B C

0 (V) 0 (V) 0 (V) 0 0 0

0 (V) 5 (V) 4.3 (V) 0 1 1

5 (V) 0 (V) 4.3 (V) 1 0 1

5 (V) 5 (V) 4.3 (V) 1 1 1

TABLE 4.1 Truth table for Example 4.1

as resistances, and its forward current is limited to a known value, which will depend on the values of

the circuit elements.

Application as a diode AND logic function A diode circuit that can generate an AND logic function is

shown in Fig. 4.3. A positive–logic convention denotes logic 0 for 0 V and logic 1 for a positive voltage, typi-

cally 5 V. Show the truth table that illustrates the logic output.

SOLUTION

If input VA or VB (or both) is 0, the corresponding diode (D1 or D2 or both) will conduct, and 

the output voltage will be 0. In practice, a diode has a finite voltage drop of approximately 0.7 V, and the output

voltage will be approximately 0.7 V (or logic 0). If both inputs are high (i.e., VA � 5 V and VB � 5 V), both

diodes will be reverse biased (off), and the output voltage will be high at VC � 5 V. The output will be logic 1.

The truth table for an AND logic gate is shown in Table 4.2.

EXAMPLE 4.2

VA

VB

D1A
C

R
1 kΩ

D2

B

VC

+

−

FIGURE 4.2 Diode OR logic circuit
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Application as a diode rectifier The input voltage of the diode circuit shown in Fig. 4.4 is vS � vs � Vm
sin �t. The input voltage has zero DC component—that is, VS � 0 and vS � VS � vs � vs. Draw the waveforms

of the output voltage vO and the diode voltage vD.

SOLUTION

During the interval 0 � � t � �, the voltage across the diode will be positive, and the diode will behave as a

short circuit. This is shown in Fig. 4.5(a). Thus, the output voltage vO will be the same as the input voltage vS,

and the diode voltage vD will be zero. That is,

vO � vS for 0 � � t � �

vD � 0

During the interval � � � t � 2�, the voltage across the diode will be negative, and the diode will be an open

circuit, as shown in Fig. 4.5(b). Thus, the output voltage vO will be zero, and the diode voltage vD will be the 

EXAMPLE 4.3

vD

vS

iO

RL
~ vO

D1+

+ +

−

−

−

FIGURE 4.4 Diode circuit for Example 4.3

Microelectronic Circuits: Analysis and Design182

� NOTE Although it is possible to use diodes to perform logic functions, diode logic circuits are slow and thus
are rarely used in practice. We will see in Chapter 15 that the performance of many logic families is far superior.
These examples, however, illustrate the “on” and “off” behaviors and conditions of the diodes.

Voltages Logic Levels

VA VB VC A B C

0 (V) 0 (V) 0.7 (V) 0 0 0

0 (V) 5 (V) 0.7 (V) 0 1 0

5 (V) 0 (V) 0.7 (V) 1 0 0

5 (V) 5 (V) 5 (V) 1 1 1

TABLE 4.2 Truth table for Example 4.25 V

VA

VB

D1A
C

R
1 kΩ

D2

B
VC

+

−

FIGURE 4.3 Diode AND logic circuit
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Semiconductor Diodes 183

4.3 Transfer Characteristics of Diode Circuits

The output voltage of a diode circuit depends on whether the diode is on or off. If the input voltage changes

with time, as illustrated in Example 4.3, the output voltage is based on the on or off status of the diode(s). The

transfer characteristic of a circuit is the relationship between the output voltage and the input voltage. It shows

the manner in which the output voltage varies with the input voltage and is independent of the input waveform.

Therefore, once the transfer characteristic is known, the output waveform can be determined directly for any

given input waveform. The transfer characteristic is useful in describing the behavior of a circuit.

The output voltages of the circuits in Fig. 4.6 can be described as follows. For Fig. 4.6(a), the output

voltage vO will be the same as the input voltage when the ideal diode conducts. When the diode is off,

the output voltage will be zero. That is,

vO = u vS   if vS 7 0

0   if vS …  0

same as the input voltage vS. That is,

vO � 0 for � � � t � 2�

vD � vS

The waveforms of the input voltage vS, the output voltage vO, and the diode voltage vD are shown in Fig. 4.5(c).

vS RL~

(a)  Diode on

(c)  Waveforms

vS

vD = 0

vD = vS

vO = 0

vO = vS

vS = Vm sin w t

t = 

q  = w t
(radians)

q  = w t
(radians)

q  = w t
(radians)

Vm

vO

vD

p 2p

vS RL~

(b)  Diode off

0

p 2p

–Vm

0

Vm

p 2p
0

+

+
+ −

+ −

−

+

−

+

−

−
–Vm

q
w

FIGURE 4.5 Ideal diode circuit with a sinusoidal input voltage
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For Fig. 4.6(b), the output voltage vO will become zero when the ideal diode conducts. That is,

For Fig. 4.6(c), the output voltage vO will be the same as the input voltage when the diode conducts. That is,

For Fig. 4.6(d), the output voltage vO will be clamped to VB (i.e., it will remain fixed at VB) when the diode

conducts. When the diode is off, the output voltage will be the same as the input voltage. Otherwise, it will

be VB. That is,

Typical transfer characteristics are also shown in Fig. 4.6.

vO = u VB if vS 7  VB

vS  if  vS …  VB

vO = u vS  if vS 7  VB

VB  if  vS …  VB

vO = u 0   if vS 7  0

vS if  vS …  0

KEY POINT OF SECTION 4.3

■ The transfer characteristic relates the output voltage to the input voltage and does not depend on the

magnitude and waveform of the input voltage.

vO

vO

D1

R

vS

Slope = 1 

Slope = 1 Slope = −1 

Slope = −1 

(a)

vS

vO

vO

VB VB

VB

VB

VB

D1

R

vS

(c)

vS

vO

vOD1

R

vS

(b)

vS

vO

vO

VB

vS

(d)

vS

D1

R

+

−

+

+

+

− − −

+

−

+

−

+

−
+

+

−
−

+

−

FIGURE 4.6 Typical transfer characteristics
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Semiconductor Diodes 185

4.4 Practical Diodes

The characteristic of a practical diode that distinguishes it from an ideal one is that the practical diode

experiences a finite voltage drop when it conducts. This drop is typically in the range of 0.5 V to 0.7 V. If

the input voltage to a diode circuit is high enough, this small drop can be ignored. The voltage drop may,

however, cause a significant error in electronic circuits, and the diode characteristic should be taken into

account in evaluating the performance of diode circuits. To understand the internal characteristics of a

practical diode [1], we need to understand its physical operation, which is covered in Chapter 6.

4.4.1 Characteristic of Practical Diodes

The voltage-versus-current (v-i) characteristic of a practical diode is shown in Fig. 4.7. This characteristic,

which can be well approximated by an equation known as the Shockley diode equation [2–4], is given by

(4.1)

where iD � current through the diode, in A

vD � diode voltage with the anode positive with respect to the cathode, in V

IS � leakage (or reverse saturation) current, typically in the range of 10�6 A to 10�15 A

n � empirical constant known as the emission coefficient or the ideality factor, whose value

varies from 1 to 2

The emission coefficient n depends on the material and the physical construction of the diode. For

germanium diodes, n is considered to be 1. For silicon diodes, the predicted value of n is 2 at very

small or large currents; but for most practical silicon diodes, the value of n falls in the range of 1.1

to 1.8.

iD = IS (e
vD >nVT 

-1)

iD (in mA)

Threshold voltage
Region:

right-side:
small voltage
large current

Region:
left-side:

large voltage
small current

(expanded
scale)

vD

Forward
regionReverse region

IZK

–VBR –VZK

VTD = 0.7 V

IBV

Breakdown
region

(compressed scale)

FIGURE 4.7 Voltage-versus-current characteristic of practical diode
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VT in Eq. (4.1) is a constant called the thermal voltage, and it is given by

(4.2)

where q � electron charge � 1.6022 � 10�19 coulomb (C)

TK � absolute temperature in kelvins � 273 � TCelsius
k � Boltzmann’s constant � 1.3806 � 10�23 J per kelvin

At a junction temperature of 25°C, Eq. (4.2) gives the value of VT as

At a specific temperature, the leakage current IS will remain constant for a given diode. For small-

signal (or low-power) diodes, the typical value of IS is 10�9 A. We can divide the diode characteristic

of Fig. 4.7 into three regions, as follows:

Forward-biased region, where vD � 0

Reverse-biased region, where vD � 0

Breakdown region, where �VZK � vD � 0

Forward-Biased Region

In the forward-biased region, vD � 0. The diode current iD will be very small if the diode voltage vD is less

than a specific value VTD, known as the threshold voltage or the cut-in voltage or the turn-on voltage (typ-

ically 0.7 V). The diode conducts fully if vD is higher than VTD. Thus, the threshold voltage is the voltage

at which a forward-biased diode begins to conduct fully.

Assume that a small forward voltage of vD � 0.1 V is applied to a diode of n � 1. At room tem-

perature, VT � 25.8 mV. From Eq. (4.1), we can find the diode current iD as

Therefore, for vD � 0.1 V, which is usually the case, iD �� IS, and Eq. (4.1) can be approximated within

2.1% error by

(4.3)

Reverse-Biased Region

In the reverse-biased region, �VZK � vD � 0. That is, vD is negative. If ⏐vD⏐�� VT, which occurs for

vD � �0.1 V, the exponential term in Eq. (4.1) becomes negligibly small compared to unity, and the diode

current iD becomes

(4.4)iD = IS(e-ƒvD ƒ  >nVT 
-1) L - IS

iD = IS(evD >nVT 
-1) L ISevD >nVT

 L 48.23IS   with 2.1% error

iD = IS(evD >nVT 
-1) = IS(e0.1>(1*  0.0258) 

-1) = IS(48.23 -1)

VT =

kTK

q
=

(1.3806 * 10-23)(273 + 25)

1.6022 * 10-

 
19 =

TK

11, 605.1
L 25.8 mV

VT =

kTK

q
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which indicates that the diode current iD remains constant in the reverse direction and is equal to IS in

magnitude.

Breakdown Region

In the breakdown region, the reverse voltage is high—usually greater than 100 V. If the magnitude of

the reverse voltage exceeds a specified voltage known as the breakdown voltage VBR, the correspond-

ing reverse current IBV increases rapidly for a small change in reverse voltage beyond VBR. Operation

in the breakdown region will not be destructive to the diode provided the power dissipation (PD � vDiD)

is kept within the safe level specified in the manufacturer’s data sheet. It is often necessary, however,

to limit the reverse current in the breakdown region so that the power dissipation falls within a per-

missible range.

4.4.2 Determination of Diode Constants

Diode constants IS and n can be determined either from experimentally measured v-i data or from the v-i
characteristic. There are a number of steps to be followed. Taking the natural (base e) logarithm of both

sides of Eq. (4.3), we get

which, after simplification, gives the diode voltage vD as

(4.5)

If we convert the natural log of base e to the logarithm of base 10, Eq. (4.5) becomes

(4.6)

which indicates that the diode voltage vD is a nonlinear function of the diode current iD. If VD1 is the diode

voltage corresponding to diode current ID1, Eq. (4.5) gives

(4.7)

Similarly, if VD2 is the diode voltage corresponding to the diode current ID2, we get

(4.8)

Therefore, the difference in diode voltages can be expressed by

(4.9)VD2 - VD1 = nVT  ln a ID2

IS
b - nVT  ln a ID1

IS
b = nVT  ln a ID2

ID1
b

VD2 = nVT  ln a ID2

IS
b

VD1 = nVT  ln a ID1

IS
b

vD = 2.3nVT  log a iD

IS
b

vD = nVT  ln a iD

IS
b

ln iD = ln IS +

vD

nVT
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which can be converted to the logarithm of base 10 as

(4.10)

This shows that for a decade (i.e., a factor of 10) change in diode current ID2 � 10ID1, the diode voltage

will change by 2.3nVT. Thus, Eq. (4.6) can be written as

(4.11)

If this equation is plotted on a semilog scale with vD on the vertical linear axis and iD on the horizontal log

axis, the characteristic will be a straight line with a slope of �2.3nVT per decade of current, and its equa-

tion will have the form of a standard straight-line equation—that is,

y � mx � c

where c � 2.3nVT log IS and m � 2.3nVT per decade of current. The plot of Eq. (4.11) is shown in

Fig. 4.8. With vD in the linear scale and iD in the log scale.

Thus, based on the experimental results from an unknown diode, the v-i characteristic can be plot-

ted on a semilog scale. The values of IS and n can be calculated as follows:

Step 1. Plot vD against iD on a semilog scale, as shown in Fig. 4.8 with vD in the linear scale and iD
in the log scale.

Step 2. Find the slope m per decade of current change on the vD-axis.

Step 3. Find the emission coefficient n for the known value of slope m—that is,

Step 4. Find the intercept c on the vD-axis.

Step 5. Find the value of IS from

2.3nVT  log IS = c

n =

m

2.3VT
=

m

2.3 * 0.0258

vD = 2.3nVT log iD - 2.3nVT log IS

VD2 - VD1 = 2.3nVT  log a ID2

ID1
b

i D
 (

in
 m

A
)

vD

0
1

10

100

0.2 0.4 0.6 0.8 1.0

c = 2.3nVT log (IS) 

m = 2.3nVT

 

–0.2

FIGURE 4.8 Diode v-i characteristic plotted on a

semilog scale
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Finding diode constants The measured values of a diode at a junction temperature of 25°C are given by

Determine (a) the emission coefficient n and (b) the leakage current IS.

SOLUTION

VD1 � 0.5 V at ID1 � 5 	A, and VD2 � 0.6 V at ID2 � 100 	A. At 25°C, VT � 25.8 mV.

(a) From Eq. (4.9),

which gives nVT � 0.03338, and n � 0.03338 ⁄VT � 0.03338 ⁄ (25.8 � 10�3) � 1.294.

(b) From Eq. (4.5),

which gives IS � 1.56193 � 10�12 A.

VD1 = nVT  ln a ID1

IS
b or 0.5 = 0.03338 ln a5 * 10-6

IS
b

VD2 - VD1 = nVT  ln a ID2

ID1
b or 0.6 - 0.5 = nVT  ln a100 	A

5 	A
b

VD = u 0.5 V   at ID = 5 	A

0.6 V   at ID = 100 	A

EXAMPLE 4.4

4.4.3 Temperature Effects

The leakage current IS depends on the junction temperature Tj (in Celsius) and increases at the rate of

approximately �7.2% per degree Celsius for silicon and germanium diodes [1, 5]. Thus, by adding the

increments for each degree rise in the junction temperature up to 10°C, we get

L 2IS

+ (0.0729
+ 0.07210 )]

+ (0.0726
+ 0.0727) + (0.0727

+ 0.0728) + (0.0728
+ 0.0729)

+ (0.0723
+ 0.0724) + (0.0724

+ 0.0725) + (0.0725
+ 0.0726)

IS(Tj = 10) = IS[1 + 0.072 + (0.072 + 0.0722) + (0.0722
+ 0.0723)

Once the values of IS and n have been determined, the diode voltage vD can be expressed explicitly as a

function of the diode current iD, as in Eq. (4.5).
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That is, IS approximately doubles for every 10°C increase in temperature and can be related to any tem-

perature change by

(4.12)

where IS(To) is the leakage current at temperature To. Substituting VT � kTK ⁄q in Eq. (4.5) gives the

temperature dependence of the forward diode voltage. That is,

(4.13)

which, after differentiation of vD with respect to Tj, gives

(4.14)

which decreases with the temperature Tj for a constant vD. At a given diode current iD, the diode voltage

vD decreases with the temperature. The temperature dependence of the forward diode characteristic is

shown in Fig. 4.9.

The threshold voltage VTD also depends on the temperature Tj. As the temperature increases, VTD
decreases, and vice versa. VTD, which has an approximately linear relationship to temperature Tj, is

given by

(4.15)

where To � junction temperature at 25°C

Tj � new junction temperature, in °C

VTD(To) � threshold voltage at junction temperature To, which is 0.7 V for a silicon diode, 0.3

V for a germanium diode, and 0.3 V for a Schottky diode (discussed in Sec. 6.6)

VTD(Tj) � threshold voltage at new junction temperature Tj

KTC � temperature coefficient, in V/°C, which is �2.5 mV/°C for a germanium diode, 

�2 mV/°C for a silicon diode, and �1.5 mV/°C for a Schottky diode

VTD(Tj ) = VTD(To) + KTC (Tj - To)

0vD

0Tj
=

nk

q
 ln a iD

IS
b -

nk(273 + Tj)

qIS
 
dIS

dTj
=

vD

273 + Tj
-

nVT

IS
 
dIS

dTj

vD =

nk(273 + Tj )

q
 ln a iD

IS
b

IS(Tj ) = IS(To) * 2(Tj -  To)>10
= IS(To) * 20.1(Tj -  To)

iD

VTD3 VTD2 VTD10 vD

ID
Tj3 > Tj2 > Tj1

VD3 < VD2 < VD1

VD1VD2VD3

Tj3 Tj2 Tj1

FIGURE 4.9 Temperature dependence of diode current
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Semiconductor Diodes 191

Finding the temperature dependence of threshold voltage The threshold voltage VTD of a silicon

diode is 0.7 V at 25°C. Find the threshold voltage VTD at (a) Tj � 100°C and (b) Tj � �100°C.

SOLUTION

At To � 25°C, VTD(To) � 0.7 V. The temperature coefficient for silicon is KTC � �2 mV/°C.

(a) At Tj � 100°C, from Eq. (4.15),

(b) At Tj � �100°C, from Eq. (4.15),

Thus, a change in the temperature can significantly change the value of VTD.

 = 0.7 - 2 * 10-3
* (-100 - 25) = 0.95 V

VTD(Tj ) = VTD(To) + KTC(Tj - To)

 = 0.7 - 2 * 10-3
* (100 - 25) = 0.55 V

VTD(Tj ) = VTD(To) + KTC(Tj - To)

EXAMPLE 4.5

Finding the temperature dependence of diode current The leakage current of a silicon diode is 

IS � 10�9 A at 25°C, and the emission coefficient is n � 2. The operating junction temperature is Tj � 60°C.

Determine (a) the leakage current IS and (b) the diode current iD at vD � 0.8 V.

SOLUTION

IS � 10�9 A at To � 25°C, Tj � 60°C, and vD � 0.8 V.

(a) From Eq. (4.12), the value of IS at Tj � 60°C is

(b) At TK � 273 � 60 � 333 K, Eq. (4.2) gives

From Eq. (4.3), we can find the diode current iD:

iD L ISevD>nVT
= 11.31 * 10-9

* e0.8>(2 *  0.02869)
= 12.84 mA

VT =

kTK

q
=

1.3806 * 10-23
* (273 + 60)

1.6022 * 10-19
= 28.69 mV

IS(Tj = 60) = IS(To)20.1(Tj -  To)
= 10-

 
9

* 20.1* (60 -  25)
= 11.31 * 10-

 
9 A

EXAMPLE 4.6
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4.5 Analysis of Practical Diode Circuits

A diode is used as a part of an electronic circuit, and the diode current iD becomes dependent on other cir-

cuit elements. A simple diode circuit is shown in Fig. 4.10. Applying Kirchhoff’s voltage law (KVL), we

can express the source voltage VS and the diode current iD by

which gives the diode current iD as

(4.16)

Since the diode will be forward biased, the diode current iD is related to the diode voltage vD by the

Shockley diode equation,

(4.17)

which shows that iD depends on vD, which in turn depends on iD. Thus, Eqs. (4.16) and (4.17) can be solved

for vD and iD by any of the following methods: graphical method, approximate method, or iterative method.

4.5.1 Graphical Method

Let us assume that vD is positive. Then Eq. (4.17) represents the diode characteristic in the forward direc-

tion. Equation (4.16) is the equation of a straight line with a slope of �1/RL and represents the load char-

acteristic known as the load line. If Eqs. (4.16) and (4.17) are plotted on the same graph, as shown in Fig. 4.11,

iD = IS(evD>nVT
- 1)

iD =

VS - vD

RL

VS = vD + RLiD

Microelectronic Circuits: Analysis and Design192

KEY POINTS OF SECTION 4.4

■ A practical diode exhibits a nonlinear v-i characteristic, which can be represented by the Shockley

diode equation.

■ The v-i characteristic curve of a diode can be divided into three regions: the forward-biased region,

the reverse-biased region, and the breakdown region. A diode is normally operated in either the forward-

or the reverse-biased region.

■ Diode constants IS and n can be determined by plotting the v-i characteristic of a diode on a semi-

log scale.

■ The leakage current IS increases at the rate of approximately �7.2% per degree Celsius for silicon

and germanium diodes.

■ Both the diode voltage vD and the threshold voltage VTD decrease with temperature.

RL

A K

iDvD

VS

+
+

-

- FIGURE 4.10 Simple diode circuit

67722_04_ch04a_p179-202.qxd  2/19/10  9:58 AM  Page 192

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Semiconductor Diodes 193

FIGURE 4.11 Graphical method of analysis

VS
RL

iD

Load line

Forward diode
characteristic

Tangent line at Q-pointIDQ = ID

VDQ = VD

VTD
vDVS

the diode characteristic will intersect the load line at a point Q, which is the operating point (or quiescent
point) of the diode. The coordinates of this Q-point give the quiescent diode voltage VDQ (or simply VD)

and the quiescent diode current IDQ (or simply ID). This graphical approach [6] is not a convenient method

of analysis, and thus it is rarely used in the analysis of diode circuits. However, it helps us understand the

concept of Q-point and the mechanism of diode circuit analysis.

4.5.2 Approximate Method

To solve Eqs. (4.16) and (4.17) by the approximate method, we assume the diode to have a constant volt-

age drop equal to the threshold voltage VTD. That is, vD � VTD, and the diode characteristic is approxi-

mated as a vertical line, as shown in Fig. 4.12. The threshold voltage VTD of small-signal diodes lies in the

range of 0.5 V to 1.0 V. The diode drop for silicon diodes is approximately vD � VTD � 0.7 V, and that for

germanium diodes is vD � VTD � 0.3 V. Using the approximate value of vD, we can find the diode current

iD from Eq. (4.16) as follows:

As an example, let VS � 10 V, vD � VTD � 0.7 V, and RL � 1 k
. Then the operating Q-point current

ID becomes ID � iD � (10 � 0.7) V/(1 k
) � 9.3 mA.

This method gives an approximate solution and does not take into account the nonlinear character-

istic described by Eq. (4.17). This approximation is adequate, however, for many applications and is

useful as a starting point for a circuit design.

� NOTE and are the variable quantities, whereas and are their fixed values, respectively.

4.5.3 Iterative Method

The iterative method uses an iterative solution to find the values of iD and vD from the load line of

Eq. (4.16) and the nonlinear diode characteristic of Eq. (4.17). First a small value of vD is assumed

and Eq. (4.16) is used to find an approximate value of iD, which is then used to calculate a better

IDVDiDvD

iD =

VS - vD

RL
=

VS - 0.7 (or 0 .3 for germanium)

RL

VD = VTD0

iD

vD

FIGURE 4.12 Approximate diode characteristic
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approximation of diode voltage vD from Eq. (4.17). This completes one iteration; the iterations con-

tinue until the desired accuracy has been obtained. The steps can be described as follows:

Step 1. Start with an arbitrary point a, as shown in Fig. 4.13, and assume a fixed value of vD (say

0.7 V) at a specified value of iD.

Step 2. Find point b by calculating the value of iD from the load characteristic described by Eq. (4.16).

Step 3. Find point c by calculating a modified value of vD from the diode characteristic described

by Eq. (4.17) or Eq. (4.9). This completes one iteration.

Step 4. Find point d by calculating the value of iD from the load characteristic described by Eq. (4.16).

Step 5. Find point e by calculating a modified value of vD from the diode characteristic described

by Eq. (4.17). This completes two iterations.

Step 6. Find point f by calculating the value of iD from the load characteristic described by Eq. (4.16).

Step 7. Find point g by calculating a modified value of vD from the diode characteristic described

by Eq. (4.17) or Eq. (4.9). This completes three iterations.

This process is continued until the values of iD and vD converge to within the range of desired accuracy.

4.5.4 Mathematical Method

Equating in Eq. (4.16) with that of Eq. (4.17), we get the following relationship: 

(4.18)

This can be solved for the diode voltage by using computer software such as MATHCAD or MATLAB

if the values of , , , and are known. Once the value of is found, the value of can be deter-

mined from Eq. (4.16) or Eq. (4.17).

iDvDISVTRLh

vD

iD =

(VS - vD>RL)

RL
= IS aevD>hVT

- 1b M IS  evD>hVT

iD

VS
RL

iD

Load line

Forward diode
characteristic

Q-point

vDVSVDa

b c

de

f
g

h
ID

FIGURE 4.13 Paths for the iterative method

Finding the Q-point of a diode circuit The diode circuit shown in Fig. 4.10 has RL � 1 k
 and 

VS � 10 V.  The emission coefficient is n � 1.84, the thermal voltage is VT � 25.8 mV, and the leakage current

is IS � 2.682 � 10�9 A. Calculate the Q-point (or the operating point) VD and ID by (a) the approximate

method, (b) the iterative method with three iterations, and (c) the mathematical method.  Assume a default value

of vD � 0.61 V as the initial guess.

SOLUTION

If the initial guess of vD is not specified, we can use the default value of vD � 0.70 V. But it should affect the

final results as long as the initial guess value is reasonable around 0.7 V.

EXAMPLE 4.7
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Semiconductor Diodes 195

(a) . From Eq. (4.16), iD � (VS� vD)/RL � (10 � 0.61)/1 k
 � 9.39 mA.

(b) RL � 1 k
, n � 1.84, VT � 25.8 mV, and vD � 0.61 V at iD � 1 mA.

Iteration 1: Assume vD � 0.61 V. From Eq. (4.16),

From Eq. (4.5), the new value of vD is

Iteration 2: Assume the values of vD from the previous iteration. That is, set vD � vD(new) � 0.7153 V. From

Eq. (4.16),

From Eq. (4.5), the new value of vD is

Iteration 3: Assume the values of vD from the previous iteration. That is, set vD � vD(new) � 0.7148 V. From

Eq. (4.16),

From Eq. (4.5), the new value of vD is

Therefore, after three iterations, VD � vD(new) � 0.7158 V and ID � iD(new) � 9.285 mA. Note that the results

of iteration 3 do not differ significantly from those of iteration 2. In fact, there was no need for iteration 3.

(c) Substituting for the given values in Eq. (4.18), , we get (10 � vD)/k
 �

which, after solving by MATHCAD software function, gives 

and

NOTE: Four-digit answers were used to control computational errors and the number of iterations needed

to reach the solution. In reality, resistors will have tolerances, and such accuracy may not be necessary.

ID = ISe-VD>hVT
= (2.682 * 10-

 
9)e-

 
0.7148>(1.84 *  25.8 *  10-3) 

= 9.2845 mA

0.7148 V
VD =2.682 * 10-

 
9

* evD>(1.84 *  25.8 *  10-

 
3)

(VS - vD)>RL M   ISevD>hVT

 = 1.84 * 0.0258 ln a 9.285

2.682 * 10-

 
9
b = 0.7158 V

vD(new) = nVT ln a iD(new)

IS
b

iD(new) =

VS - v D

RL
=

(10 - 0.7148) V

1 kÆ

= 9.285 mA

 = 1.84 * 0.0258 ln a 9.2847

2.682 * 10-

 
9
b = 0.7148 V

vD(new) = nVT ln a iD(new)

IS
b

iD(new) =

VS - v D

RL
=

(10 - 0.7153) V

1 kÆ

= 9.2847 mA

 = 1.84 * 0.0258 ln a 9.39 mA

2.682 * 10- 9
b = 0.7153 V

vD (new) = nV T ln a iD 

IS
b

iD =

VS - vD

RL
=

(10 - 0.61) V

1 kÆ

= 9.39 mA

VD = vD = 0.61 V
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Method VD (V) ID (mA)

Approximate 0.7 9.39

Iterative 0.7148 9.2852

Mathematical 0.7148 9.2845

TABLE 4.3 The values of VD and ID obtained

by different methods

KEY POINTS OF SECTION 4.5

■ The analysis of a diode circuit involves solving a nonlinear diode equation.

■ The graphical method is rarely used.

■ The approximate method gives a quick answer but approximate values. The mathematical solution by

MATHCAD gives quick but accurate results. In the absence of any computer-aided solution, the iter-

ative method also gives accurate results. Comparisons of the values obtained by these three methods

for Example 4.7 are shown in Table 4.3.

4.6 Modeling of Practical Diodes

In practice, multiple diodes are used in a circuit. Therefore, diode circuits become complex, and analysis

by the graphical or iterative method becomes time-consuming and laborious. To simplify the analysis

and design of diode circuits, we can represent a diode by one of the following models: constant-drop DC

model, piecewise linear DC model, low-frequency AC model, high-frequency AC model, or SPICE

diode model.

4.6.1 Constant-Drop DC Model

The constant-drop DC model assumes that a conducting diode has a voltage drop vD that remains

almost constant and is independent of the diode current. Therefore, the diode characteristic becomes

a vertical line at the threshold voltage; that is, vD � VTD. The Q-point is determined by adding the

load line to the approximate diode characteristic, as shown in Fig. 4.14(a). The diode voltage vD is

expressed by

The circuit model is shown in Fig. 4.14(b). The typical value of VTD is 0.7 V for silicon diodes and 0.3 V

for germanium diodes. With this model, the diode current iD can be determined from

(4.19)iD =

VS - VTD

RL

v
D = u vTD  for vD Ú   VTD

0      for vD 6 VTD
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Semiconductor Diodes 197

4.6.2 Piecewise Linear DC Model

The voltage drop across a practical diode increases with its current. The diode characteristic can be rep-

resented approximately by a fixed voltage drop VTD and a straight line, as shown in Fig. 4.15(a). The

straight line a takes into account the current dependence of the voltage drop, and it represents a fixed

resistance RD, which remains constant. The line a can pass through at most two points; it is usually drawn

tangent to the diode characteristic at the estimated Q-point. This model represents the diode characteris-

tic approximately by two piecewise parts: a fixed part and a current-dependent part. A piecewise linear

representation of the diode is shown in Fig. 4.15(b). The steps for determining the model parameters are

as follows:

Step 1. Draw a line tangent to the current-dependent part of the forward diode characteristic at the

estimated Q-point. A best-fit line through the current-dependent part is generally acceptable.

Step 2. Use the intercept on the vD-axis as the fixed drop VTD.

VS
RL

iD

ID
Q-point

VS
vD

Approximate
characteristic

VD = VTD

(a)  Q-point (b)  Circuit model

+

+
+

−

−
−

VTD iD

VS

vD

Ideal

IdealRr (large) RL

FIGURE 4.14 Constant-drop DC model

VS
RL

iD

VS
vD

(b)  Circuit model

Tangent line aDiode
characteristic

vX − VTD
iX

(a)  Q-point

vXVTD

1
RD

Slope =

RD =Q-point

iX

VS

VTD iD

vD

Ideal

Rr (large) Ideal RL

+
+

+
−

−
−

RD=

FIGURE 4.15 Piecewise linear DC model

67722_04_ch04a_p179-202.qxd  2/19/10  9:58 AM  Page 197

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Microelectronic Circuits: Analysis and Design198

Step 3. Choose a suitable current iX on the iD-axis of the tangent line a, and read the corresponding

voltage vX on the vD-axis. iX is normally chosen to be the maximum diode current; that is, iX � iD(max) �
VS ⁄RL.

Step 4. Calculate the resistance RD, which is the inverse slope of the tangent line.

(4.20)

This model determines the value of RD at the Q-point and does not take into account the actual shape

of the diode characteristic at other points. Therefore, if the Q-point changes as a result of variations in the

load resistance RL or the DC supply voltage VS, the value of RD will change. However, the piecewise model

is quite satisfactory for most applications. Using this model and applying KVL, we find that the diode

current iD in Fig. 4.15(b) is given by

(4.21)

which gives the diode current iD as

(4.22)iD =

VS - VTD

RD + RL

VS = VTD + RDiD + RLiD

RD =

¢vD

¢iD
`
at estimated Q-point

=

vX - VTD

iX

Finding the Q-point of a diode circuit and diode model parameters by two different methods
The diode circuit shown in Fig. 4.16(a) has VS � 10 V and RL � 1 k
. The diode characteristic is shown in

Fig. 4.16(b). Determine the diode voltage vD, the diode current iD, and the load voltage vO by using (a) the

piecewise linear DC model and (b) the constant-drop DC model.

EXAMPLE 4.8

iD (in mA)

vD

VS
10 V

RL
1 kΩ

Load line
Q-point

Tangent
at Q-point

Diode
characteristic

iD

VD

vO

0

2

2 0.2 0.4 0.6
VTD

0.8

4

6

8

10

(b)  Characteristic(a)  Circuit

+

+

+−

−

−

FIGURE 4.16 Diode circuit for Example 4.8
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SOLUTION

VS � 10 V and RL � 1 k
. Thus, iD(max) �

(a) If we follow the steps described in Sec. 4.6.2, the tangent or best-fit line gives VTD � 0.6 V and vX � 0.8 V
at iX � iD(max) � 10 mA. From Eq. (4.20), the resistance RD of the current-dependent part is

From Fig. 4.15(b), the diode current is

From Fig. 4.15(b), the diode voltage is

Thus, the load voltage becomes

NOTE: The diode mode parameters are and .

(b) Using Eq. (4.19) for the constant-drop DC model of Fig. 4.14(b), we get the diode current

The load voltage is

for an error of (9.4 � 9.216) ⁄ 9.4 � 1.96% compared to the piecewise linear model.

NOTES:

1. The diode mode parameters are and .

2. If the supply voltage VS is much greater than the diode voltage drop vD, the constant-drop DC model will

give acceptable results. If the diode voltage vD is comparable to the supply voltage VS, the piecewise linear

DC model, which gives better results, is generally acceptable in most applications.

RD = 0   ÆVTD = 0.6   V

vO = VS - VTD = 10 - 0.6 = 9.4 V

iD =

VS - VTD

RL
=

(10 - 0.6) V

1 kÆ

= 9.4 mA

RD = 20   ÆVTD = 0.6   V

vO = VS - VD = 10 - 0.784 = 9.216 V

v D = VTD + RDiD = 0.6 + 20 * 9.22 * 10-

 
3

= 0.784 V

iD =

VS - VTD

RL + RD
=

(10 - 0.6) V

1 kÆ + 20Æ

= 9.22 mA

RD =

v X - VTD

iX
=

(0.8 - 0.6) V

(10 mA)
= 20 Æ

VS

RL
=

10 V

1 kÆ

= 10 mA.

4.6.3 Low-Frequency Small-Signal Model

In electronic circuits, a DC supply normally sets the DC operating point of electronic devices including

diodes, and an AC signal is usually then superimposed on the operating point. Thus, the operating point,

which consists of both a DC component and an AC signal, will vary with the magnitude of the AC signal.
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Since the iD-vD characteristic of a diode is nonlinear, the diode current iD will also vary nonlinearly with

the AC signal voltage. The magnitude of the AC signal is generally small, however, so the operating point

changes by only a small amount. Thus, the slope of the characteristic (�iD versus �vD) can be approxi-

mated linearly. Under this condition, we can represent the diode as a resistance in order to determine the

response of the circuit to this small AC signal. That is, the nonlinear diode characteristic can be linearized at

the operating point. A small-signal model [7] is widely used for the analysis and design of electronic circuits

in order to obtain their small-signal behavior.

Figure 4.17(a) shows a diode circuit with a DC source VD, which sets the operating point at Q,

defined by coordinates VD and ID. If a small-amplitude sinusoidal voltage vd is superimposed on VD, the

operating point will vary with the time-varying AC signal vd. Therefore, if the diode voltage varies

between (VD � Vm) and (VD � Vm), the corresponding diode current will vary between (ID � �iD ⁄ 2)

and (ID � �iD ⁄ 2). This is illustrated in Fig. 4.17(b), in which the change in the AC diode current id is

assumed to be approximately sinusoidal in response to a sinusoidal voltage vd. However, the diode char-

acteristic is nonlinear and the diode current will be slightly distorted.

Under small-signal conditions, the diode characteristic around the Q-point can be approximated by

a straight line and modeled by a resistance called the dynamic resistance or AC resistance or small-
signal resistance rd, which is defined by

(4.23)

where gd is the small-signal diode transconductance and depends on the slope of the diode characteristic

at the operating point. Since rd is determined from the slope of the diode characteristic at the Q-point,

1
rd

= gd =

¢iD

¢vD
`
at Q-point

~ vd(t) = Vm sin w t 

VD

iD

D1 vD

(a)  Circuit

~vd vd

id

(c)  AC model (b)  Outputs vD and iD

rd  RD

ID

iD

id

VD + VmVD − Vm

VD

vd(t)

vD(t) = VD + vd(t)

iD(t) = ID + id(t)

w t

wt

vD

ΔvD

Vm

ΔiD
2ΔiD

Diode
characteristic

Slope = 1
rd

0

+

+

−

+

−

−

+

−

+

−

FIGURE 4.17 Low-frequency AC model
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its value should be the same as RD of Fig. 4.15(b) if the tangent line is drawn accurately at the DC oper-

ating point.

Determining rd by Differentiating

If the operating point (VD, ID) is known for a given diode characteristic and a load line, we can determine

the value of rd (� RD) directly by considering a change in diode voltage around the operating point. If �vD
and �iD are small, tending to zero, Eq. (4.23) becomes

(4.24)

If vD � 0.1 V, which is usually the case when the diode is operated in the forward direction, then the diode

current iD is related to the diode voltage vD by

(4.25)

Substituting iD from Eq. (4.25) into Eq. (4.24) and differentiating iD with respect to vD gives

(4.26)

which gives the AC resistance (rd � RD) at the operating point (VD, ID). That is,

(4.27)

(4.28)

Notice from Eq. (4.27) that the determination of the AC resistance requires the determination of the diode

current iD at the Q-point.

Determining rd by Taylor Series Expansion

Equation (4.27) can also be derived by Taylor series expansion. The instantaneous diode voltage vD is the

sum of VD and vd. That is,

(4.29)

Substituting vD � VD � vd into Eq. (4.25) gives the instantaneous diode current iD:

(4.30)

If the amplitude of the sinusoidal voltage vd is very small compared to nVT, so that vd �� nVT, we can

use the relation ex � 1 � x. Equation (4.30) can be expanded in Taylor series with the first two terms:

(4.31)iD L ID a1 +

vd

nVT
b = ID + id(t)

 = IDevd >nVT  since ID = ISeVD>nVT

iD L ISe(VD +vd)>nVT
= ISeVD>nVTevd >nVT

vD = VD + vd

 L

0.0258

ID
   at 25°C and for n = 1

rd = RD =

1
gd

=

nVT

iD + IS
L

nVT

ID
   since iD = ID, and ID 77 IS

gd =

1
rd

=

diD

dvD
`
at Q-point

= IS 
1

nVT
 evD>nVT

=

iD + IS

nVT

iD = IS(evD>nVT
- 1) L ISevD>nVT

gd =

1
rd

=

diD

dvD
`
at Q-point
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Thus, the instantaneous diode current iD has two components: a DC component ID and a small-signal AC

component id. This is a mathematical derivation of the principle of superposition introduced in Appendix B.

From Eq. (4.31), the AC diode current id is defined by

(4.32)

which gives the small-signal AC resistance rd as

which is the same as Eq. (4.27). The value of should ideally be the same as the value of if the tan-

gent line is drawn accurately at the DC operating point.

The small-signal AC model of a diode is shown in Fig. 4.17(c). This model is known as the low-
frequency small-signal AC model. It does not take into account the frequency dependency of the diode.

� NOTE

1. The AC resistance rd takes into account the shape of the curve and represents the slope of the characteristic at the

Q-point. If the Q-point changes, the value of rd will also change.

2. RD is determined from the slope of the diode characteristic at an estimated Q-point, whereas rd is determined from

the Shockley diode equation. If rd and RD are determined from the two methods, their values should be the same,

although there may be a small but generally negligible difference.

3. We will see in Chapters 7 and 8 that the concept of small-signal resistance rd in Eq. (4.28) can be applied to

model the small-signal behavior of transistors.

RDrd

rd =

vd

id
=

nVT

ID

id =

vd

nVT
ID

Small-signal analysis of a diode circuit The diode circuit shown in Fig. 4.18 has VS � 10 V, 

Vm � 50 mV, and RL � 1 k
. Use the Q-point found in Example 4.7 by mathematical method to determine the

instantaneous diode voltage vD. Assume an emission coefficient of n � 1.84.

SOLUTION

VT � 25.8 mV, n � 1.84, VS � 10 V, and RL � 1 k
. The iterations of the Q-point analysis in Example 4.7 gave

VD � 0.7148 V and ID � 9.284 mA. Using Eq. (4.27), we can find the AC resistance rd from

The AC equivalent circuit is shown in Fig. 4.19. From the voltage divider rule, the AC diode voltage vd is given by

(4.33)

 =

5.11

5.11 + 1 kÆ

 50 * 10-3 sin v t = 0.2542 * 10-3 sin v  t

vd =

rd

rd + RL
Vm sin vt

rd =

nVT

ID
=

1.84 * 25.8 * 10-3

(9.284 * 10-3)
= 5.11 Æ

EXAMPLE 4.9
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Semiconductor Diodes 203

Therefore, the instantaneous diode voltage vD is the sum of VD and vd. That is,

 = 0.7158 + 0.2542 * 10-

 
3 sin vt V 

v D = vD + vd 

Finding the Q-point of a diode circuit and the diode model parameters from tabular data The

diode circuit shown in Fig. 4.10 has VS � 15 V and RL � 250 �. The diode forward characteristic, which can be

obtained either from practical measurement or from the manufacturer’s data sheet, is given by the following table:

Determine (a) the Q-point (VD, ID), (b) the parameters (VTD and RD) of the piecewise linear DC model, and 

(c) the small-signal AC resistance rd. Assume that the emission coefficient is n � 1 and that VT � 25.8 mV.

SOLUTION

VS � 15 V and RL � 250 �.

(a) From Eq. (4.16), the load line is described by

The diode characteristic is defined by a table of data. The Q-point can be determined from the load line and the

data table by an iterative method, as discussed in Sec. 4.5.3.

Iteration 1: Assume vD � 0.7 V. From Eq. (4.16),

which lies between 50 mA and 60 mA in the table. Thus, we can see from the table of data that the new value

of diode drop vD(new) lies between 1.173 V and 1.212 V. Let us assume that the diode voltage vD(k) corresponds

iD =

(VS - v D)

RL
=

(15 - 0.7)

250
= 57.2 mA

iD =

(VS - vD)

RL

iD (mA) 0 10 20 30 40 50 60 70

vD (V) 0.5 0.87 0.98 1.058 1.115 1.173 1.212 1.25

EXAMPLE 4.10

vd

id

rd
~ vs(t) = Vm sin w t

+

−

+

−

RL

FIGURE 4.19 AC equivalent diode circuit

VS
iD

D1

~

vD

RL

vs(t) = Vm sin w t

+
+

−

−

+

−

FIGURE 4.18 Diode circuit for Example 4.9
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to the diode current iD(k) and the diode voltage vD(k � 1) corresponds to the diode current iD(k � 1). This is

shown in Fig. 4.20. If iD lies between iD(k) and iD(k � 1), then the corresponding value of vD will lie between

vD(k) and vD(k � 1). Thus, vD(new) can be found approximately by linear interpolation from

(4.34)

Iteration 2: Use the value of vD from the previous iteration; that is, set vD � vD(new) � 1.201 V. From Eq. (4.16),

From Eq. (4.34), the new value of vD is

This process is repeated until a stable Q-point is found. After two iterations, we have VD � vD(new) � 1.193 V

and ID � iD(new) � 55.2 mA.

(b) Since RD is the slope of the tangent at the Q-point, we get

(4.35)

The diode threshold voltage is

(c) From Eq. (4.27), the small-signal AC resistance rd is

rd =

nVT

ID
=

1 * 25.8 mV

(55.2 * 10-

 
3)

= 0.5 Æ

VTD = VD - RDID = 1.193 - 3.9 * 55.2 mV = 0.98 V

 =

1.193 - 1.173

(55.2 - 50) * 10-3
= 3.9 Æ

RD =

¢v D

¢iD
`
at Q-point

=

v D - v D(k)

iD - iD(k)
=

v D(k + 1) - v D

iD(k + 1) - iD

vD(new) = 1.173 +

1.212 - 1.173

60 m - 50 m  (55.2 m - 50 m) = 1.193 V

iD = iD(new) =

(15 - 1.201)

250
= 55.2 mA

 = 1.173 +

1.212 - 1.173

60 mA - 50 mA
 (57.2 mA - 50 mA) = 1.201 V

vD(new) = vD(k) +

vD(k + 1) - vD(k)

iD(k + 1) - iD(k)
 [iD - iD(k)]

iD

iD

iD(k)

vD(k) vD
vDvD(k + 1) 

iD(k + 1) 
DvD

DiD

FIGURE 4.20 Linear interpolation for diode voltage
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NOTE: The difference between rd and RD is due to the fact that a diode follows the Shockley diode

equation, whereas the values in the data table are quoted without regard to any relationship. The

correlation will depend on how closely the tabular data match with the Shockley equation [Eq. (4.1)]. 

4.6.4 PSpice/SPICE Diode Model

PSpice/SPICE uses a voltage-dependent current source, as shown in Fig. 4.21(a). rs is the series resistance,

known as the bulk (or parasitic) resistance. It is due to the resistance of the semiconductor and is depen-

dent on the amount of doping. It should be noted that Fig. 4.21(a) is a nonlinear diode model, whereas the

constant-drop DC model, the piecewise linear DC model, and the low-frequency AC model are linear or

piecewise linear models.

At first PSpice/SPICE finds the DC biasing point and then calculates the parameter of the small-

signal model shown in Fig. 4.21(b). Cj is a nonlinear function of the diode voltage vD, and its value equals

Cj � dqj ⁄dvD, where qj is the depletion layer charge. (The junction capacitances and the high-frequency

model are discussed in Sec. 6.8.) PSpice/SPICE generates the small-signal parameters from the oper-

ating point and adjusts the values of rd and Cj for the forward or reverse condition. The diode charac-

teristic can be described in PSpice/SPICE in either a model statement or a tabular representation.

Model Statement

The PSpice/SPICE model statement of a diode has the general form

.MODEL DNAME D (P1=A1 P2=A2 P3=A3 ........PN=AN)

where DNAME is the model name, which can begin with any character but is normally limited to eight

characters. D is the type symbol for diodes. P1, P2, . . . and A1, A2, . . . are the model parameters and their

values, respectively. The model parameters can be found in the PSpice/SPICE library file or can be deter-

mined from the data sheet [8, 9]. For example, a typical statement for diode D1N4148 is as follows:

.MODEL D1N4148 D(IS=2.682N N=1.836 RS=.5664 IKF=44.17M XTI=3 EG=1.11

+ CJO=4P M=.3333 VJ=.5 FC=.5 ISR=1.565N NR=2 BV=100 IBV=100U TT=11.54N)

Semiconductor Diodes 205

Cj

(a)  Large-signal model

rs

Anode

ID

Cathode

iD

Cj

rs

rd

Anode

Cathode

(b)  Small-signal model

vD

-

+

FIGURE 4.21 PSpice/SPICE diode model
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VX = 0VED
1 2 3

+ - FIGURE 4.22 Diode TABLE representation

PSpice/SPICE diode model and analysis The diode circuit shown in Fig. 4.18 has VS � 10 V, 

Vm � 50 mV at 1 kHz, RL � 1 k�, and VT � 25.8 mV. Assume an emission coefficient of n � 1.84.

(a) Use PSpice/SPICE to generate the Q-point and the small-signal parameters and to plot the instantaneous

output voltage vO � vD.

(b) Compare the results with those of Example 4.9. Assume model parameters of diode D1N4148:

IS=2.682N CJO=4P M=.3333 VJ=.5 BV=100 IBV=100U TT=11.54N

SOLUTION

VS � 10 V, Vm � 50 mV, and RL � 1 k�.

(a) From Example 4.7, the Q-point values are VD � 0.7148 V and ID � 9.284 mA. The diode circuit for PSpice sim-

ulation is shown in Fig. 4.23. PSpice simulation gives the following biasing point and small-signal parameters:

ID 9.28E-03 ID � 9.28 mA

VD 7.18E-01 VD � 718 mV

REQ 5.53E+00 rd � 5.53 �

CAP 2.10E-09 Cj � 2.1 nF

EXAMPLE 4.11

Tabular Representation

The TABLE representation is available only in PSpice. It allows the v-i characteristic to be described, and

it has the general form

E<name> N+ N- TABLE {<expression>} = <<(input) value>, <(output) value>>

E�name� is the name of a voltage-controlled voltage source, and N� and N� are the positive and neg-

ative nodes of the voltage source, respectively. The keyword TABLE indicates that the relation is described

by a table of data. The table consists of pairs of values: �(input) value� and �(output) value�. The first

value in a pair is the input, and the second value is the corresponding output. The �expression� is the

input value and is used to find the corresponding output from the lookup table. If an input value falls

between two entries, the output is found by linear interpolation. If the input falls outside the table’s range,

the output is assumed to remain constant at the value corresponding to the smallest or the largest input.

The diode characteristic is represented by a current-controlled voltage source—say ED. That is, the

diode is replaced by a voltage source of ED in series with a dummy voltage source VX of 0. VX acts as an

ammeter and measures the diode current. This is shown in Fig. 4.22. ED is related to ID [i.e., I(VX)] by a

table. The PSpice representation for the diode characteristic in Example 4.10 is shown here:

VX 2 3 DC 0V ; measures the diode current ID

ED 1 2 TABLE {I(VX)} = (0, 0.5) (10m, 0.87) (20m, 0.98) (30m, 1.058) 

+ (40m, 1.115) (50m, 1.173) (60m, 1.212) (70m, 1.25) (80m, 1.5) (300m, 3.0)

Microelectronic Circuits: Analysis and Design206
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Semiconductor Diodes 207

The PSpice plot of the transient response is shown in Fig. 4.24, which gives VD � 718.35 mV and vd(peak) �
vo(peak) � 600.52 �V ⁄ 2 � 300.3 �V. Thus.

(b) Example 4.9 gives VD � 0.7148 V, ID � 9.284 mA, rd � 5.11 �, vd � 254.2 	 10�6 sin �t, and vd(peak) �
254.2 �V, which agree closely with the PSpice results.

vd = 300.3 * 10-6 sin vt  and     vd(peak) = 300.3 �V

~

2
+

−

−

+

+

−

1

0

3

RL
1 kΩ

VSS

vO

10 V

vS

D1
D1N4148

FIGURE 4.23 Diode circuit for

PSpice simulation FIGURE 4.24 PSpice plot for Example 4.11

KEY POINTS OF SECTION 4.6

■ The constant-drop DC model assumes a fixed voltage drop of the diode. It gives a quick but approx-

imate result. It is best suited for finding the approximate behavior of a circuit, especially at the initial

design stage.

■ The piecewise linear DC model breaks the nonlinear diode characteristic into two parts: a fixed DC

voltage and a current-dependent voltage drop across a fixed resistance. The resistance is determined

by drawing a best-fit line through the estimated Q-point on the current-dependent part. This model is

commonly used for the analysis of diode circuits, and it gives reasonable results for most applications.

■ The low-frequency AC model represents the behavior of a diode in response to a variation of the Q-point

caused by a small signal. It is modeled by a small-signal resistance drawn as a tangent at the Q-point

and is dependent on the diode current. The resistance can be approximated by that of the piecewise linear

model. Thus this model can be regarded as an extension of the piecewise linear DC model.

■ The high-frequency AC model represents the frequency response of the diode by incorporating two

junction capacitances (diffusion and depletion layer) into the low-frequency AC model. The depletion

layer capacitance is dependent on the diode reverse voltage. But the diffusion capacitance is directly

proportional to the diode current and is present only in the forward direction.

■ PSpice/SPICE generates a complex but accurate model. However, it is necessary to define the

PSpice/SPICE model parameters, which can be obtained from the PSpice/SPICE library or from the

manufacturer. These parameters can also be determined from the diode characteristic.
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4.7 Zener Diodes

If the reverse voltage of a diode exceeds a specific voltage called the breakdown voltage, the diode will

operate in the breakdown region. In this region the reverse diode current increases rapidly. The diode volt-

age remains almost constant and is practically independent of the diode current. However, operation in the

breakdown region will not be destructive if the diode current is limited to a safe value by an external

circuitry so that the power dissipation within the diode is within permissible limits specified by the manu-

facturer and the diode does not overheat.

A diode especially designed to have a steep characteristic in the breakdown region is called a zener diode.
The symbol for a zener diode is shown in Fig. 4.25(a), and its v-i characteristic appears in Fig. 4.25(b). VZK
is the knee voltage, and IZK is its corresponding current. A zener diode is specified by its breakdown voltage,

called the zener voltage (or reference voltage) VZ, at a specified test current IZ � IZT. IZ(max) is the maximum

current that the zener diode can withstand and still remain within permissible limits for power dissipation.

IZ(min) is the minimum current, slightly below the knee of the characteristic curve, at which the diode exhibits

the reverse breakdown. That is, IZ(min) IZK.

The forward and reverse characteristics of a zener diode are represented by an arrow symbol. The arrow

points toward the positive current iD. In the forward direction, the zener diode behaves like a normal diode;

its equivalent circuit is shown in Fig. 4.25(c). In the reverse direction, it offers a very high resistance, acting

like a normal reverse-biased diode if ⏐vD⏐ � VZ and like a low-resistance diode if ⏐vD⏐ � VZ. For exam-

ple, let us consider a zener diode with a nominal voltage VZ � 5 V 
 2 V. For 3 V � ⏐vD⏐ � 5 V in the

reverse direction, the diode will normally exhibit a zener effect. For 5 V � VZ � 7 V, the breakdown could

be due to the zener effect, the avalanche effect, or a combination of the two.

The reverse (zener) characteristic of Fig. 4.25(b) can be approximated by a piecewise linear model

with a fixed voltage VZO and an ideal diode in series with resistance RZ. The equivalent circuit of the

zener action is shown in Fig. 4.25(d) for ⏐vD⏐ � VZ. RZ depends on the inverse slope of the zener char-

acteristic and is defined as

(4.36)RZ =

¢vZ

iZ
`
at v Z

=

¢vD

¢iD
`
for vD 6  0 and iD 6  0

«

Microelectronic Circuits: Analysis and Design208

(d)  Reverse (zener)

Ideal Ideal

+

− −
+

vD

D1

RD

VTD

(c)  Forward

+

+
−

−A

K

iD

iZ

vD vZ

(a)  Symbol

Large voltage,
small current

Large voltage,
large current

–VD(max)
–VZ –VZK

ΔvZ

ΔiZIZ

Small voltage,
large current

vD

–VD(min)

IZ(min)

IZ(max)

IZK

(b)  Zener characteristic

iD

iZ

+

−

−
+

vD

D1

RZ

VZO = VBR

FIGURE 4.25 Characteristic of zener diodes
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RZ is also called the zener resistance. The value of RZ remains almost constant over a wide range of the

zener characteristic. However, its value changes rapidly in the vicinity of the knee point. Thus, a zener

diode should be operated away from the knee point. The typical value of RZ is a few tens of ohms, but it

increases with current iD. At the knee point of the zener characteristic, RZ has a high value, typically 3 k�.

The zener current iZ (� �iD) can be related to VZO and RZ by

(4.37)

4.7.1 Zener Regulator

A zener diode may be regarded as offering a variable resistance whose value changes with the current so

that the voltage drop across the terminals remains constant. Therefore, it is also known as a voltage refer-
ence diode. The value of RZ is very small. Thus, the zener voltage vZ is almost independent of the reverse

diode current iD � �iZ. Because of the constant voltage characteristic in the breakdown region, a zener

diode can be employed as a voltage regulator. A regulator maintains an almost constant output voltage even 

though the DC supply voltage and the load current may vary over a wide range. A zener voltage regulator

is shown in Fig. 4.26(a). A zener voltage regulator is also known as a shunt regulator because the zener

diode is connected in shunt (or parallel) with the load RL. The value of current-limiting resistance Rs should

be such that the diode can operate in the breakdown region over the entire range of input voltages vS and

variations of the load current iL.

If the zener diode is replaced by its piecewise linear model with VZO and RZ, the equivalent circuit

shown in Fig. 4.26(b) is created. If the supply voltage vS varies, then the zener current iZ will vary

because of the presence of RZ, thereby causing a variation of the output voltage. This variation of the

output voltage is defined by a factor called the line regulation, which is related to Rs and RZ:

(4.38)

If the load current iL increases, then the zener current iZ will decrease because of the presence of RZ,

thereby causing a decrease of the output voltage. This variation of the output voltage is defined by a factor

called the load regulation, which is related to Rs and RZ:

(4.39)Load regulation =

¢vO

¢iL
= - (RZ||Rs)

Line regulation =

¢vO

¢vS
=

RZ

RZ + Rs

  vZ = vZO + RZiZ

Semiconductor Diodes 209

vO

Rs

iS

iL

RL

RL

iZ iL

VTD

RD

iS

iD

iR
vZ

VZO

RZ

(a)  Circuit

Ideal Ideal
+

+

-

-
+
-

-
+

+
-

+

-

+

-

vS vS

Rs

(b)  Equivalent circuit

vZ

FIGURE 4.26 Zener shunt regulator
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Microelectronic Circuits: Analysis and Design210

Any change in the zener voltage VZO will increase the output voltage. The variation of the output voltage

is defined by a factor called the zener regulation, which is related to Rs and RZ:

Thus, applying the superposition theorem, we can find the effective output voltage vO of the regulator in

Fig. 4.26(b) as follows:

(4.40)=

Rs

RZ + Rs
¢VZO +

RZ

RZ + Rs
¢vS - (RZ||Rs)¢iL

vO =

¢vO

¢VZO
¢VZO +

¢vO

¢vS
¢vS +

¢vO

¢iL
¢iL

Zener regulation =
¢vO

¢VZO
=

Rs

RZ + Rs

Design of a zener regulator The parameters of the zener diode for the voltage regulator circuit of Fig. 4.26(a)

are VZ � 4.7 V at test current IZT � 53 mA, RZ � 8 �, and RZK � 500 � at IZK � 1 mA. The supply voltage

is vS � VS � 12 
 2 V, and Rs � 220 �.

(a) Find the nominal value of the output voltage vO under no-load condition RL � �.

(b) Find the maximum and minimum values of the output voltage for a load resistance of RL � 470 �.

(c) Find the nominal value of the output voltage vO for a load resistance of RL � 100 �.

(d) Find the minimum value of RL for which the zener diode operates in the breakdown region.

SOLUTION

Using Eq. (4.37), we have

(a) For RL � �, the zener current is

The output voltage is

(b) A change in the supply voltage by �vS � 
2 V will cause a change in the output voltage, which we can

find from Eq. (4.38):

The nominal value of the load current is iL � VZ ⁄RL � 4.7 ⁄470 � 10 mA. A change in the load current by

�iL � 10 mA will also cause a change in the output voltage, which we can find from Eq. (4.39):

¢vO(load) = - (RZ||Rs)¢iL = - (8 Æ||220 Æ) * 10 mA = -77.19 mV

¢vO(supply) =

¢vSRZ

RZ + Rs
=

;2 * 8

8 + 220
= ;70.18 mV

 vO = VZO + RZiZ = 4.28 V + 8 Æ * 33.86 mA = 4.55 V

iZ =

VS - VZO

RZ + Rs
=

12 - 4.28

8 + 220
= 33.86 mA

VZO = VZ - RZIZ T = 4.7 V - 8 Æ * 53 mA = 4.28 V

EXAMPLE 4.12

D
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4.7.2 Design of a Zener Regulator

If iZ is the zener current and iL is the load current, the value of resistance Rs can be found from

(4.43)

To ensure that the zener diode operates in the breakdown region under the worst-case conditions, the reg-

ulator must be designed to do the following:

1. To ensure that the zener current will exceed iZ(min) when the supply voltage is minimum VS(min)
and the load current is maximum iL(max). Applying Eq. (4.43), we can find Rs from

(4.44)

2. To ensure that the zener current will not exceed iZ(max) when the supply voltage is maximum

VS(max) and the load current is minimum iL(min). Using Eq. (4.43), we can find Rs from

(4.45)Rs =

VS(max) - (VZO + RZ iZ(min))

iZ(max) + iL(min)

Rs =

VS(min) - (VZO + RZ iZ(min))

iZ(min) + iL(max)

Rs =

VS - VZO - RZ iZ

iZ + iL
    for vS = VS

Semiconductor Diodes 211

Therefore, the maximum and minimum values of the output voltage can be found from

(c) The nominal value of the load current is iL � VZ ⁄RL � 4.7 ⁄100 � 47 mA, which is not possible because

the maximum current that can flow through RZ is only 33.86 mA. Thus, the zener diode will be off, and the

output voltage will be the voltage across RL. That is,

(d) For the zener diode to be operated in the breakdown region, allowing only IZK to flow, the maximum

current that can flow through RL is given by (assuming IZK � IZ at vZ � VZO)

(4.41)

Therefore, the minimum value of RL that guarantees operation in the breakdown region is given by

(4.42)

 Ú
4.28 V

25 mA
= 171.2 Æ

RL( min ) Ú

VZO

iL( max )

 =

(10 - 4.28) V

220 Æ
 -1 mA = 25 mA

iL(max) =

VS(min) - VZO

Rs
- IZK

vO =

RL

RL + Rs
 VS =

100

100 + 220
  * 12 = 3.75 V

 vO(min) = 4 - 70.18 mV - 77.19 mV = 4.47 V

vO (max) = 4.55 V + 70.18 mV - 77.19 mV = 4.54 V
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Equating Rs in Eq. (4.44) to Rs in Eq. (4.45), we get the relationship of the maximum zener

current in terms of the variations in VS and iL. That is,

(4.46)

As a rule of thumb, the minimum zener current iZ(min) is normally limited to 10% of the maximum

zener current iZ(max) to ensure operation in the breakdown region. That is,

iZ(min) � 0.1 	 iZ(max)
(4.47)

(VS(min) - VZO - RZ iZ(min))(iZ(max) + iL(min))

= (VS(max) - VZO - RZ iZ(max))(iZ(min) + iL(max))

Microelectronic Circuits: Analysis and Design212

Design of a zener regulator The parameters of a 6.3-V zener diode for the voltage regulator circuit of

Fig. 4.26(a) are VZ � 6.3 V at IZT � 40 mA and RZ � 2 �. The supply voltage vS � VS can vary between 12 V

and 18 V. The minimum load current is 0 mA. The minimum zener diode current iZ(min) is 1 mA. The power

dissipation PZ(max) of the zener diode must not exceed 750 mW at 25°C. Determine (a) the maximum per-

missible value of the zener current iZ(max), (b) the value of Rs that limits the zener current iZ(max) to the value

determined in part (a), (c) the power rating PR of Rs, and (d) the maximum load current iL(max).

SOLUTION

VZ � 6.3 V at iZT � 40 mA, iL(min) � 0 and iZ(min) � 1 mA. Using Eq. (4.37), we have

VZO � VZ � RZIZT � 6.3 � 2 	 40 mA � 6.22 V

(a) The maximum power dissipation PZ(max) of a zener diode is

PZ(max) � iZ(max)VZ � 0.75 W

or

(b) The zener current iZ becomes maximum when the supply voltage is maximum and the load current is

minimum—that is, VS(max) � 18 V, iL(min) � 0, and iZ(max) � 119 mA. From Eq. (4.45),

(c) The power rating PR of Rs is

PR � (iZ(max) � iL(min))(VS(max) � VZO � RZ iZ(max))

� 119 mA 	 (18 V � 6.22 V � 2 � 	 119 mA) � 1.373 W

The worst-case power rating of Rs will occur when the load is shorted. That is,

PR(max) =

V2
S(max)

Rs
=

182

96.99
= 3.34 W

Rs =

VS(max) - VZO - R Z iZ(max)

iZ (max) + iL(min)
=

18 V - 6.22 V - 2 Æ * 119 mA

119 mA + 0 

= 96.96 Æ

iZ(max) =

PZ(max)

VZ
=

0.75

6.3
= 119 mA

EXAMPLE 4.13

D
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Semiconductor Diodes 213

(d) iL must be maintained at the maximum when VS is minimum and iZ is minimum—that is, VS(min) � 12 V

and iZ(min) � 1 mA. From Eq. (4.44), we get

� 58.57 mA

IL(max) =

VS(min) - VZO - R Z iZ(min)

Rs
- iZ(min) =

12 V - 6.22 V - 2 Æ * 1 mA

96.99 Æ
 -1 mA

Design of a zener regulator and PSpice/SPICE verification The parameters of the zener diode for the

voltage regulator in Fig. 4.26(a) are VZ � 4.7 V at IZT � 20 mA, RZ � 19 �, IZK � 1 mA, and PZ(max) � 400 mW

at 4.7 V. The supply voltage vS � VS varies from 20 V to 30 V, and the load current iL changes from 5 mA to

50 mA.

(a) Determine the value of resistance Rs and its power rating.

(b) Use PSpice/SPICE to check your results by plotting the output voltage vO against the supply voltage vS.

Assume PSpice model parameters of zener diode D1N750:

IS=880.5E-18 N=1 CJO=175P VJ=.75 BV=4.7 IBV=20.245M

SOLUTION

VZ � 4.7 V, PZ(max) � 400 mW, iL(min) � 5 mA, iL(max) � 50 mA, VS(min) � 20 V, and VS(max) � 30 V. Using

Eq. (4.37), we have

VZO � VZ � RZIZT � 4.7 � 19 	 20 mA � 4.32 V

Also, (from specifications)

(a) Since the minimum value of the zener current is not specified, we can assume for all practical purposes

that

iZ(min) � 0.1 	 iZ(max) � 0.1 	 85.1 mA � 8.51 mA

From Eq. (4.44) and Fig. 4.26(b), we can find the value of Rs:

From Eq. (4.45), we can find

Rs(iZ(max) � iL(min)) � VS(max) � VZO � RZ iZ(max)

which can be solved to find the actual value of the maximum zener current iZ(max):

iZ(max) =

VS(max) - VZO - R siL(min)

Rs + RZ
=

30 V - 4.32 V - 265 Æ * 5 mA

(265 + 19) Æ
= 85.76 mA

Rs =

VS(min) - VZO - RZ iZ(min)

iZ(min) + iL(max)
=

20 V - 4.32 V - 19 Æ * 8.51 mA

8.51 mA + 50 mA
= 265 Æ

iZ(max) =

PZ(max)

VZ
=

400 mW

4.7 V
= 85.1 mA

EXAMPLE 4.14

D
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4.7.3 Zener Limiters

The zener characteristic shown in Fig. 4.25(b) can be approximated by the piecewise linear characteristic

shown in Fig. 4.29(a). In the forward direction, a zener diode behaves like a normal diode, and it can be

represented by a piecewise linear model with voltage VTD and resistance RD. The model of a zener diode

Microelectronic Circuits: Analysis and Design214

The power rating PR of Rs is

PR � (iZ(max) � iL(min))(VS(max) � VZ)

� (85.76 mA � 5 mA)(30 V � 4.7 V) � 2.3 W

The worst-case power rating will be

From iL(min) � 5 mA and iL(max) � 50 mA, we find that the corresponding maximum and minimum

values of the load resistance are

The zener voltage regulator for the PSpice simulation is shown in Fig. 4.27. The zener diode is normally

modeled by setting the diode parameter BV � VZ in the PSpice model.

(b) The PSpice plot of the output voltage vO against supply voltage vS is shown in Fig. 4.28. The zener action

begins at an output voltage of vO � 4.74 V, which is close to the expected value of 4.7 V.

 RL(min) =

VZ

iL(max)
=

4.7 V

50 mA
= 94 Æ

RL(max) =

VZ

iL(min)
=

4.7 V

5 mA
= 940 Æ

PR(max) =

V2
S(max)

Rs
=

302

265
= 3.4 W

1

0

2

vS
10 V

RL
{RVAL}

Rs
265 Ω

+ 
+ 

− 

− 

D1
D1N750

vO

Parameters:
RVAL     94

FIGURE 4.27 Zener voltage regulator for

PSpice simulation FIGURE 4.28 PSpice plots for Example 4.14
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Semiconductor Diodes 215

in the forward and reverse directions is shown in Fig. 4.29(b). The current through a zener diode can be

expressed as follows:

iD �

The values of RZ and RD are very small, typically 20 �, and can be neglected for most analysis. The

characteristic of Fig. 4.29(b) can be represented by the ideal zener characteristic shown in Fig. 4.29(c).

Thus, a zener diode forms a natural limiter. By replacing the zener diode by its ideal characteristic (i.e.,

neglecting RD and RZ), we can simplify the circuit model of Fig. 4.29(b) to the circuit shown in Fig. 4.30(a).

For a positive supply voltage vS  VTD, the output voltage vO will be limited to VTD. However, a negative

input supply vS � �VZO will limit the output voltage vO to �VZO. The approximate transfer characteris-

tic of a zener limiter is shown in Fig. 4.30(b). This is an unsymmetrical limiter.

A symmetrical limiter can be obtained by connecting two zener diodes in series such that one

diode opposes the other, as shown in Fig. 4.31(a). By replacing each zener diode by its model, shown

in Fig. 4.29(b), we can create the equivalent circuit of a zener limiter, as shown in Fig. 4.31(b). If vS �
(VTD � VZO), ideal diodes D2 and D3 behave as short circuits and can be replaced by an equivalent

e
0 for - VZO 6 vD 6 VTD

vD

RD

-

VTD

RD

for vD Ú VTD

vD

RZ

+

VZO

RZ

for vD … -  VZO

+ 

+ 

+ 

-
-

-

iD
iD

vD

vD
–VZO –VZO

RD

RZ RD

VZO VTDRZ

VTD

D1
Ideal

D2
Ideal

(a)  Approximate
       characteristic

iD

vDVTD

(c)  Ideal zener(b)  Model
          characteristic

0 0

FIGURE 4.29 Piecewise linear model of zener diodes

iD

Rs

VTD

vO

vS

Ideal diodes

vS
Slope = −1

+

−

+

−

+
−+

−

D1 D2

vO

VZO VTD –VZO = –VZ

(a)  Model (b)  Transfer characteristic

~

FIGURE 4.30 Unsymmetrical limiter
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single diode in series with a voltage VTD � VZ and a resistance RD � RZ. Similarly, when vS � �(VTD �
VZO), diodes D1 and D4 can be replaced by a diode in series with a voltage VTD � VZO and a resis-

tance RD � RZ. This arrangement is shown in Fig. 4.31(c). If we assume an ideal zener diode such that

the values of RD and RZ are negligible, Fig. 4.31(c) can be reduced to Fig. 4.31(d). The transfer char-

acteristic (vO versus vS) of a symmetrical zener limiter is shown in Fig. 4.31(e).

Microelectronic Circuits: Analysis and Design216

+

-

+

-

+
+

+
-

-

+

+

-
-

-

+

-

+

-

+
-+

-

+
-+

-

+

-

iS

Rs
vO

vS vS

Slope = 1

vO

(d)  Approximate circuit (e)  Transfer characteristic

~

D1 D2

RZ

VZO

-(VZO + VTD)

VTD

RD

D3 D4

RZ

VZO VTD

RD

(b)  Equivalent circuit

Ideal Ideal

iD

Rs

vS vO~

iD

Rs

vS

(c)  Simplified circuit

~

VZO + VTD VZO + VTD
VZO + VTD VZO + VTD

VZO + VTD

RD + RZ RD + RZ  

iDRs

vS ~

(a)  Circuit

I

II

FIGURE 4.31 Symmetrical zener limiter

Small-signal analysis of a zener limiter and PSpice/SPICE verification The parameters of 

the zener diodes in the symmetrical zener limiter of Fig. 4.31(a) are RD � 50 �, VTD � 0.7 V, RZ � 20 �, and

VZ � 4.7 V at IZT � 20 mA. The value of current-limiting resistance Rs is 1 k�. The input voltage to the limiter

is AC rather than DC and is given by vS � vs � 15 sin (2000�t).

EXAMPLE 4.15
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Semiconductor Diodes 217

(a) Determine the instantaneous output voltage vO and the peak zener diode current Ip(diode).

(b) Use PSpice/SPICE to plot the instantaneous output voltage vO. Assume PSpice/SPICE model parameters of

zener diode D1N750:

IS=880.5E-18 N=1 CJO=175P VJ=.75 BV=4.7 IBV=20.245M

SOLUTION

(a) RD � 50 �, VTD � 0.7 V, RZ � 20 �, VZ � 4.7 V, Rs � 1 k�, and vS � 15 sin (2000�t). Using Eq. (4.37),

we have

VZO � VZ � RZIZT � 4.7 V � 20 � 	 20 mA � 4.3 V

There are four possible intervals, depending on the value of vS.

If 15 sin 2000�t � VZO � VTD � 5, then

2000�t � sin�1

� 0.34 rad

Interval 1: This interval is valid for 0 � vS � (VZO � VTD).

iD � 0

vO � vs � 15 sin (2000�t) for 0 � 2000�t � 0.34 and (� � 0.34) � 2000�t � �

Interval 2: This interval is valid for vs  (VZO � VTD). From Fig. 4.31(c), we can find the instantaneous diode

current iD:

(4.48)

� [14.02 sin (2000�t) � 4.67] mA

The instantaneous output voltage vO is given by

vO � VZO � VTD � (RD � RZ)iD (4.49)

Substituting for iD, we get

vO � (4.3 � 0.7) � (50 � 20) 	 [14.02 sin (2000�t) � 4.67] 	 10�3

� 4.67 � 0.981 sin (2000�t) for 0.34 � 2000�t � (� � 0.34)

Interval 3: This interval is valid for 0  vS  �(VZO � VTD).

iD � 0

vO � vS � �15 sin (2000�t) for �0.34 � 2000�t � 0 and �� � 2000�t � (�� � 0.34)

 =

15 sin (2000 pt)

1 kÆ + 50 Æ + 20 Æ
-

(4.3 + 0.7) V

1 kÆ + 50 Æ + 20 Æ

iD =

vS

Rs + RD + RZ
-

VZO + VTD

Rs + RD + RZ

a 5

15
b
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4.7.4 Temperature Effects on Zener Diodes 

Any change in junction temperature generally changes the zener zoltage VZ. The temperature coefficient

is approximately �2 mV/°C, which is the same as but opposite that of a forward-biased diode. However,

if a zener diode is connected in series with a forward-biased diode, as shown in Fig. 4.34, the temperature

coefficients of the two diodes tend to cancel each other. This cancellation greatly reduces the overall tem-

perature coefficients, and the effect of temperature changes is minimized.

Microelectronic Circuits: Analysis and Design218

Interval 4: This interval is valid for vS � �(VZO � VTD).

iD � �[14.02 sin (2000�t) � 4.67] mA

vO � �4.67 � 0.981 sin (2000�t) for (�� � 0.34) � 2000�t � �0.34

The peak diode current ip(diode) occurs at 2000�t � � ⁄ 2. That is,

ip(diode) � � 14.02 mA � 4.67 mA � 9.35 mA

(b) The symmetrical zener limiter for PSpice simulation is shown in Fig. 4.32. The PSpice plot of instanta-

neous output voltage vO is shown in Fig. 4.33, which gives �5.435 V, compared to the expected value of

4.67 � 0.981 � 5.65 V (from the expression of vO for the interval 2).

c14.02 sin ap
2
b - 4.67 d  mA

~

1

0

2

3vs

Rs
1 kW

+

-

+

- D2
D1N750

D1
D1N750

vO

FIGURE 4.32 Symmetrical zener

limiter for PSpice simulation FIGURE 4.33 PSpice plots for Example 4.15

+

-

+

-

vS

iD

D2

D1

~ vO

Rs

FIGURE 4.34 Zener diode in series with a forward-

biased diode
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Semiconductor Diodes 219

Finding the temperature effect of a zener regulator with PSpice/SPICE The zener voltage of the

regulator in Fig. 4.26(a) is VZ � 4.7 V. The current-limiting resistance Rs is 1 k�, and the load resistance RL is

very large, tending to infinity. The supply voltage vS varies from 0 to 20 V. Use PSpice/SPICE to plot the output

voltage vO against the input voltage vS for junction temperatures Tj � 25°C and Tj � 100°C. Assume

PSpice/SPICE model parameters of zener diode D1N750:

IS=880.5E-18 N=1 CJO=175P VJ=.75 BV=4.7 IBV=20.245M

SOLUTION

The zener diode regulator for PSpice simulation is shown in Fig. 4.35. The PSpice plots of the output voltage

vO against the supply voltage vS are shown in Fig. 4.36, which shows that the junction temperature affects the

zener voltage slightly. For example, at vS � 5 V, vO � 4.2336 V at 25°C and 4.2285 V at 100°C.

EXAMPLE 4.16

vS ~

1

0

2

Rs
1 kΩ

+

+

−

−
D1

D1N750
vO

FIGURE 4.35 Zener diode regulator for

PSpice simulation
FIGURE 4.36 PSpice plots for Example 4.16

KEY POINTS OF SECTION 4.7

■ A zener diode behaves like a normal diode in the forward direction. In the reverse direction, it main-

tains an almost constant voltage under varied load conditions if its voltage is greater than the zener

voltage.

■ A practical zener diode has a finite zener resistance, and the zener voltage will vary slightly with the

zener current.

■ Any change in junction temperature generally causes a change in the zener voltage.
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4.8 Light-Emitting Diodes

A light-emitting diode (LED) is a special type of semiconductor diode that emits light when it is forward

biased. The light intensity is approximately proportional to the forward diode current iD. Light-emitting

diodes are normally used in low-cost applications such as calculators, cameras, appliances, and automobile

instrument panels.

4.9 Power Rating

Under normal operation, the junction temperature of a diode will rise as a result of power dissipation.

Semiconductor materials have low melting points. The junction temperature, which is specified by the

manufacturer, is normally limited to a safe value in the range of 150°C–200°C for silicon diodes and in the

range of 60–110°C for germanium diodes. The power dissipation of a diode can be found from

PD � IDVD
(4.50)

The power dissipation of a small-signal diode is low (on the order of milliwatts), and the junction tem-

perature does not normally rise above the maximum permissible value specified by the manufacturer. How-

ever, power diodes are normally mounted on a heat sink. The function of the heat sink is to dissipate heat on

the ambient (i.e., the material surrounding the device) in order to keep the junction temperature of power diodes

below the maximum permissible value. The steady-state rise in the junction temperature with respect to the

ambient temperature has been found, by experiment, to be proportional to the power dissipation. That is,

�T � Tj � Ta � �jaPD
(4.51)

where Tj � junction temperature, in °C

Ta � ambient temperature, in °C

�ja � thermal resistance from junction to ambient, in °C/W

If the power dissipation PD exceeds the maximum permissible value, the junction temperature will

rise above the maximum allowable temperature. Excessive power dissipation can damage a diode. The

permissible junction power dissipation PD can be found by rearranging Eq. (4.51) to give

(4.52)

which indicates that the permissible power dissipation will increase if the ambient temperature Ta can

be reduced below the normal temperature of 25°C. However, in practice, power dissipation is limited to

the value that corresponds to the permissible diode current. This limiting power PDm corresponds to the

value of PD at Tj � 25°C and is specified by the manufacturer. Thus,

(4.53)

where Tjm � maximum junction temperature.

PD = d
PDm (at Tj = 25°C) for Ta …  25°C

-

Ta

uja
+

Tjm

uja
for Ta 7 25°C

PD = -  
Ta

uja
+

Tj

uja
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As the junction temperature increases, the permissible power dissipation is reduced. A power derating

curve is given by the manufacturer. The derating curve indicates the required adjustment in the power as

the junction temperature increases above a specified temperature. A typical power dissipation–temperature

derating curve is shown in Fig. 4.37. In the absence of such a characteristic, the values of Tjm and

PDm(Ta � 25°C) are usually provided.

Semiconductor Diodes 221

KEY POINTS OF SECTION 4.9

■ Power and temperature ratings are important parameters of a diode, and they are related to each other.

■ The maximum power rating of a diode is specified at an ambient temperature. The diode must be der-

ated if the operating ambient temperature is above this specified value. The diode can handle higher

power if the operating ambient temperature is below the specified temperature.

Finding the power dissipation of a diode A diode is operated at a Q-point of VD � 0.7 V and 

ID � 1 A. The diode parameters are PD � 1 W at Ta � 50°C and Pderating � 6.67 mW/°C. The ambient tem-

perature is Ta � 25°C, and the maximum permissible junction temperature is Tjm � 200°C. Calculate (a) the

junction temperature Tj, (b) the maximum permissible junction dissipation PDm, and (c) the permissible junction

dissipation PD at an ambient temperature of Ta � 75°C.

SOLUTION

From Eq. (4.50), the junction power dissipation at the Q-point is

PD � IDVD � 1 A 	 0.7 V � 0.7 W

From Eq. (4.51), the thermal resistance from junction to ambient is

(a) From Eq. (4.51), the junction temperature at the Q-point is

Tj � Ta � �jaPD � 25 � 150 	 0.7 � 130°C

uja =

¢T

PD
=

Tjm - Ta

PD
=

200 - 50

1
= 150°C>W

EXAMPLE 4.17

PD

PDm

Tjm Ta (°C)

1
qja

Slope =  

250

FIGURE 4.37 Power dissipation–temperature

derating curve
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4.10 Diode Data Sheets 

Diode ratings specify the current, voltage, and power-handling capabilities. This information is supplied

by the manufacturer in data (or specifications) sheets. Typical data sheets for general-purpose diodes of

types 1N4001 through 1N4007 are shown in Fig. 4.38. The important parameters of diodes of type 1N4001

are as follows:

1. Type of device with generic number or manufacturer’s part number: 1N4001.

2. Peak inverse voltage (or peak repetitive reverse voltage) PIV � VRRM � 50 V.

3. Operating and storage junction temperature range Tj � �65°C to �175°C.

4. Maximum reverse current IR (at DC rated reverse voltage) at PIV (50 V) � 10 �A at Tj � 25°C

and 50 �A at Tj � 100°C.

5. Maximum instantaneous forward voltage drop vD � vF � 1.1 V at Tj � 25°C.

6. Average rectified forward current IF(AV) � 1 A at Ta � 75°C.

7. Repetitive peak current IFRM is not quoted for 1N4001.

8. Nonrepetitive peak surge current IFSM � 30 A for one cycle.

9. Average forward voltage drop VF(AV) � VD � 0.8 V.

10. DC power dissipation PD � VF(AV)IF(AV) (not quoted for 1N4001).

Typical data sheets for zener diodes of types 1N4728A through 1N4764A are shown in Fig. 4.39. The

important parameters of zener diodes of type 1N4732 are as follows:

1. Type of device with generic number or manufacturer’s part number: 1N4732.

2. Nominal zener voltage (avalanche breakdown voltage) VZ � 4.7 V.

3. Operating and storage junction temperature range Tj � �65°C to �200°C.

4. Zener test current IZT � 53 mA.

5. Zener impedance ZZT � 8 �.

6. Knee current IZK � 1 mA.

7. Nonrepetitive peak surge current IFSM � 970 A for one cycle.

8. DC power dissipation PD � 1 W at Ta � 50°C.

9. Power derating curve: Above 50°C, PD is derated by 6.67 mW/°C.

� NOTE To allow a safety margin, designers should ensure that the operating values of voltage, current, and power
dissipation are at least 20% to 30% less than the published maximum ratings. For military applications, the derating
could be up to 50%.
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(b) From Eq. (4.53),

(c) For Ta � 75°C,

PDm (Ta = 75°C) =  
200°C - 75°C

150°C>W = 833 mW

PDm (Ta = 25°C) =  
Tjm - Ta

uja
=

200°C - 25°C

150°C>W = 1.17 W
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FIGURE 4.38 Data sheet for diodes (Copyright of ON Semiconductor. Used by

permission.)
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FIGURE 4.39 Data sheet for zener diodes (Copyright of Motorola. Used by permission.)

Updated information on the product can be found at www.onsemi.com
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FIGURE 4.39 Continued
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Summary

A diode is a two-terminal semiconductor device. It offers a very low resistance in the forward direction and

a very high resistance in the reverse direction. The analysis of diode circuits can be simplified by assum-

ing an ideal diode model in which the resistance in the forward-biased condition is zero and the resistance

in the reverse direction is very large, tending to infinity.

A practical diode exhibits a nonlinear characteristic, analysis of which requires a graphical or iterative

method. In order to linearize the diode characteristic to apply linear circuit laws, a practical diode is nor-

mally represented by (a) a constant DC drop VTD, (b) a piecewise linear DC model, (c) a small-signal AC

resistance rd, or (d) a high-frequency AC model.

In a zener diode, the reverse breakdown is controlled, and the zener voltage is the reverse breakdown

voltage. The diode characteristic depends on the operating temperature, and the leakage current almost

doubles for every 10°C increase in the junction temperature.
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Review Questions

1. What is a diode?

2. What is the characteristic of an ideal diode?

3. What is a rectifier?

4. What is doping?

5. What is the depletion region of a diode?

6. What are the forward and reverse characteristics of a practical diode?

7. What is the forward-biased region of a diode?

8. What is the reverse-biased region of a diode?

9. What is the breakdown region of a diode?
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10. What is the effect of junction temperature on the diode characteristic?

11. What are the three methods for analyzing diode circuits?

12. What is the low-frequency AC model of a diode?

13. What is the AC resistance of a diode?

14. What is the high-frequency AC model of a diode?

15. What is the PSpice/SPICE model of a diode?

16. What is a zener diode?

17. What is zener voltage?

18. What is a shunt regulator?

19. What is zener resistance?

20. What is the bulk resistance of a diode?

Problems

The symbol indicates that a problem is a design problem.

4.2 Ideal Diodes

4.1 The diode circuit shown in Fig. P4.1 has and . Determine the voltage and the

current if (a) and (b) . Assume a diode drop of .

4.2 The diode circuit shown in Fig. P4.2 has and 

Determine the voltage and the current . Assume a diode drop of and .

FIGURE P4.2
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4.3 The diode circuit shown in Fig. P4.3 has and 

Determine the voltage and the current . Assume a diode drop of and .

4.4 The diode circuit shown in Fig. P4.4 has and . Determine

the diode currents and . Assume a diode drop of .

4.5 The diode circuit shown in Fig. P4.5 has and . Determine

the voltage and  the current . Assume a diode drop of .

4.6 The diode circuit shown in Fig. P4.6 has and

. Determine the voltage and the current . Assume a diode drop of .

4.7 Find the voltage vO and the current iO of the diode circuit in Fig. P4.7 if 

. Assume diode voltage drop VD = 0.7 V.V1 = 5 V, and V2 = 10 V
R1 = 5 kÆ, R2 = 10 kÆ,

FIGURE P4.6
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4.8 Find the voltage vO and the current iO of the diode circuit in Fig. P4.8 if 

. Assume diode voltage drop 

4.9 Find the voltage vO and the current iO of the diode circuit in Fig. P4.9 if Assume

diode voltage drop 

4.3 Transfer Characteristics of Diode Circuits

4.10 Plot the transfer characteristic (vO versus vS) of the diode circuit in Fig. P4.10 if the input voltage vS is

varied from 0 to 10 V in increments of 2 V. Assume and a diode

voltage drop VD = 0.7 V.
R1 = 5 kÆ, R2 = 1 kÆ, V1 = 10 to 5 V,

FIGURE P4.9
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4.11 Plot the transfer characteristic (vO versus vS) of the diode circuit in Fig. P4.11 if the input voltage 

vS is varied from �10 V to 10 V in increments of 2 V. Assume 

and a diode voltage drop 

4.4 Practical Diodes

4.12 The measured values of a diode at junction temperature Tj � 25°C are

Determine (a) the emission coefficient n and (b) the leakage current IS.

4.13 The threshold voltage of a silicon diode is VTD � 0.75 V at 25°C. Find the threshold voltage VTD at

(a) Tj � 125°C and (b) Tj � �150°C.

4.14 The leakage current of a silicon diode is IS � 5 	 10�14 A at Tj � 25°C, and the emission coefficient is 

n � 1.8. The junction temperature is Tj � 90°C. Determine (a) the leakage current IS and (b) the diode

current iD at a diode voltage of vD � 0.9 V.

4.5 Analysis of Practical Diode Circuits

4.15 The diode circuit shown in Fig. 4.10 has RL � 4 k� and VS � 15 V. The emission coefficient is 

n � 1.8. Use the iterative method to calculate the Q-point (or operating point), whose coordinates are VD
and ID. Assume an approximate diode drop of vD � 0.75 V at iD � 0.1 mA. Assume a junction temperature

of 25°C. Use three iterations only.

4.16 Repeat Prob. 4.15 using the approximate method with VD � 0.75 V.

VD = b0.65 V at ID = 10 �A

0.8 V at ID = 1 mA

FIGURE P4.11
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4.17 The diode circuit shown in Fig. 4.10 has RL � 1 k� and VS � 10 V. The diode characteristic is described by

iD � Kv2
D � 5 	 10�4v2

D (iD in amps and vD in volts)

Determine the values of VD and ID at the Q-point (or operating point) by using (a) the iterative method and

(b) the mathematical method.

4.6 Modeling of Practical Diodes

4.18 The diode circuit shown in Fig. 4.16(a) has VS � 15 V and RL � 2.5 k�. The diode characteristic is shown

in Fig. 4.16(b). Determine the diode voltage vD, the diode current iD, and the load voltage vO by using (a)
the piecewise linear DC model and (b) the constant-drop DC model.

4.19 The diode circuit shown in Fig. 4.18(a) has VS � 12 V, Vm � 150 mV, and RL � 5 k�. Assume emission

coefficient n � 1.8, diode voltage drop vD � 0.75 V at iD � 0.5 mA, and VT � 25.8 mV at a junction tem-

perature of 25°C. Determine (a) the Q-point (VD, ID), (b) the parameters (VTD, RD) of the piecewise linear

DC model, and (c) the instantaneous diode voltage vD.

4.20 The diode circuit shown in Fig. 4.18(a) has VS � 12 V, Vm � 150 mV, RL � 5 k�, and VT � 25.8 mV.

Assume an emission coefficient of n � 2 and the diode saturation current IS � 2.682 	 10�9. Use

PSpice/SPICE to (a) calculate the Q-point and small-signal parameters and (b) plot the instantaneous output

voltage vO � vD. Assume PSpice/SPICE model parameters of diode D1N4148:

IS=2.682N CJO=4P M=.3333 VJ=.5 BV=100 IBV=100U TT=11.54N N=1.8

4.21 The diode circuit shown in Fig. 4.10 has VS � 18 V and RL � 1.5 k�. The diode forward characteristic,

which can be obtained from practical measurements, can be represented by the following data:

Determine (a) the Q-point (VD, ID), (b) the small-signal DC resistance RD and threshold voltage VTD, and

(c) the small-signal AC resistance rd. Assume n � 1 and VT � 25.8 mV.

4.22 The diode circuit shown in Fig. 4.10 has RL � 1 k� and VS � 10 V. The diode characteristic is described by

iD � Kv2
D � 5 	 10�4v2

D (iD in amps and vD in volts)

Determine (a) the diode voltage VD, (b) the diode current ID, and (c) the load voltage VO.

4.23 The characteristic of the diode in Fig. P4.23 is described by

iD � Kv2
D � 5 	 10�4v2

D (iD in amps and vD in volts)

Determine (a) the values of VD and ID at the Q-point (or operating point), (b) the small-signal ac resistance

rd, and (c) the rms output voltage Vo(rms). Assume that the capacitor C offers a negligible impedance at the

operating frequency.

FIGURE P4.23
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4.24 The characteristic of the diode circuit in Fig. P2.23 follows the Shockley diode equation with a leakage cur-

rent of IS � 2.682 	 10�9 A at 25°C and an emission coefficient of n � 1.8. Use PSpice/SPICE to (a) cal-

culate the Q-point and the small-signal parameters and (b) plot the instantaneous output voltage vO � vD.

Assume these PSpice/SPICE model parameters:

IS=2.682N M=.3333 VJ=.5 BV=100 IBV=100U TT=11.54N CJO=10PF N=1.8

4.25 A diode circuit is shown in Fig. P4.25. The diode characteristic is given by

iD � 5 	 10�2v2
D (iD in amps and vD in volts)

Determine (a) the values of VD and ID at the Q-point (or operating point), (b) the small-signal AC resistance

rd, (c) the threshold voltage VTD, and (d) the rms output voltage Vo(rms).

4.26 The characteristic of the diode in Fig. P4.25 follows the Shockley diode equation with a leakage current of

IS � 2.682 	 10�9 A at 25°C and an emission coefficient of n � 1.8. Use PSpice/SPICE to (a) calculate the

Q-point and the small-signal parameters and (b) plot the instantaneous output voltage vO. Assume these

PSpice/SPICE model parameters:

IS=2.682N M=.3333 VJ=.5 BV=100V IBV=100U TT=11.54N  CJO=10PF N=1.8

4.27 A diode circuit is shown in Fig. P4.27. Use PSpice/SPICE to (a) determine the operating diode voltages and

currents and (b) find the small-signal parameters of the diodes. The supply voltage VS is 12 V. Use default

values for the PSpice/SPICE model parameters of 1N4148 diodes.

4.28 A diode circuit is shown in Fig. P4.28. Use PSpice/SPICE to (a) determine the operating diode voltages and

currents and (b) find the small-signal parameters of the diodes. The supply voltage VS is 12 V. Use default

values for the PSpice/SPICE model parameters of 1N4148 diodes.

FIGURE P4.27
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4.7 Zener Diodes

4.29 The parameters of the zener diode for the voltage regulator circuit of Fig. 4.26(a) are VZ � 6.8 V at IZT � 37 mA,

RZ � 3.5 �, and RZK � 700 � at IZK � 1 mA. The supply voltage is VS � 15 
 3 V, and Rs � 500 �.

a. Find the nominal value of the output voltage vO under no-load condition RL � �.

b. Find the maximum and minimum values of the output voltage for a load resistance of RL � 570 �.

c. Find the nominal value of the output voltage vO for a load resistance of RL � 100 �.

d. Find the minimum value of RL for which the zener diode operates in the breakdown region.

4.30 The parameters of the zener diode for the voltage regulator circuit of Fig. 4.26(a) are VZ � 7.5 V at 

IZT � 34 mA, RZ � 5 �, and IZK � 0.5 mA. The supply voltage vS varies between 10 V and 24 V. The min-

imum load current iL is 0. The minimum zener diode current iZ(min) is 1 mA. The maximum power dissipa-

tion PZ(max) of the zener diode must not exceed 1 W at 25°C. Determine (a) the maximum permissible value

of the zener current iZ(max), (b) the value of Rs that limits the zener current IZ(max) to the value determined

in part (a), (c) the power rating PR of Rs, and (d) the maximum load current IL(max).

4.31 The parameters of the zener diode for the voltage regulator in Fig. 4.26(a) are VZ � 5.1 V at IZT � 49 mA,

RZ � 7 �, and IZK � 1 mA. The supply voltage vS varies from 12 V to 18 V, and the load current iL changes

from 0 to 20 mA.

a. Determine the value of resistance Rs and its power rating.

b. Use PSpice/SPICE to check your results by plotting the output voltage vO against the supply voltage vS.

Assume these PSpice/SPICE model parameters:

IS=2.682N CJO=4P M=.3333 VJ=.5 BV=5.1 IBV=49M TT=11.54N N=1.8

4.32 The zener diode for the regulator circuit in Fig. 4.26(a) has VZ � 6.2 V at IZT � 41 mA, RZ � 2 �, and

IZK � 1 mA. The supply voltage vS varies from 12 V to 18 V, and the load current iL changes from 0 to 10 mA.

Determine the minimum zener current iZ(min) and the maximum zener current iZ(max) of the diode and its

maximum power rating PZ(max). Assume Rs � 270 �.

4.33 The parameters of the zener diodes in the symmetrical zener limiter of Fig. 4.31(a) are RD � 150 �,

VTD � 0.9 V, RZ � 5 �, and VZ � 6.8 V at IZT � 20 mA. The value of current-limiting resistance Rs
is 1.5 k�. The supply voltage to the limiter is AC and is given by vS � vs � 20 sin (2000�t) V.

a. Determine the instantaneous output voltage vO and the peak diode current Ip(diode).

b. Use PSpice/SPICE to plot the instantaneous output voltage vO. Assume these PSpice/SPICE model para-

meters:

IS=2.682N CJO=4P M=.3333 VJ=.5 BV=6.8V IBV=20M TT=11.54N N=1

4.34 A DC voltmeter is constructed using a DC meter, as shown in Fig. P4.34. The full-scale deflection of

the meter is 150 �A, and the internal resistance Rm of the meter is 100 �. The zener voltage VZ is 10 V,

and the zener resistance RZ is negligible. The voltmeter is required to measure 220 V at a full-scale

deflection.

FIGURE P4.28
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a. Design the voltmeter by determining the values of R1 and R2.

b. Use PSpice/SPICE to check your design by plotting the meter current Im against the supply voltage VS.

Assume these PSpice/SPICE model parameters:

IS=2.682N CJO=4P M=.3333 VJ=.5 BV=10V IBV=20M TT=11.54N N=1

4.35 The zener voltage of the unsymmetrical regulator in Fig. 4.26(a) is VZ � 6.3 V at IZT � 20 mA. The cur-

rent-limiting resistance Rs is 1.5 k�, and the load resistance RL is very large, tending to infinity. The supply

voltage vS varies from 0 to 30 V. Use PSpice/SPICE to plot the output voltage vO against the input voltage

vS for Tj � 25°C and Tj � 150°C. Assume these PSpice/SPICE model parameters:

IS=2.682N CJO=4P M=.3333 VJ=.5 BV=6.3V IBV=20M TT=11.54N N=1

4.36 The zener voltage of the symmetrical regulator in Fig. 4.31(a) is VZ � 6.3 V at IZT � 20 mA. The current-

limiting resistance Rs is 1.5 k�, and the load resistance RL is very large, tending to infinity. The supply volt-

age vS varies from 0 to 30 V. Use PSpice/SPICE to plot the output voltage vO against the input voltage vS
for Tj � 25°C and Tj � 150°C. Assume these PSpice/SPICE model parameters:

IS=2.682N CJO=4P M=.3333 VJ=.5 BV=6.3V IBV=20M TT=11.54N N=1

4.37 Two zener diodes are connected as shown in Fig. P4.37. The diode current in the forward direction is

described by

iD � IS(evD ⁄VT � 1)

where VT � 0.026 and IS � 5 	 10�15 A. The supply voltage vS is 7.5 V. The zener voltage VZ of each diode

is 6.7 V, and the zener resistance RZ is negligible. The forward voltage drop VTD of each diode is 0.8 V.

Determine (a) the expression for each diode voltage vD1 and vD2, (b) the operating diode voltages VD1 and

VD2, and (c) the diode current ID.

4.38 A zener regulator is shown in Fig. P4.38. Use PSpice/SPICE to plot the transfer characteristic between vO
and vS. vS varies from �18 V to 18 V in increments of 0.5 V. The PSpice/SPICE model parameters of the

zener diodes are

IS=2.682N CJO=4P M=.3333 VJ=.5 BV=6.5V IBV=20M TT=11.54N N=1

FIGURE P4.37
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4.39 The zener regulator shown in Fig. P4.39 has and Determine

the voltage and the power ratings of all elements if . The zener parameters are

and 

4.40 The zener regulator shown in Fig. P4.40 has and Determine the

output voltage and its ripple voltage if the supply voltage varies from 20 V to 30 V. The zener para-

meters are and 

4.8–4.9 Light-Emitting Diodes and Power Ratings

4.41 Design an LED circuit so that the diode current ID is 1 mA. Assume an emission coefficient of n � 2, a leakage

current IS � 10�10 A, and VT � 25.8 mV at a junction temperature of 25°C.

4.42 A diode is operated at a Q-point of VD � 0.7 V and ID � 1 A. The diode parameters are PD � 1.5 W at TA �
50°C and Pderating � 6.67 mW/0°C.  The ambient temperature is TA � 25°C, and the maximum permissible

FIGURE P4.40
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junction temperature is TJM � 250°C. Calculate (a) the junction temperature TJ, (b) the maximum permissible

junction dissipation PDM, and (c) the permissible junction dissipation PDM at an ambient temperature of TA �
65°C.

4.43 A diode is operated at a Q-point of VD � 0.625 V and ID � 100 mA. The diode parameters are PD � 200  mW

at TA � 50°C and Pderating � 6.67 mW/0°C. The ambient temperature is TA � 25°C, and the maximum per-

missible junction temperature is TJM � 200°C. Calculate (a) the junction temperature TJ, (b) the maximum

permissible junction dissipation PDM, and (c) the permissible junction dissipation PDM at an ambient tem-

perature of TA � 75°C.

4.44 A diode is operated at a Q-point of VD � 0.75 V and ID � 200 mA.  The diode parameters are PD � 500 mW

at TA � 50°C and Pderating � 6.67 mW/0°C. The ambient temperature is TA � 25°C, and the maximum per-

missible junction temperature is TJM � 250°C. Calculate (a) the junction temperature TJ, (b) the maximum

permissible junction dissipation PDM, and (c) the permissible junction dissipation PDM at an ambient tem-

perature of TA � 55°C.

Microelectronic Circuits: Analysis and Design236
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Learning Outcomes
After completing this chapter, students should be able to do

the following:

• Select a diode rectifier to meet DC output voltage

requirements.

• Design diode rectifiers to produce a DC supply 

voltage from an AC supply.

• Calculate the values of filter components in order 

to limit the ripple content on the DC output to a

specified value.

• List some applications of diodes in wave-shaping 

of signals.

• Describe the diode applications as clippers, clampers,

voltage multipliers, and transfer function synthesis.

Symbols and Their Meanings
Symbol Meaning

Average and rms diode currents

Average and rms output currents

rms primary and secondary currents 

of an input transformer

Average and AC output powers

RF, PF Output ripple factor and power factor

Instantaneous diode voltage, diode

current, and DC diode voltage drop

Instantaneous input supply, output, 

and ripple voltages

vs(t), vO(t), vr(t)

vD(t), iD(t), VD

Po(dc), Po(ac)

Ip, Is

Io(av), Io(rms)

ID(av), ID(rms)

CHAPTER 5
APPLICATIONS 

OF DIODES

67722_05_ch05a_p237-263.qxd  2/19/10  6:52 PM  Page 237

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Symbol Meaning
f, fr Frequency of the input signal and output ripple voltage

Peak, average, and rms output voltages

Peak-to-peak, peak, and rms output ripple voltages

rms primary voltage, secondary voltage, and transformer turns ratioVp, Vs, n

Vr(pp), Vr(p), Vr(rms)

Vm, Vo(av), Vo(rms)

Microelectronic Circuits: Analysis and Design238

5.1 Introduction

We saw in Chapter 4 that a diode offers a very low resistance in one direction and a very high resistance in

the other direction, thus permitting an easy current flow in only one direction. This chapter will illustrate the

applications of diodes in wave-shaping circuits. For the sake of simplicity, we will assume ideal diodes—

that is, diodes in which the voltage drop across the diode is zero rather than the typical value of 0.7 V.

5.2 Diode Rectifier

The most common applications of diodes are as rectifiers. A rectifier that converts an AC voltage to a uni-

directional voltage is used as a DC power supply for many electronic circuits, such as those in radios, cal-

culators, and stereo amplifiers. A rectifier is also called an AC–DC converter. Rectifiers can be classified

on the basis of AC input supply into two types: single-phase rectifiers, in which the AC input voltage is a

single-phase source, and three-phase rectifiers, in which the AC input voltage is a three-phase source [1].

Three-phase rectifiers, which are normally used in high-power applications, are outside the scope of this

book. The following single-phase rectifiers are commonly used in electronic circuits: single-phase half-wave

rectifiers, single-phase full-wave center-tapped rectifiers, and single-phase full-wave bridge rectifiers. For

simplicity, we will assume ideal diodes in the following analysis and derivations; that is, the DC voltage

drop across a diode is zero rather than a typical value of .

5.2.1 Single-Phase Half-Wave Rectifiers

The circuit diagram of a single-phase half-wave rectifier is shown in Fig. 5.1(a). Let us consider a sinu-

soidal input voltage vS � vs � Vm sin �t, where � � 2�ft and f is the frequency of the input voltage. Thus,

there is no DC component on the input voltage; that is, VS � 0 and vS � VS � vs � vs. Since vS is positive

from �t � 0 to � and negative from �t � � to 2�, the operation of the rectifier can be divided into two

intervals: interval 1 and interval 2.

Interval 1 is the interval 0 � �t � � during the positive half-cycle of the input voltage. Diode D1

conducts and behaves like a short circuit, as shown in Fig. 5.1(b). The input voltage appears across the

load resistance RL. That is, the output voltage becomes

vO � Vm sin �t for 0 � �t � �

If we include the DC diode drop VD (� 0.7 V), the peak output voltage Vm will be reduced to

and the instantaneous output voltage will become

for 0 … vt … pvO = (Vm - VD) sinvt

(Vm - VD)

VD = 0.7 V
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Interval 2 is the interval � � �t � 2� during the negative half-cycle of the input voltage. Diode D1

is reverse biased and behaves like an open circuit, as shown in Fig. 5.1(b). The output voltage vO

becomes zero. That is,

vO � 0 for � � �t � 2�

The waveforms of the input voltage, the output voltage, and the diode voltage are shown in Fig. 5.1(c).

The output voltage will be reduced due to the diode drop of approximately 0.7 V as shown by the dotted

lines. When diode D1 conducts, its voltage becomes zero. When the diode is reverse biased, the diode

current becomes zero and the diode has to withstand the input voltage. The peak inverse voltage (PIV)

the diode must withstand is equal to the peak input voltage Vm. The voltage on the anode side of the

diode is AC, whereas on the cathode side it is DC. That is, the diode converts AC voltage to DC. The

average output voltage Vo(av) is found using the following equation:

(5.1)

Therefore, the average load current Io(av) for a resistive load can be found from

(5.2)Io(av) =

Vo(av)

RL
=

Vm

pRL
=

0.318Vm

RL

Vo(av) =

1

2pL

p

  0
vO d(vt) =

1

2p
 
L

p
 

0
Vm  sin vt d(vt) =

Vm

p
= 0.318Vm
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~

0

io

vS

vS

(d)  Output ripple voltage(b)  Equivalent circuits

(a)  Circuit

p 2p

(c)  Waveforms
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Diode voltage
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vS

0
p 2p

2p

vD

Vm

0
p

vr

vr

Vm

Vm

Vm - Vo(av)

-Vm

-Vm

0
p 2p

vO

Vm
p

~ vS RL

~

vS < 0vS > 0

+

+
+

-

-

+

−

−

+

-

vO

+

-

vO

+

-

vO

RL

RL

vD

D1

vD = 0 vD = vS

vS = vs = Vm sin w t

q  = wt

q  = wt

q  = wt

q  = wt- Vo(av)

Vo(av) = 

FIGURE 5.1 Single-phase half-wave rectifier
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The rms output voltage Vo(rms) is given by

(5.3)

and the rms load current Io(rms) is given by

(5.4)

Notice from Fig. 5.1(c) that the output voltage vO is pulsating and contains ripples. In practice, a

filter is normally required at the rectifier output to smooth out the DC output voltage. We often know

the ripple content of the output voltage. The output voltage can be viewed as consisting of two compo-

nents: ripple voltage and average voltage. The instantaneous ripple voltage vr, which is the difference

between vO and Vo(av), is shown in Fig. 5.1(d). The value of vr can be expressed as

(5.5)

Let Vr(rms) be the rms ripple voltage. Then Vr(rms) can be related to Vo(av) and Vo(rms) by

or (5.6)

Substituting Vm from Eq. (5.1) into Eq. (5.3), we get Vo(rms) � �Vo(av)/2, which is then applied to Eq. (5.6)

to give Vr(rms):

(5.7)

The ripple content of the output voltage is measured by a factor known as the ripple factor (RF),

which is defined by

(5.8)

� NOTE This numerical value of RF � 121% is valid only for the single-phase half-wave rectifier.

The AC output power Po(ac) is the average power and is defined as

(5.9)Po(ac) =

1

2pL

2p

0
i2

O RL d(vt) = I 2
o(rms) RL = Vo(rms)Io(rms) = aVm

2
b2 1

 RL

RF =

Vr(rms)

Vo(av)
=

1.21Vo(av)

Vo(av)
= 1.21 or 121%

Vr(rms) = cp2

4
 V2

o(av) - V2
o(av) d

1>2
= Vo(av) cp

2

4
- 1 d1>2 = 1.21Vo(av)

V2
r(rms) = V2

o(rms) - V2
o(av)

V2
r(rms) + V2

o(av) = V2
o(rms)

vr = c
vS - Vo(av) = Vm sin v t - Vo(av) for 0 … v t … p

-Vo(av)                                          for p … v t … 2p

Io(rms) =

Vo(rms)

RL
=

0.5Vm

RL

 =

Vm

2
= 0.5Vm

Vo(rms) = c 1

2pL

p

0
v2

O d(vt) d1>2 = c 1

2pL

p

0
V2

m sin2vt d(vt) d1>2
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which will be the same as the input power if we assume there is no power loss in the rectifier. That is,

the input power is given by

(5.10)

The DC output power Po(dc) is defined by

(5.11)

It is generally smaller than Po(ac) because the rms values are larger than the average (DC) values. The effec-

tiveness of a rectifier in delivering DC output power is generally measured by the rectification efficiency
�

R
, which is defined as

(5.12)

If we assume there is no power loss in the rectifier, then the input power factor (PF), which is a measure

of the power drawn from the input power supply, is related to the input power (Pin) by

(5.13)

This gives the input power factor as given by

(5.14)

where Vs and Is are the rms input supply voltage and the input supply current, respectively.

� NOTE These numerical values of �
R

� 40.5% and PF � 0.707 are valid only for the single-phase 
half-wave rectifier.

Rectifiers are generally supplied through a transformer from a fixed AC input voltage of 120 V (rms)

in order to satisfy the output voltage requirement. This arrangement is shown in Fig. 5.2(a). Let us assume

an ideal transformer. Then the primary rms voltage Vp is related to the secondary rms voltage Vs by the

turns ratio n, as follows:

(5.15)

where Np is the number of turns of the primary winding and Ns is the number of turns of the secondary

winding.

Vp

Vs
=

Np

Ns
= n

PF =

Po(ac)

Vs Is
=

(Vm>2)2>RL

(Vm>22)(Vm>2RL)
=

22

2
= 0.707

VsIsPF = Pin = Po(ac)

h
R

=

Po(dc)

Po(ac)
=

Vo(av)Io(av)

Vo(rms)Io(rms)
=

(Vm>p)2>RL

(Vm>2)2>RL
=

4

p2 = 40.5%

Po(dc) = Vo(av)Io(av) =

V2
m

p2RL

Pin = Po(ac) = aVm

2
b2 1

RL

Pin
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Assuming there is no power loss in the transformer, the input (primary) side power must equal the

output (secondary) side power. That is,

(5.16)

which, after we use the relationship between the voltages on the primary side and the secondary side

, gives the relationship between the primary side current to the secondary side current as

(5.17)

� NOTES

1. If the rectifier is connected to a battery charger, Po(dc) is the useful power transferred to the battery. Since Po(ac)

is greater than Po(dc), Ploss � Po(ac) � Po(dc) will be responsible for heating the battery. For a resistive load, 

however, the AC power Po(ac) becomes the average output power and will produce the effective heat.

2. The average current through the input side of an ideal transformer will be Io(av) ⁄ n. A transformer is normally

designed to operate from a sinusoidal AC source so that the magnetic core of the transformer is set and reset in

every cycle. The unidirectional DC current flow through the transformer may cause the transformer core to satu-

rate. Therefore, this circuit is suitable only for very low-power applications, typically tens of watts.

3. Unless noted otherwise, the AC input voltage is always specified in rms values, so Vm � �2�Vs.

Is = nIp

Vp = nVs

Vp Ip = Vs Is

Microelectronic Circuits: Analysis and Design242

~ Vp VS 

Ip Is Ip Is Io

vO

Np Ns

iO

RL

D1

(a)  Rectifier with
       input transformer

Vp Vs

(b)  Transformer

Primary Secondary

+

+

−

−

+

−

+

−

+

−

n:1 n:1

FIGURE 5.2 Half-wave rectifier with an input

side transformer

Finding the performance parameters of a single-phase half-wave rectifier The single-phase half-

wave rectifier of Fig. 5.2(a) is supplied from a 120-V, 60-Hz source through the step-down transformer of

Fig. 5.2(b) with turns ratio n � 10�1. The load resistance RL is 5 �. Determine (a) the average output voltage

Vo(av), (b) the average load current Io(av), (c) the rms load voltage Vo(rms), (d) the rms load current Io(rms),

(e) the ripple factor RF of the output voltage, (f) the rms ripple voltage Vr(rms), (g) the average diode current

ID(av), (h) the rms diode current ID(rms), (i) the peak inverse voltage PIV of the diode, ( j) the aver-

age output power Po(ac), (k) the DC output power Po(dc), ( l) the frequency fr of the output ripple voltage, and

(m) the input power factor PF.

EXAMPLE 5.1
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SOLUTION

The primary transformer voltage is Vp � 120 V. From Eq. (5.15), the secondary transformer voltage is Vs �
Vp ⁄n � 120 ⁄10 � 12 V. The peak input voltage of the rectifier is

Vm � �2�Vs � �2� � 12 � 16.97 V

(a) From Eq. (5.1),

Vo(av) � 0.318Vm � 0.318 � 16.97 � 5.4 V

(b) From Eq. (5.2),

(c) From Eq. (5.3),

Vo(rms) � 0.5Vm � 0.5 � 16.97 � 8.49 V

(d) From Eq. (5.4),

(e) From Eq. (5.8), RF � 1.21, or 121%.

(f ) From Eq. (5.8),

Vr(rms) � RF � Vo(av) � 1.21 � 5.4 � 6.53 V

(g) The average diode current ID(av) will be the same as that of the load. That is, ID(av) � Io(av) � 1.08 A.

(h) The rms diode current ID(rms) will be the same as that of the load. That is, ID(rms) � Io(rms) � 1.7 A.

(i) PIV � Vm � 16.97 V.

(j) From Eq. (5.9),

Po(ac) � I 2
o(rms)RL � (1.7)2 � 5 � 14.45 W

(k) From Eq. (5.11),

Po(dc) � Vo(av)Io(av) � 5.4 � 1.08 � 5.83 W

( l) Notice from Fig. 5.1(d) that the frequency of the output ripple voltage is the same as the input frequency, 

fr � f � 60 Hz.

(m) V, A, and W

From Eq. (5.14),

PF =

Po(ac)

Vs Is
=

14.45

12 * 1.7
= 0.7071

Pin = Po(ac) = 14.45Is = Io(rms) = 1.7Vs = 12

Io(rms) =

Vo(rms)

RL
=

8.49

5
= 1.7 A

Io(av) =

Vo(av)

RL
=

5.4

5
= 1.08 A
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Fourier components of the output voltage of a single-phase half-wave rectifier The single-phase

half-wave rectifier of Fig. 5.1(a) is connected to a source of Vs � 120 V, 60 Hz. Express the instantaneous output

voltage vO(t) by a Fourier series. Assume ideal diodes with zero voltage drops.

SOLUTION

The output voltage vO can be described by

which can be expressed by a Fourier series as

(5.18)

When the values of an and bn are inserted into Eq. (5.18), the expression for the instantaneous output voltage

vO becomes

(5.19)

where Vm � �2� � 120 � 169.7 V and � � 2� � 60 � 377 rad/s.

NOTE: Equation (5.19) contains sine and cosine components, which are known as harmonics. Except 

for the sine term, only the even harmonics are present, and their magnitudes decrease with the order of

the harmonic frequency.

-

2Vm

(2n - 1)(2n + 1)p
  cos 2nvt for n = 1, 3, 5, . . . , �

vO(t) =

Vm

p
+

Vm

2
  sin vt -

2Vm

3p
  cos 2vt -

2Vm

15p
  cos 4vt -

2Vm

35p
  cos 6vt -

Á

= c
-2Vm

p

 

a 1

n2
- 1
b
  for n = 2, 4, 6, p , �

0                            for n = 1, 3, 5, p , �

bn =

1
p

 
L

2p

0
vO cos nu du =

1
p

 
L

p

0
Vm sin u cos nu du

= u
Vm

2

     for n = 1

0       for n = 2, 3, 4, 5, . . . , �

an =

1
p

 
L

2p

0
vO sin nu du =

1
p

 
L

p

0
Vm sin u sin nu du

Vo(av) =

1

2p
 
L

 
2p

  

0
vO du =

1

2p
 c
L

 p

 0
Vm  sin u du +

L

 2p

 p
0 du d =

Vm

p

vO(u) = Vo(av) + a

q

n=1,2, Á

  (an sin nu + bn cos nu) where u = v t = 2pft

vO = u Vm sin vt   for  0 …  v t …  p

0                for  p …  v t …  2p

EXAMPLE 5.2
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Application of the single-phase rectifier as a battery charger A single-phase rectifier can be

employed as a battery charger, as shown in Fig. 5.3(a). The battery capacity is 100 Wh, and the battery voltage is

E � 12 V. The average charging current should be Io(av) � 5 A. The primary AC input voltage is Vp � 120 V (rms),

60 Hz, and the transformer has a turns ratio of n � 2�1.

(a) Calculate the angle � over which the diode conducts, the current-limiting resistance R, the power rating PR of

R, the charging time h in hours, the rectification efficiency �R, and the peak inverse voltage PIV of the diode.

(b) Use PSpice/SPICE to plot Po(ac) and Po(dc) as a function of time. Assume model parameters of diode

D1N4148:

IS=2.682N CJO=4P M=.3333 VJ=.5 BV=100 IBV=100U TT=11.54N

SOLUTION

(a) If the secondary input voltage is vS 	 E, diode D1 will conduct. The angle �1 at which the diode starts con-

ducting can be found from the condition

or (5.20)u1 =  sin-1 a E

Vm
b

Vm sin u1 = E

EXAMPLE 5.3

~ E

R

(a)  Circuit

(b)  Waveforms

iO

p
q1

0

0

0vS = Vm sin q

vS = Vm sin q

q = wt

q = wt

q = wt

+

+

-

-

+

-

D1
n:1

vp

iO

2p

p

p

2p

2p

q2

q1 q2

q1 q2

vS − E Vm − E

Vm + E

Vm − E
R

FIGURE 5.3 Battery charger

D
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Diode D1 will be turned off when vS � E at

The charging current iO, which is shown in Fig. 5.3(b), can be found from

(5.21)

Since Vs � Vp
2 � 120
2 � 60 V,

Vm � �2�Vs � �2� � 60 � 84.85 V

From Eq. (5.20), �1 � sin�1 (12
84.85) � 8.13°, or 0.1419 rad. Thus,

The interval over which the diode will conduct is called the conduction angle and is given by

The average charging current ID(av) is

(5.22)

which gives the limiting resistance R as

The rms battery current Io(rms) is

(5.23)

which gives Io(rms) � �6�7�.3�1� � 8.2 A. The power rating of R is

PR � I2
o(rms)R � 8.22 � 4.26 � 286.4 W

 = 67.31 A2

 =

1

2pR2
 caV 2

m

2
+ E 2b (p - 2u1) +

V 2
m

2
 sin 2u1 - 4Vm E cos u1 d

I 2
o(rms) =

1

2p
 
L

u2

u1

=p - u1 (Vm sin u - E)2

R 2
 du

 =

1

2p * 5
 (2 * 84.85 cos 8.13° + 2 * 12 * 0.1419 - p * 12) = 4.26 Æ

R =

1

2pIo(av)
 (2Vm cos u1 + 2Eu1 - pE )

 =

1

2pR
 (2Vm cos u1 + 2Eu1 - pE )

Io(av) =

1

2p
 
L

u2

u1

=
p - u1Vm sin u - E

R
du

d = u2 - u1 = 171.87 - 8.13 = 163.74°

u2 = 180 - 8.13 = 171.87°

iO =

vS - E

R
=

Vm sin u - E

R
 for u1 … u … u2

u2 = p - u1
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The power delivered to the battery Po(dc) is

Po(dc) � EIo(av) � 12 � 5 � 60 W

For 100 Wh,

hPo(dc) � 100

or

The rectification efficiency �
R

is

The peak inverse voltage PIV of the diode is

PIV � Vm � E � 84.85 � 12 � 96.85 V (5.24)

(b) The battery charger circuit for PSpice simulation is shown in Fig. 5.4. Since inductance is proportional to

the square of the number of turns, the primary and the secondary leakage inductances of the input transformer

are selected with a ratio of 22 (or 4) to 1. That is, L1 � 40 mH and L2 � 10 mH for a linear transformer.

The PSpice plots of Io(rms), Po(dc), and Po(rms) are shown in Fig. 5.5, which gives Io(rms) � 7.3 A,

Po(dc) � 53.5 W, and Po(rms) � 86.7 W. The value of Io(rms) is equal to the rms current through resistance

R—that is, I(R). These plots reach their steady-state values after a transient interval of approximately 80 ms.

hR =

Power delivered to the battery

Total input power
=

Po(dc)

Po(dc) + PR
=

60

60 + 286.4
= 17.32%

h =

100

Po(dc)
=

100

60
= 1.667 h

~Vp1

L2

2:1

12 V

00

+

−

+

−

Rs
1 mΩ TX1

R
4.26 Ω  

D1
D1N4148

VB
vp

L1

vS

FIGURE 5.4 Battery charger circuit for PSpice

simulation FIGURE 5.5 PSpice plots for Example 5.3

5.2.2 Single-Phase Full-Wave Center-Tapped Rectifier

For a half-wave rectifier, the average (or DC) voltage is only 0.318 Vm. A full-wave rectifier has double this

output voltage, and it can be constructed by combining two half-wave rectifiers, as shown in Fig. 5.6(a).

Since vS is positive from �t � 0 to � and negative from �t � � to 2�, the operation of the rectifier can be

divided into two intervals: interval 1 and interval 2.
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Interval 1 is the interval 0 � �t � � during the positive half-cycle of the input voltage. Diode D2

is reverse biased and behaves like an open circuit, as shown in Fig. 5.6(b). The peak inverse voltage PIV

of diode D2 is 2Vm. Diode D1 conducts and behaves like a short circuit. The half-secondary voltage

vS � Vm sin �t appears across the load resistance RL. That is, the output voltage becomes

vO � Vm sin �t for 0 � �t � �

Interval 2 is the interval � � �t � 2� during the negative half-cycle of the input voltage. Diode D1 is

reverse biased and behaves like an open circuit, as shown in Fig. 5.6(c). The peak inverse voltage PIV of

diode D1 is also 2Vm. Diode D2 conducts and behaves like a short circuit. The negative of the half-secondary

voltage vS � Vm sin �t appears across the load resistance RL. That is, the output voltage becomes

vO � �Vm sin �t for � � �t � 2�

The instantaneous output voltage vO during interval 2 is identical to that for interval 1. The waveforms

for the input and output voltages are shown in Fig. 5.6(d). Now we need to find the average voltage and

the ripple content. Similar to that of the half-wave rectifier, the output voltage of a full-wave rectifier can

be viewed as consisting of two components: ripple voltage and average voltage. The instantaneous ripple

voltage vr, which is the difference between vO and Vo(av), is shown in Fig. 5.6(e). The average output volt-

age Vo(av) with two identical positive pulses can be found from the following equation:

(5.25)

It is twice the average output voltage of a half-wave rectifier, Vo(av) � 0.318Vm. Therefore, the average

load current Io(av) for a resistive load can be found from Eq. (5.25):

(5.26)

The rms output voltage Vo(rms) is given by

(5.27)

compared to Vo(rms) � 0.5Vm for a half-wave rectifier. Therefore, the rms load current Io(rms) is given by

(5.28)

To find the ripple factor, we have to find the amount of ripple content. The instantaneous ripple volt-

age vr, which is shown in Fig. 5.6(e), can be expressed as

vr = c
vS - Vo(av) = Vm sin vt - Vo(av)                             for 0 6 vt 6 p

-Vm sin vt - Vo(av)                                    for p … vt … 2p

Io(rms) =

Vo(rms)

RL
=

0.707Vm

RL

=

Vm

12
= 0.707Vm

Vo(rms) = c 2

2pL

 p

0
v2

O d(vt) d1>2 = c 2

2pL

 p

0
V2

m sin2vt  d(vt) d1>2

Io(av) =

Vo(av)

RL
=

2Vm

pRL
=

0.636Vm

RL

Vo(av) =

2

2pL

p

0
vO d(vt) =

2

2pL

 p

0
Vm sin vt d(vt) =

2Vm

p
M 0.636Vm
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Let Vr(rms) be the rms ripple voltage. Then Vr(rms) can be related to Vo(av) and Vo(rms) by the mean square

values. That is,

or (5.29)

Substituting Vm from Eq. (5.25) into Eq. (5.27), we get Vo(rms) � �Vo(av) ⁄ (2�2�), which, when substituted

into Eq. (5.29), gives

(5.30)

which is much less than Vr(rms) � 1.21Vo(av) for a half-wave rectifier.

The ripple factor RF of the output voltage, which is a measure of the ripple content, can be found from

(5.31)RF =

Vr(rms)

Vo(av)
=

0.483Vo(av)

Vo(av)
= 0.483, or 48.3%

Vr(rms) = cp2

8
 V2

o(av) - V2
o(av) d

1>2
= Vo(av) cp

2

8
- 1 d1>2 = 0.483Vo(av)

V2
r(rms) = V2

o(rms) - V2
o(av)

V2
r(rms) + V2

o(av) = V2
o(rms)
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~
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0 tp

D2 on

D1 off

vO

vS

vS

RL

~

~

t
p 2p

t
p 2p

+
+

−

+

−
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vD2+
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−
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vS = Vm sin q

q   = wt
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vO 
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0
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FIGURE 5.6 Full-wave rectifier with a center-tapped transformer
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which is much lower than RF � 1.21 � 121% for a half-wave rectifier.

The AC output power Po(ac) is the average power and is defined as

(5.32)

If we assume there is no power loss in the rectifier, the input power can be found from

(5.33)

The DC output power Po(dc) can be found from

(5.34)

It is generally smaller than Po(ac). The ratio of Po(dc) to Po(ac), which is the rectification efficiency �
R, can

be found from

(5.35)

which is twice the value of �
R

� 40.5% for a half-wave rectifier.

If we assume there is no power loss in the rectifier, the input power factor can be found from

(5.36)

� NOTE This numerical value of �
R

� 81% is valid only for the single-phase full-wave rectifier.

The peak inverse voltage PIV of the diodes is 2Vm. A full-wave rectifier develops twice the average

output voltage of a half-wave rectifier for the same peak secondary voltage; however, it requires a center-

tapped transformer. This circuit is suitable for low-power applications only—typically tens of watts.

PF =

Po(ac)

2Vs Is
=

(Vm>12)2>RL

2 * (Vm>12)(Vm>2RL)
=

12

2
= 0.7071

hR =

Po(dc)

Po(ac)
=

Vo(av)Io(av)

Vo(rms)Io(rms)
=

(2Vm>p)2>RL

(Vm>12)2>RL
=

8

p2 = 81%

Po(dc) = Vo(av)Io(av) =

4V2
m

p2RL

Pin = Po(ac) = a Vm

12
b2 1

RL

Po(ac) =

1

2pL

 2p

0
i2

O RL d(vt) = I 2
o(rms) RL = Vo(rms)Io(rms) =

V2
m

2RL
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Finding the performance parameters of a single-phase full-wave rectifier The single-phase full-

wave center-tapped rectifier of Fig. 5.6(a) is supplied from a 120-V, 60-Hz source through a step-down center-

tapped transformer with turns ratio n � 10�2. The load resistance RL is 5 �. Determine (a) the average output

voltage Vo(av), (b) the average load current Io(av), (c) the rms load voltage Vo(rms), (d) the rms load current

Io(rms), (e) the ripple factor RF of the output voltage, (f) the rms ripple voltage Vr(rms), (g) the average diode

current ID(av), (h) the rms diode current ID(rms), (i) the peak inverse voltage PIV of the diodes, (j) the average

output power Po(ac), (k) the DC output power Po(dc), ( l) the frequency fr of the output ripple voltage, and (m)
the input power factor PF.

EXAMPLE 5.4
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SOLUTION

The rms voltage of the transformer primary is Vp � 120 V. From Eq. (5.15) the rms voltage of the transformer

secondary is 2Vs � 2Vp 
n � 120 � 2 
10 � 24 V. The rms voltage of the transformer half-secondary is Vs �
24
2 � 12 V. The peak voltage of each half-secondary is

(a) From Eq. (5.25),

(b) From Eq. (5.26),

(c) From Eq. (5.27),

(d) From Eq. (5.28),

(e) From Eq. (5.31), RF � 0.483, or 48.3%.

(f ) From Eq. (5.30),

(g) Since the average load current is supplied by two diodes, the average diode current ID(av) will be one-half

of the load current. That is, ID(av) � Io(av) ⁄ 2 � 2.16 ⁄ 2 � 1.08 A.

(h) Since the load current is shared by two diodes, the rms load current Io(rms) will be �2� times the rms diode

current. That is, ID(rms) � Io(rms) ⁄ �2� � 2.4 ⁄ �2� � 1.7 A.

(i) PIV � 2Vm � 2 � 16.97 � 33.94 V.

(j) From Eq. (5.32),

(k) From Eq. (5.34),

( l) The output voltage contains two pulses per cycle of the input voltage. That is, fr � 2f � 2 � 60 � 120 Hz.

(m) V, A, and W

From Eq. (5.36),

PF =

Pin

2Vs Is
=

28.8

2 * 12 * 1.7
= 0.7071

Pin = Po(ac) = 28.8Is = Io(rms)>12 = 1.7Vs = 12

Po(dc) = Vo(av)Io(av) = 10.8 * 2.16 = 23.33 W

Po(ac) = I 2
o(rms)RL = (2.4)2

* 5 = 28.8 W

Vr(rms) = 0.483Vo(av) = 0.483 * 10.8 = 5.22 V

Io(rms) =

Vo(rms)

RL
=

12

5
= 2.4 A

Vo(rms) = 0.707Vm = 0.707 * 16.97 = 12 V

Io(av) =

Vo(av)

RL
=

10.8

5
= 2.16 A

Vo(av) = 0.636Vm = 0.636 * 16.97 = 10.8 V

Vm = 12 * 12 = 16.97 V
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Fourier components of the output voltage of a single-phase full-wave rectifier The single-phase

full-wave rectifier of Fig. 5.7 is supplied from a 120-V, 60-Hz source through a step-down center-tapped trans-

former with a turns ratio of n � 10�2.

(a) Express the instantaneous output voltage vO(t) by a Fourier series.

(b) Use PSpice/SPICE to calculate the harmonic components of the output voltage. Assume default diode

parameters.

NOTE: The voltage-controlled voltage source representation of the input transformer will give only

the correct input and output voltage waveforms, but not the correct value of the input current. To get the

actual input current, we should consider the power balances such that the primary volt-amp is equal to

the secondary volt-amp, . This will require connecting two back-to-back current-controlled current

sources (not shown) across the primary side [2].

SOLUTION

(a) 2Vs � 120 � 2 ⁄ 10 � 24 V, and Vs � 12 V. Vm � �2�Vs � �2� � 12 � 16.97 V. The output voltage vO

can be described by

which can be expressed by a Fourier series as

Vo(av) =

1

2p
 
L

2p

0
vO du =

2

2p
 
L

p

0
Vm  sin u du =

2Vm

p

vO (u) = Vo(av) + a
q

n =1,2, . . .
(an sin nu + bn cos nu)  where u = vt = 2pft = 377t

vO = c
Vm sin vt       for 0 … vt … p

-Vm sin vt  for p … vt … 2p

Vp Ip = 2Vs Is

EXAMPLE 5.5

E1

vs

0.1

0.1

0
3

4

21

0

+

_

+

_ +

_

+

_

vp
169.7 V
60 Hz

D2
D1N4148

D1
D1N4148

RL

5 Ω 

E2

~

FIGURE 5.7 Single-phase full-wave rectifier circuit

for PSpice simulation
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When the values of an and bn are inserted into Eq. (5.18), the expression for the instantaneous output voltage

vO becomes

for n � 1, 2, 3, . . . , � (5.37)

where Vm � �2� � 120 � 16.97 V and � � 2� � 60 � 377 rad ⁄s.

Equation (5.25) gives Vo(av) � 2Vm ⁄� � 2 � 16.97⁄� � 10.8 V. From Eq. (5.37), we can find the peak

magnitudes of harmonic components are

Note that the output voltage vO contains only even harmonics, and the second harmonic is the dominant one

at a ripple frequency of fr � 2f � 120 Hz.

(b) The single-phase full-wave center-tapped rectifier circuit for PSpice simulation is shown in Fig. 5.7. The

center-tapped transformer is modeled by a voltage-controlled voltage source.

The PSpice results of Fourier analysis are as follows. The hand-calculated values are shown in parentheses

on the right.

V8(peak) =

4Vm

63p
= 4 *

16.97

63p
= 0.343 V

V6(peak) =

4Vm

35p
= 4 *

16.97

35p
= 0.617 V

V4(peak) =

4Vm

15 p
= 4 *

16.97

15p
= 1.44 V

V2(peak) =

4Vm

3p
= 4 *

16.97

3p
= 7.2 V

-

4Vm

(2n - 1)(2n + 1)
  cos 2nvt

vO(t) =

2Vm

p
-

4Vm

3p
   cos 2vt -

4Vm

15p
  cos 4vt -

4Vm

35p
  cos 6vt -

Á

=

4Vm

p a
�

n=2, 4, . . .
  

1

(n - 1)(n + 1)
   for n = 2, 4, 6, . . ., �

bn =

1
p

 
L

2p

0
vO cos nu du =

2
p

 
L

p

0
 Vm  sin u cos nu du

=

1
p

 a
L

p

0     
Vm  sin u sin nu du +

L

2p

p

- Vm  sin  u sin nu dub  = 0

an =

1
p

 
L

2p

0
 vO sin  nu du

67722_05_ch05a_p237-263.qxd  2/19/10  4:11 PM  Page 253

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



5.2.3 Single-Phase Full-Wave Bridge Rectifier

A single-phase full-wave bridge rectifier is shown in Fig. 5.8(a). It requires four diodes. The advantages of

this rectifier are that it requires no transformer in the input side and the PIV rating of the diodes is Vm. The

disadvantages are that it does not provide electrical isolation and it requires more diodes than the center-

tapped version. However, an input transformer is normally used to satisfy the output voltage requirement.

Since vS is positive from �t � 0 to � and negative from �t � � to 2�, the circuit operation can be divided

into two intervals: interval 1 and interval 2.

Interval 1 is the interval 0 � �t � � during the positive half-cycle of the input voltage vS. Diodes

D3 and D4 are reverse biased, as shown in Fig. 5.8(b). The peak inverse voltage PIV of diodes D3 and

D4 is Vm. Diodes D1 and D2 conduct and behaves like short circuits. The input voltage vS � Vm sin �t
appears across the load resistance RL. That is, the output voltage becomes

Interval 2 is the interval � � �t � 2� during the negative half-cycle of the input voltage vS. Diodes

D1 and D2 are reverse biased, as shown in Fig. 5.8(c). The peak inverse voltage PIV of diodes D1 and D2

is Vm. Diodes D3 and D4 conduct and behave like short circuits. The negative of voltage vS � Vm sin �t
appears across the load resistance RL. That is, the output voltage becomes

The waveforms for the input and output voltages are shown in Fig. 5.8(d). The output voltage will be

reduced due to DC diode drop as shown by the dotted lines. The output ripple voltage is shown in Fig. 5.8(e).

The equations that were derived earlier for a single-phase full-wave center-tapped transformer are also valid

for the bridge rectifier.

vO = -Vm sin vt for p … vt … 2p

vO = Vm sin vt for 0 … vt …  p

Microelectronic Circuits: Analysis and Design254

FOURIER COMPONENTS OF TRANSIENT RESPONSE V(RL:2)

DC COMPONENT=  8.757443  Vo(dc)=8.757 V (10.8 V)

HARMONIC FREQUENCY FOURIER NORMALIZED PHASE NORMALIZED

NO (HZ) COMPONENT COMPONENT (DEG) PHASE (DEG)

1 6.000E+01 2.727E-02 1.000E+00 -8.789E+01 0.000E+00

2 1.200E+02 6.312E+00 2.315E+02 -9.018E+01 -2.289E+00 (7.2 V)

3 1.800E+02 2.705E-02 9.922E-01 -8.373E+01 4.161E+00

4 2.400E+02 1.199E+00 4.398E+01 -9.065E+01 -2.763E+00 (1.44 V)

5 3.000E+02 2.658E-02 9.750E-01 -7.975E+01 8.142E+00

6 3.600E+02 4.806E-01 1.763E+01 -9.177E+01 -3.882E+00 (0.617 V)

7 4.200E+02 2.576E-02 9.448E-01 -7.603E+01 1.186E+01

8 4.800E+02 2.478E-01 9.089E+00 -9.391E+01 -6.015E+00 (0.343 V)

9 5.400E+02 2.447E-02 8.973E-01 -7.254E+01 1.535E+01

TOTAL HARMONIC DISTORTION= 2.364960E+04 PERCENT

NOTE: The calculated values do not take into account the diode voltage drops, whereas the PSpice

simulation assumes a real diode characteristic. This accounts for the differences between the PSpice and

the hand-calculated values.
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If we assume there is no power loss in the rectifier, the input power factor can be found from

(5.38)PF =

Po(ac)

Vs Is
=

(Vm>12)2>RL

(Vm >12)[Vm >(12 RL)]
= 1.0
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~ vp vS

vS

D1, D2 on
D3, D4 off 

D1, D2 off
D3, D4 on

Vo(av)

(d)  Waveforms

(a)  Circuit
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+
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+
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+
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FIGURE 5.8 Single-phase full-wave bridge rectifier

Performance parameters of a single-phase full-wave bridge rectifier The single-phase full-wave bridge

rectifier of Fig. 5.8(a) is supplied from a 120-V, 60-Hz source through a transformer with turns ratio n � 10�1. The

load resistance RL is 5 �. Determine (a) the average output voltage Vo(av), (b) the average load current Io(av),

(c) the rms load voltage Vo(rms), (d) the rms load current Io(rms), (e) the ripple factor RF of the output voltage,

(f) the rms ripple voltage Vr(rms), (g) the average diode current ID(av), (h) the rms diode current ID(rms), (i) the

peak inverse voltage PIV of the diode, ( j) the average (or AC) output power Po(ac), (k) the DC output power

Po(dc), ( l) the frequency fr of the output ripple voltage, and (m) the input power factor PF.

EXAMPLE 5.6
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SOLUTION

The rms voltage of the transformer primary is Vp � 120 V. From Eq. (5.15), the rms voltage of the transformer

secondary is Vs � Vp ⁄ n � 120 ⁄ 10 � 12 V. The peak voltage of the secondary is

(a) From Eq. (5.25),

(b) From Eq. (5.26),

(c) From Eq. (5.27),

(d) From Eq. (5.28),

(e) From Eq. (5.31), RF � 0.483, or 48.3%.

(f) From Eq. (5.30),

(g) The load current flows through one of the top diodes (D1 or D3), the load, and then one of the bottom diodes

(D2 or D4). Thus, the same current flows through two diodes, which are conducting. The time-average diode

current ID(av) will be one-half of the load current. That is, ID(av) � Io(av) ⁄ 2 � 2.16 ⁄ 2 � 1.08 A.

(h) The rms diode current ID(rms) will be 1 ⁄ �2� times the rms load current. That is, ID(rms) � Io(rms) ⁄ �2� �
2.4 ⁄ �2� � 1.7 A

(i) PIV � Vm � 16.97 V

(j) From Eq. (5.32),

Po(ac) � I2
o(rms)RL � (2.4)2 � 5 � 28.8 W

(k) From Eq. (5.34),

( l) fr � 2f � 2 � 60 � 120 Hz

(m) V, A, and WPin = Po(ac) = 28.8Is = Io(rms) = 2.4Vs = 12

Po(dc) = Vo(av)Io(av) = 10.8 * 2.16 = 23.33 W

Vr(rms) = 0.483Vo(av) = 0.483 * 10.8 = 5.22 V

Io(rms) =

Vo(rms)

RL
=

12

5
= 2.4 A

Vo(rms) = 0.707Vm = 0.707 * 16.97 = 12 V

Io(av) =

Vo(av)

RL
=

10.8

5
= 2.16 A

Vo(av) = 0.636Vm = 0.636 * 16.97 = 10.8 V

Vm = 12 * 12 = 16.97 V
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Applications of Diodes 257

Transfer (output versus input) characteristic of a single-phase bridge rectifier A single-phase

bridge rectifier is shown in Fig. 5.9. The load resistance RL is 4.5 k�. The source resistance Rs is 500 �.

(a) Determine the transfer characteristic (vO versus vS) of the rectifier.

(b) Use PSpice/SPICE to plot the transfer characteristic for vS � �10 V to 10 V. Assume model parameters 

of diode D1N4148:

IS=2.682N CJO=4P M=.3333 VJ=.5 BV=100 IBV=100U TT=11.54N

SOLUTION

(a) RL � 4.5 k� and Rs � 500 �. When the input voltage vS is positive, only diodes D1 and D2 conduct. 

The output voltage vO can be obtained by applying the voltage divider rule. That is,

If the input voltage vS is negative, only diodes D3 and D4 conduct. The output voltage vO can be obtained from

The transfer characteristic is shown in Fig. 5.10(a).

(b) The PSpice plot of vO against vS is shown in Fig. 5.10(b). The dead zone around 0 (between 0.82 V

and �0.671 V) is due to the voltage drops across the diodes.

vO =

-vSRL

RL + Rs
=

-vS(4.5 kÆ)

4.5 kÆ + 500 Æ
= - 0.9vS for vS 6 0

vO =

vSRL

RL + Rs
=

vS(4.5 kÆ)

4.5 kÆ + 500 Æ
= 0.9vS for vS 7 0

EXAMPLE 5.7

D1 D3

D4 D2

vO
2

3

4
0

vS ~

Rs
500 Ω 

1 +

+

_

_

RL
4.5 kΩ 

FIGURE 5.9 Single-phase bridge rectifier circuit for PSpice simulation

From Eq. (5.38),

NOTE: The results of Examples 5.4 and 5.6 are identical, except that the PIV of a bridge rectifier is PIV �
Vm � 16.97 V whereas the PIV of a center-tapped rectifier is PIV � 2Vm � 33.94 V for the same Vo(av) �
10.8 V. The bridge rectifier has the best power factor.

PF = a Pin

Vs * Is
b = a 28.8

12 * 2.4
b = 1.0
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(a)  Expected characteristics

−1 0 1

vO

vS

Slope = −0.9 Slope = +0.9

0.9

(b)  PSpice plots

FIGURE 5.10 Transfer characteristic for Example 5.7

Application of a single-phase bridge rectifier as an AC voltmeter An AC voltmeter is constructed

by using a DC meter and a bridge rectifier, as shown in Fig. 5.11(a). The meter has a resistance of Rm � 100 �,

and its average current is Im � 100 mA for a full-scale deflection. The current-limiting resistance is Rs � 1 k�.

(a) Determine the rms value of the AC input voltage Vs that will give a full-scale deflection if the input voltage

vS is sinusoidal.

(b) If this meter is used to measure the rms value of an input voltage with a triangular waveform, as shown in

Fig. 5.11(b), calculate the necessary correction factor K to be applied to the meter reading.

EXAMPLE 5.8

~

Rs

Rm

Im

vS
vO

Vm(av)

D1

D2 D3

D4

p 2p

(b)  Input voltage

(c)  Output voltage

(a)  Circuit

vO

0

p 2p

vS

0

-Vm

Vm

Vm

M

q = w t

q = w tp
2

3p
2

3p
2

p
2

-- +

+

FIGURE 5.11 AC voltmeter
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Applications of Diodes 259

SOLUTION

(a) The peak value Vm of a sinusoidal voltage is related to its rms value Vs by Vm � �2�Vs. The average meter

voltage Vm(av) can be found by applying the voltage divider rule between resistances Rs and Rm:

where Vs(rms) is the rms value of vs.

Using Vo(av) � 2Vm ⁄ � from Eq. (5.25), we can find the average meter current Im(av) from

(5.39)

The meter reading �1, which is proportional to the average meter current Im(av), must measure the rms input volt-

age. That is,

(5.40)

where K1 is a meter scale factor. Substituting Im(av) from Eq. (5.39), we get K1:

which gives the constant K1 as

(5.41)

Therefore, using Eq. (5.40), we can find the rms input voltage Vs that will give the full-scale deflection:

(b) If a triangular waveform vS with a peak value of Vm is applied to the bridge rectifier, the output voltage vO

is as shown in Fig. 5.11(c). The rms input voltage Vs of the triangular voltage with four identical triangular

areas can be found from

(5.42)

The average output voltage Vo(av) with four identical triangular areas can be found from

(5.43)Vo(av) =

4

2pL

 p>2
0 

Vm

p>2 u du =

Vm

2

Vs = c 4

2pL

 p>2
0 
a Vm

p>2 ub2

du d1>2 =

Vm

13
   (after the integration is completed)

Vs = K1Im(av) = 1221.8 * 100 * 10- 3
= 122.2 V

=

p (1 * 103
+ 100)

222
= 1221.8 V>A

K1 =

p (Rs + Rm)

212

K1
212Vs

p (Rs + Rm)
= Vs

u1 = K1Im(av) = Vs

2  12 Vs

p (Rs + Rm)
Im(av) =

Vo(av)

Rs + Rm
=

1

Rs + Rm
*

2Vm

p
=

Vm(av) =

Rm

Rs + Rm
Vo(av)

Rm = 100 Æ, Rs = 1 kÆ, and  Im = 100 mA.
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5.3 Output Filters for Rectifiers

In Eqs. (5.19) and (5.37), the rectifier output voltage vO(t) has a DC component (Vm ⁄� or 2Vm ⁄ �) and

other cosine components at various frequencies. The magnitudes of the cosine components are called the

harmonics. The output should ideally be pure DC; these harmonics are undesirable. Filters are normally

used to smooth out the output voltage. Since the input supply to these filters is DC, they are known as

DC filters. Three types of DC filters are normally used: L filters, C filters, and LC filters. L filters and

LC filters are generally used for high-power applications, such as DC power supplies. In integrated circuits,

C filters are usually used.

Microelectronic Circuits: Analysis and Design260

Substituting Vo(av) � Vm ⁄ 2, we can find the average meter current Im(av) from

(5.44)

The meter reading �1 must measure the rms input voltage. Substituting K1 from Eq. (5.41) and Im(av) from 

Eq. (5.44), we get

(5.45)

But Eq. (5.42) showed that the rms value is Vs � Vm ⁄ �3�. Letting K be the correction factor, we have

which, after substitution for �1 from Eq. (5.45), gives the value of correction factor K as

(5.46)

Therefore, the meter will read KVs (for sine wave) � 1.0396 � 122.2 � 127.04 V at a full-scale deflection with

the triangular waveform.

K =

Vm

23u1
=

Vm

13
*

412

pVm
=

412

p13
= 1.0396

Vs = Ku1 =

Vm

13

u1 = K1Im(av) =

p(Rs + Rm)

212
*

Vm

2(Rs + Rm)
=

pVm

412

Im(av) =

Vo(av)

Rs + Rm
=

Vm>2
Rs + Rm

=

Vm

2(Rs + Rm)

KEY POINTS OF SECTION 5.2

■ Diodes can be used for rectification—that is, for converting AC voltage to DC voltage.

■ The output voltage of a diode rectifier has harmonic content, which is measured by the harmonic

factor RF.

■ A half-wave rectifier has more harmonic content than a full-wave rectifier. However, it is simple and

is generally used for low-power output on the order of 10 W. The center-tapped rectifier and the bridge

rectifier are normally used for output in the ranges of 100 W and 1 kW, respectively.

■ An input transformer is normally used to isolate the load from the supply and also to step the voltage

up (or down).
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5.3.1 L Filters

An inductor, which is an energy storage element, tries to maintain a constant current through the load so

that the variation in the output voltage is low. Let us assume that an inductor with zero internal resistance

is connected in series with the load resistance RL of a bridge rectifier. This arrangement is shown in

Fig. 5.12(a). At the ripple frequencies, the inductance offers a high impedance and the load current ripple

is reduced. The equivalent circuits for the DC and harmonic components are shown in Fig. 5.12[(b) and (c)],

respectively. The load impedance is given by

(5.47)

(5.48)

Dividing the frequency-dependent components of the output voltage vO in Eq. (5.37) by the impedance Z
of Eq. (5.47) gives the instantaneous load current iO:

(5.49)

where Io(av) is obtained by dividing Vo(av) by the load resistance RL. That is,

Let us consider the first two harmonic components only, ignoring the higher-order ones. Let Io2(rms)

and Io4(rms) be the rms currents of the second and fourth harmonic components, respectively. Since these

currents are in rms values, the resultant rms ripple current Ir(rms) can be found by adding the mean square

values of Io2(rms) and Io4(rms). That is,

(5.50)I 2
r(rms) = I 2

o2(rms) + I 2
o4(rms)

Io(av) =

Vo(av)

RL
=

2Vm

pRL

 cos nvt - fn

2R2
L + (nvL)2

diO(t) = Io(av) -

4Vm

p
 c a

n =2,4,6   

1

(n - 1)(n + 1)

where fn =  tan-1 anvL

RL
b

Z = RL + j(nvL) = 2R2
L + (nvL)2∠fn

Applications of Diodes 261

FIGURE 5.12 Single-phase bridge rectifier with an L filter

~

(a)  Circuit

D1 D3

D4 D2

vO

iO

RLvS

L

(b)  DC equivalent circuit

−

+

−

+

−

+
Vo(av) RL ~ RL

nwL

Ir(rms)

Vr(rms)

−

+

(c)  AC equivalent circuit
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Using this relationship and dividing the peak values in Eq. (5.49) by �2� to convert to the rms values, we

can get the rms ripple current Ir(rms) of Eq. (5.50):

(5.51)+

1

2
 a 4Vm

p[R2
L + (4vL)2]1>2 *

1

15
b2

+
p

I 2
r(rms) =

1

2
 a 4Vm

p[R2
L + (2vL)2]1>2 *

1

3
b2

Microelectronic Circuits: Analysis and Design262

Designing an output L filter The single-phase bridge rectifier of Fig. 5.12(a) is directly supplied from a

120-V, 60-Hz source without any input transformer. The average output voltage is Vo(av) � 158 V. The load

resistance is RL � 500 �.

(a) Design an L filter so that the rms ripple current Ir(rms) is limited to less than 5% of Io(av). Assume that the

second harmonic Io2(rms) is the dominant one and that the effects of higher-order harmonics are negligible.

(b) Use PSpice/SPICE to check your design by plotting the output current. Use diode default parameters of

1N4148 diodes.

SOLUTION

(a) Since 

Assume that the ripple current is approximately sinusoidal. Then, the peak ripple current is �2� times the value

of Ir(rms). That is,

The peak-to-peak ripple current Ir(pp) is twice the value of Ir(peak). Thus,

Let us consider only the lowest-order harmonic—that is, n � 2. Equation (5.51) yields

The ripple factor RFi of the output current is given by

(5.52)

0.4714

21 + (2vL>RL)2
=

4>(12 * 3 * 2)

1 1 + (2vL>RL)2
=

RFi =

Ir(rms)

Io(av)
L

Io2(rms)

Io(av)
=

4Vm

22p [R2
L + (2vL)2]1>2 *

1

3
*

pRL

2Vm

Ir(rms) L Io2(rms) =

4Vm

22p[R2
L + (2vL)2]1>2 *

1

3

Ir(pp) = 2 * Ir(peak) = 2 * 22.34 mA =  44.69 mA

Ir(peak) = 22 * Ir(rms) = 22 * 15.8 mA =  22.34 mA

Ir(rms) = 5% of Io(av) = 0.05 * 316 mA =  15.8 mA

Io(av) =

Vo(av)

RL
=

158

500
= 316 mA

Vm = 22Vs = 2 2 * 120 = 169.7 V,

EXAMPLE 5.9

D
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Applications of Diodes 263

which can be solved to find the value of L for the known values of RL � 500 �, f � 60 Hz, and RFi � 5% �
0.05. That is,

(b) The bridge rectifier circuit with an L filter for PSpice simulation is shown in Fig. 5.13. PSpice allows

us to find the current through resistors, I(RL). It is not necessary to have a fictitious voltage source

VX � 0.

The PSpice plot of load current iO, shown in Fig. 5.14, gives the peak-to-peak ripple current as Ir(pp) �
166.67 � 150.82 � 15.85 mA, compared to the calculated value of Ir(pp) � 22.34 mA. The difference

between the values is a result of neglecting the higher-order harmonics in determining the value of L and

also the fact that PSpice uses real diodes rather than ideal ones with zero forward resistance. With ideal

diodes, PSpice would give 27.9 mA. The DC current from PSpice is Io(av) � (166.61 � 150.82) ⁄2 �
158.72 mA, which is below the calculated value of 316 mA. This is caused by the fact that the effect of

inductor L was not included in the calculated values.

L = 6.22 H

0.47142
= (0.05)2

* c1 + a2 * 2 * 60 * pL

500
b2 d

0.05 =

0.4714

1 1 + (2vL>RL)2

~

D3

D2

Vs

0

21

5

4

3

L
6.22 H

D1
D1N4148

D4
D1N4148

RL
500 Ω 

Vx
0 V

-

+
-

+

FIGURE 5.13 Bridge rectifier circuit with 

L filter for PSpice simulation

FIGURE 5.14 PSpice plot for Example 5.9
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5.3.2 C Filters

A capacitor is also an energy storage element; it tries to maintain a constant voltage, thereby preventing

any change in voltage across the load. A capacitor C can be connected across the load to maintain a con-

tinuous output voltage vO, as shown in Fig. 5.15(a) [3]. Under steady-state conditions, the capacitor will

have a finite initial voltage. When the magnitude of the instantaneous supply voltage vS is greater than that

of the instantaneous capacitor voltage vC, the diodes (D1 and D2 or D3 and D4) will conduct and the capac-

itor will be charged from the supply. However, if the magnitude of the voltage vS falls below that of the

instantaneous capacitor voltage vC, the diodes (D1 and D2 or D3 and D4) will be reverse biased and the

capacitor C will discharge through the load resistance RL. The capacitor voltage vC will vary between a

minimum value Vo(min) and a maximum value Vo(max). The waveforms of the output voltage vO and ripple

voltage vr are shown in Fig. 5.15(b). If f is the supply frequency, the period of the input voltage is T � 1 ⁄ f.
For a single-phase half-wave rectifier, the period of the output ripple voltage is the same as the period

T of the supply voltage. However, for a single-phase full-wave rectifier, the period of the output ripple volt-

age is T ⁄ 2. The output operation can be divided into two intervals: interval 1 for charging and interval 2

for discharging.

The equivalent circuit during charging is shown in Fig. 5.15(c). The capacitor charges almost

instantaneously to the supply voltage vS. The capacitor C will be charged approximately to the peak

supply voltage Vm, so vC(�t � � ⁄ 2) � Vm. Figure 5.15(d) shows the equivalent circuit during discharg-

ing. The capacitor discharges exponentially through RL. When one of the diode pairs is conducting, the

FIGURE 5.15 Bridge rectifier with a C filter

~

D1

D1 D2

D3

D4 D2

vS

iO

Vm

io

iS

RLvC

Vo(max)

Vm

Vo(min)

p 2pp
2

3p

p 2p 3p

tc

Vr(pp)

td

C

(a)  Circuit

(b)  Waveforms for full-wave rectifier

(e)  Supply current

iO

iS

iO

~vS vC RLC

(c)  Charging (d)  Discharging

RLC

w t

w t

w t

vO

vr

T
2

0

0

vO = vC

-

+

-

+

-
+

-

+

-

+

-

+

b
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capacitor C draws a pulse of charging current from the AC supply, as shown in Fig. 5.15(e). As a result,

the rectifier generates harmonic currents into the AC supply. For high-power applications, an input filter

is normally required to reduce the amount of harmonic injection into the AC supply. Thus, a rectifier

with a C filter is used only for low-power applications [4].

The output ripple voltage, which is the difference between maximum voltage Vo(max) and the mini-

mum voltage Vo(min), can be specified in different ways, as shown in Table 5.1.

During the charging interval, under steady-state conditions the capacitor charges from Vo(min) to Vm.

Let us assume that at an angle � (rad/s), the positive input voltage is equal to the minimum capacitor

voltage Vo(min) at the end of the capacitor discharge. As the input voltage rises sinusoidally from zero to Vm,

at the first cycle the angle � can be determined from 

or (5.53)

By redefining the time origin (�t � 0) at � ⁄ 2, as the beginning of interval 1, we can deduce the

discharging current from

which, with an initial condition of vC(�t � 0) � Vm, gives

The instantaneous output (or capacitor) voltage vO during the discharging period can be found from

vO(t) � RLiO � Vme�t ⁄RLC (5.54)

From Fig. 5.15(b), we can find the discharging time td or the discharging angle � (rad/s) as 

for a full-wave rectifier (5.55a)

for a half-wave rectifier (5.55b)

At t � td, vO(t) in Eq. (5.54) becomes equal to Vo(min), and we can relate td to Vo(min) by

(5.56)vO(t = td) = Vo(min) = Vm e-td>RLC

=

3p

2
+ a

vtd = b =

p

2
+ a

iO =

Vm

RL
  e-  t>RLC for 0 … t … td

1

C
 
3

 iO dt -  vC(t = 0) + RLiO = 0

a = sin-

 
1aVo(min)

Vm
bVo(min) = Vm sin (a)

Applications of Diodes 265

TABLE 5.1 Terms for measuring output ripple voltage

Definition of Terms Relationship

The peak value of output voltage

The peak-to-peak output ripple voltage

The ripple factor of the output voltage

The minimum value of output voltage Vo( min ) = Vm(1 - RF)

RF =

Vr(pp)

Vm
=

Vm - Vo( min )

Vm
= 1 -

Vo( min )

Vm

Vr(pp) = Vo( max ) - Vo( min ) = Vm - Vo( min )

Vo( max ) = Vm
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which gives the discharging time td as 

(5.57)

Equating td in Eq. (5.57) to td in Eq. (5.55), we get

for a full-wave rectifier (5.58a)

for a half-wave rectifier (5.58b)

Therefore, the filter capacitor C can be found from 

for a full-wave rectifier (5.59a)

for a half-wave rectifier (5.59b)

Redefining the time origin (�t � 0) at � ⁄ 2 when the discharging interval begins, we can find the

average output voltage Vo(av) from

for a full-wave rectifier (5.60)

for a half-wave rectifier (5.61)

The equations just given for C in Eq. (5.59) and Vo(av) in Eq. (5.60) are nonlinear. We can derive simple

explicit expressions for the ripple voltage in terms of the capacitor value if we make the following assumptions:

• tc is the charging time of the capacitor C.

• td is the discharging time of the capacitor C.

=

Vm

2p
 [vRLC (1 - e -�>� RLC ) + sin b ]

Vo(av) =

Vm

2p
c
L

b

0
e -�t>RLC d(vt) +

L

b

2p
cos (vt) d(vt) d

=

Vm

p
 [vRLC (1 - e -  �>�RLC) + sin b]

Vo(av) =

Vm

p
c
L

b

0
e -�t>RLC d(vt) +

L

b

p
cos (vt) d(vt) d

=

3p>2 +  sin -1 (Vo (min)>Vm)

vRL ln (Vm>Vo (min))

C =

p>2 + sin-1
 (Vo (min)>Vm)

vRL ln (Vm>Vo (min))

=

3p

2
+ a =

3p

2
+ sin-

 
1 aVo(min)

Vm
b

vRLC ln a Vm

Vo(min)
b =

p

2
+ a =

p

2
+ sin-

 
1 aVo(min)

Vm
b

td = RLC ln a Vm

Vo(min)
b
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If we assume that the charging time tc is small compared to the discharging time td (i.e., td �� tc,

which is generally the case), we can relate tc and td to the period T of the input supply as

for a full-wave rectifier (5.62a)

for a half-wave rectifier (5.62b)

Using Taylor series expansion of e�x � 1� x for small values of x �� 1, we can simplify Eq. (5.56) to 

(5.63)

This gives the peak-to-peak ripple voltage Vr(pp) as

for a full-wave rectifier (5.64a)

for a half-wave rectifier (5.64b)

Equations (5.64a and 5.64b) can be used to find the value of capacitor C with reasonable accuracy for most

practical purposes as long as the ripple factor is within 10%. We can observe from Eq. [5.64(a) and (b)] that

the ripple voltage depends inversely on the supply frequency f, the filter capacitance C, and the load resis-

tance RL. For the same amount of voltage ripple, the full-wave rectifier will require half the capacitance C
due to having double the output ripple frequency 2f as compared to the half-wave rectifier.

If we assume that the output voltage decreases linearly from Vo(max)(�Vm) to Vo(min) during the

discharging interval, the average output voltage can be found approximately from

(5.65)

After we substitute for td in Eq. (5.65), this becomes 

for a full-wave rectifier (5.66a)

for a half-wave rectifier (5.66b)

The ripple factor RF can be found from 

for a full-wave rectifier (5.67a)

for a half-wave rectifier (5.67b)

The peak input voltage Vm is generally fixed by the supply, whereas we can vary the minimum voltage Vo(min)

from almost zero to Vm by varying the values of C, f, and RL. Therefore, it is possible to design for an average

output voltage Vo(av) in the range from Vm ⁄2 to Vm. We can find the value of capacitor C to meet either a spe-

cific value of the minimum voltage Vo(min) or the average output voltage Vo(av) so that Vo(min) � (2 Vo(av) � Vm).

=

1

2RL fC - 1

RF =

Vr(pp)>2
Vo(av)

=

1

4RL fC - 1

=

1

2
cVm + Vma1 -

1

RL fC
b d =

Vm

2
 c2 -

1

RL fC
d

Vo(av) =

1

2
 cVm + Vma1 -

1

2RL fC
b d =

Vm

2
c2 -

1

2RL fC
d

Vo(av) =

Vm + Vo(min)

2
=

1

2
cVm + Vma1 -

td

RLC
bd

=

Vm

f RLC

Vr(pp) = Vm - Vo(min) = Vm td

RLC
=

Vm

2 fRLC

Vo(min) = Vm e- td >RLC
= Vm a1 -

td

RLC
b

= T - tc M T =

1

f

td =

T

2
- tc M  

T

2
=

1

2
 f
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Microelectronic Circuits: Analysis and Design268

Designing an output C filter The single-phase full-wave bridge rectifier of Fig. 5.15(a) is supplied

directly from a 120-V, 60-Hz source without any input transformer. The load resistance is RL � 500 �.

(a) Design a C filter so that the peak-to-peak ripple voltage Vr(pp) is within 10% of Vm.

(b) With the value of C found in part (a) calculate the actual output voltage Vo(av), and the capacitor voltage if

the load resistance RL is disconnected.

(c) Use PSpice/SPICE to check the design by plotting the instantaneous output voltage vO. Use default diode

parameters of 1N4148 type.

SOLUTION

(a) Vm � �2�Vs � �2� 	 120 � 169.7 V

The peak-to-peak ripple voltage is 

Vr(pp) � 10% of Vm � 0.1 	 169.7 � 16.97 V

The minimum output voltage is 

Vo(min) � Vm � Vr(pp) � 170 � 16.97 � 152.74 V

From Eq. (5.53), we get the angle � as 

From Eq. (5.55a), we get the discharge � as 

From Eq. (5.59a), we get the filter capacitor C:

(b) From Eq. (5.60), we get the average output voltage: 

The approximate Eq. (5.64a) gives C � 166.7 
F, and Eq. (5.65) gives Vo(av) � (Vm � Vo(min)) ⁄2 � 161.2 V.

If the load resistance RL is disconnected, the capacitor will charge to the peak input voltage Vm. Therefore,

the average output voltage with no load is

The average output voltage Vo(av) will change from 169.7 V to 158.49 V if the load is connected. This change

in voltage is normally specified by a factor known as the voltage regulation, which is defined as

(5.68)Voltage regulation =

Vo(no-load) - Vo(load)

Vo(load)
=

Vo(load) - Vo(av)

Vo(av)

=

169.7 - 161.49

161.49
= 5.08%     

Vo(no-load) = Vm = 169.7 V

Vo(av) =

Vm

p
 [ 2p  f RLC ( 1 - e -  �>�RLC) + sin b  ] = 161.49 V

C =

p>2 + a

2pf RL ln (Vm>Vo(min))
 =

p>2 + 1.12

2p * 86 * 500 * ln (169.7>152.74)
= 135.48 
F

b =

p

2
+ a =

p

2
+ 1.12 = 2.698 rad, or 154.16o

a = sin -1 aVo(min)

Vm
b = sin -1 a152.74

1169.7
b = 1.12 rad, or 64.16o

EXAMPLE 5.10

D
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5.3.3 LC Filters

An LC filter, which opposes any change in either the voltage or the current, reduces the harmonics more effec-

tively than an L filter or a C filter. A rectifier with an LC filter is shown in Fig. 5.18(a). The equivalent circuit

for harmonics is shown in Fig. 5.18(b) where Vrn is the nth harmonic component of the rms ripple voltage.

To make it easier for the nth harmonic ripple current to pass through the filter capacitor C rather

than through the load resistance RL, the load impedance ZL (� RL) must be greater than that of the

capacitor. That is,

RL ��
1

nvC

Applications of Diodes 269

FIGURE 5.16 Single-phase bridge rectifier circuit with a C filter for PSpice simulation

FIGURE 5.17 PSpice plot of output voltage for Example 5.10

~

D1 D3

D4 D2

vs

1 2

3
0

RL
500 Ω 

C
126.2 μF−

+

(c) The single-phase bridge rectifier circuit with a C filter for PSpice simulation is shown in Fig. 5.16.

The PSpice plot of vO, shown in Fig. 5.17 (which was obtained by using the PSpice model of diode IN4148),

gives the peak-to-peak ripple voltage as Vr(pp) � 4.85 V (15.23 V with ideal diodes), compared to the calculated

value of 22.34 V. The average output voltage is Vo(av) � (98.98 � 94.1) ⁄ 2 � 96.54 V. The error results from

neglecting the voltage drops of the diodes in hand calculations. The value of vO reaches a steady state after a

transient interval of approximately 40 ms. If we run the simulation using the ideal diode model, we get Vr(pp) �
17.6 V and Vo(av) � 159.2 V. This difference is caused by the finite resistance of the PSpice diode model during

the charging interval of capacitor C.
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This condition is generally satisfied by choosing a ratio of 1�10. That is,

(5.69)

Under this condition, RL can be neglected and the effect of the load resistance RL will be negligible. Thus,

Fig. 5.18(b) is reduced to Fig. 5.18(c). Using the voltage divider rule, we can find the rms value of the nth

harmonic voltage component appearing after filtering on the output from

(5.70)

where Von(rms) is the rms nth harmonic voltage of Eq. (5.19) or Eq. (5.37). If the higher-order harmonics

are neglected and the second harmonic becomes the dominant one, Vo2(rms) becomes the output ripple volt-

age of the rectifier, and Eq. (5.70) can be written as

(5.71)

With the value of C from Eq. (5.69), the value of L can be computed for a specified value of Vr(rms).

Vr(rms) = Vr2(rms) =

1

|1 - (nv)2LC|
 Vo2(rms)

Vrn(rms) = ` -   j>(nvC)

( jvL) - j>(nvC)
`  Von(rms) =

1

ƒ 1 - (nv)2LC|
 Von(rms)

RL =

10

nvC
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FIGURE 5.18 Rectifier with an LC filter
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Designing an output LC filter The single-phase bridge rectifier of Fig. 5.18(a) is supplied directly from

a 120-V, 60-Hz source without any input transformer. The load resistance is RL � 500 �.

(a) Design an LC filter so that the rms ripple voltage Vr(rms) is within 5% of Vo(av).

(b) Use PSpice/SPICE to check your design by plotting the instantaneous output voltage vO. Use default diode

parameters.

SOLUTION

(a) f � 60 Hz, � � 2�f � 377 rad/s, RL � 500 �, and RF � 5% � 0.05.

Vm � �2�Vs � �2� 	 120 � 169.7 V

Vr(rms) � 5% of Vo(av) � 0.05 	 108.03 � 5.4 V

Vo(av) =

2Vm

p
=

2 * 169.7
p

= 108.03 V

EXAMPLE 5.11

D
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Assume that the ripple voltage is approximately sinusoidal. Then, the peak ripple voltage is given by

Vr(peak) � �2� 	 Vr(rms) � �2� 	 5.4 � 7.64 V

The peak-to-peak ripple voltage Vr(pp) is

Vr(pp) � 2 	 Vr(peak) � 2 	 7.64 � 15.28 V

Let us consider only the dominant harmonic—that is, the second harmonic. From the second term in Eq. (5.37),

the rms value of the second harmonic is

NOTE: �2� converts the peak value to a rms value.

For n � 2, the value of C can be found from Eq. (5.69) as follows:

Using Eqs. (5.71) and (5.25), we can find the ripple factor RF of the output voltage from

which can be solved for L:

(b) The single-phase bridge rectifier circuit with an LC filter for PSpice simulation is shown in Fig. 5.19. The

PSpice plot of vO, shown in Fig. 5.20, gives the peak-to-peak ripple voltage as Vr(pp) � 14.99 V, compared to

the calculated value of 15.28 V. There is an error of 1.39 V, which can arise from various factors such as

neglecting the higher-order harmonics, not considering the loading effect of RL, and assuming an ideal diode

with zero voltage drop. Thus, the design values should be revised until the desired specifications are satisfied.

L =

1

(nv)2C
 c22

3RF
- 1 d =

1

(2 * 377)2
* 26.53 * 10-6

 c 22
3 * 0.05

- 1 d = 0.56  H

=

22>3
ƒ 1 - (nv)2LC ƒ

RF =

Vr(rms)

Vo(av)
=

Vo2(rms)

ƒ 1 - (nv )2LC ƒ

*

p

2Vm
=

1

ƒ 1 - (nv )2LC ƒ

*

4Vm

322p
*

p

2Vm

C =

10

nvRL
=

10

2 * 377 * 500
= 26.53 
F

Vo2 (rms) =

4Vm

322p

FIGURE 5.20 PSpice plot for Example 5.11

FIGURE 5.19 Single-phase bridge rectifier circuit

with an LC filter for PSpice simulation
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5.4 Diode Peak Detectors 
and Demodulators

The half-wave rectifier shown in Fig. 5.21(a) can be employed as a peak signal detector. Let us consider a

sinusoidal input voltage, vS � Vm sin �t. During the first quarter-cycle, the input voltage will rise, the

capacitor C will be charged almost instantaneously to the input voltage, and the capacitor (or output) volt-

age vO will follow the input voltage vS until the instantaneous vS reaches Vm at time t � � ⁄2�. When the

input voltage vS tries to decrease, diode D1 will be reverse biased and the capacitor C will discharge

through resistance R. If we define the time t � t1 when C is charged to Vm, the output (or capacitor) volt-

age vO, which falls exponentially, takes the form

(5.72)

The waveform of the output voltage is shown in Fig. 5.21(b). If the time constant � � RC is too small, the

capacitor will discharge its voltage very quickly and will not maintain its voltage close to Vm. The output

voltage will be discontinuous and will not be a true representation of the peak input signal. On the other

hand, if the time constant � is too large, the output voltage will not change rapidly with a change in the

peak value Vm of the input voltage. If the time constant � is properly selected, the output voltage should

approximately represent the peak input signal, within a reasonable error.

vO(t) = Vme- (t- t1)>RC    for t1 … t … (t1 + t2)

Microelectronic Circuits: Analysis and Design272

KEY POINTS OF SECTION 5.3

■ The output voltage of a diode rectifier has harmonic content, and filters are normally used to smooth

out the ripples.

■ A C filter connected across the load is the simplest and the most commonly used filter. It maintains a

reasonably constant DC output voltage.

■ An L filter connected in series with the load tries to maintain a constant DC load current.

■ An LC filter combines the features of both C and L filters. It is more effective in filtering the ripple

contents from the output voltage.

vO

t
~ RC vO

t2t1

p
2w

Vm

0

D1

vS = Vm sin q

vO(t)

(a) Circuit (b) Output voltage

−

+

−

+

FIGURE 5.21 Peak detector
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A peak detector can be used as a demodulator to detect the audio signal in an amplitude modulated
(AM) radio signal. Amplitude modulation is a method of translating a low-frequency signal into a high-

frequency one. The AM waveform can be described by

(5.73)

where fc � carrier frequency, in Hz

fm � modulating frequency, in Hz

M � modulation index, whose value varies between 0 and 1

Vm � peak modulating voltage

The term Vm[1 � M sin (2�fmt)] represents the envelope of the modulated waveform. Its slope (or

rate of change) S is given by

(5.74)

The waveform of a modulated signal is shown in Fig. 5.22(a). Since the demodulator gives the peak value,

the corresponding output of the peak detector is shown in Fig. 5.22(b). A low-pass filter can be used to

smooth the demodulated signals. With a proper choice of time constant � � RC, the output will trace each

peak of the modulating signal. If the time constant is too large, the output will not be able to change fast

enough and the audio signal will be distorted. If the time constant is too small, there will be too much

“ripple” superimposed on the modulating signal.

S =

d

dt
 [Vm + MVm  sin (2p fm t)] = M2p fmVm  cos (2pfm t)

vS(t) = Vm [1 + M sin (2p fm t)] sin (2pfc t)
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FIGURE 5.22 Amplitude modulated waveform

vS

t

t

Vm

1
fc1

fm

Capacitor discharges

Capacitor charges

0

(a)  Input voltage to demodulator

vO

(b)  Output voltage of demodulator

(1 + M)Vm

(1 − M)Vm

Vm

0

(1 + M)Vm

(1 − M)Vm

2MVm

67722_05_ch05b_p264-298.qxd  2/19/10  5:03 PM  Page 273

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



The slope S in Eq. (5.74) will be maximum at � � 2�fmt � 0 or �. Therefore, the peak slope (or

rate of change) Sm is given by

(5.75)

From Eq. (5.72), we can find the peak slope SD of the detector as

(5.76)

For the detector to cope with a rapid change in the peak input voltage, the magnitude of the slope SD of

the detector must be greater than that of the modulating signal. That is,

Substituting Sm � �2�MfmVm from Eq. (5.75) under the falling slope condition and SD from Eq. (5.76),

we get

(5.77)

which gives the desired value of capacitance C as

(5.78)

The peak slope Sm of the modulating signal in Eq. (5.75) will have a maximum value if M � 1. Therefore,

the value of capacitance C should be determined for M � 1. Thus, Eq. (5.78) gives the limiting value of C as

(5.79)

The design value of C should be higher than the limiting value in order to follow the peaks.

C Ú

1

2pfm R

C Ú

1

2pfm MR

�- Vm

RC
 � Ú |- 2p M fmVm|

|SD| Ú |Sm|

SD =

dvO

dt
 �

t= t1

= -Vm
1

RC
 e- (t- t1)>RC �

t= t1

= -  
Vm

RC

Sm = ;M2pfmVm
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Designing a demodulator circuit The carrier frequency fc of a radio signal is 100 kHz, and the modulat-

ing frequency fm is 10 kHz. The load resistance R of the detector is 5 k�.

(a) Design a demodulator for the waveform of Fig. 5.22(a) by determining the value of capacitance C.

(b) Use PSpice/SPICE to plot the output voltage vO for a modulation index of M � 0.5 and 1.0. The peak modu-

lating voltage is Vm � 20 V. Use diode parameters of diode D1N4148:

IS=2.682N CJO=4P M=.3333 VJ=.5 BV=100 IBV=100U TT=11.54N

SOLUTION

(a) fc � 100 kHz, fm � 10 kHz, and R � 5 k�. 

From Eq. (5.79), C =

1

2p fm R
=

1

2p * 10 * 103
* 5 * 103

= 1605 nF

EXAMPLE 5.12

D

67722_05_ch05b_p264-298.qxd  2/19/10  5:03 PM  Page 274

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



(b) PSpice allows sine functions only, so we need to convert the cosine term into a sine term. Using the trigono-

metric relationship

we can expand Eq. (5.73) to

For M � 0.5, MVm ⁄ 2 � 0.5 	 20 ⁄ 2 � 5 V

f1 � fc � fm � 100 kHz � 10 kHz � 90 kHz

f2 � fc � fm � 100 kHz � 10 kHz � 110 kHz

The demodulator circuit for PSpice simulation is shown in Fig. 5.23. The PSpice plot of vO, shown in

Fig. 5.24, gives the peak value of output voltage as Vo(peak) � 29.1 V, compared to the calculated value of

(1 � m)Vm � (1 � 0.5) 	 20 V � 30 V.

vS(t) = Vm  sin (2pfct) + MVm  sin (2pfmt) sin (2p fct)                                                                 

= Vm  sin (2pfct) +

MVm

2
  cos [2p ( fc - fm )t] -

MVm

2
  cos [2p ( fc + fm )t]                      

 
= Vm  sin (2pfct) +

MVm

2
  sin [2p ( fc - fm)t + 90°] -

MVm

2
  sin [2p ( fc + fm )t + 90°]    

sin A sin B =

1

2
 [cos (A - B) - cos (A + B)]
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FIGURE 5.24 PSpice plot for Example 5.12

FIGURE 5.23 Demodulator circuit for

PSpice simulation
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KEY POINTS OF SECTION 5.4

■ A diode can charge a capacitor to the peak value of the input voltage and thus can be used as a peak

detector.

■ A peak detector can be used as a demodulator to detect the audio signal in an amplitude modulated

(AM) radio signal.

(5.80)
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5.5 Diode Clippers

A clipper is a limiting circuit; it is basically an extension of the half-wave rectifier. The output of a clipper

circuit looks as if a portion of the output signal was cut off (clipped). Although the input voltage can have

any waveform, we will assume that the input voltage is sinusoidal, vS � Vm sin �t, in order to describe the

output voltage. Clippers can be classified into two types: parallel clippers and series clippers. The diode

can be connected either in series or in parallel with the load.

5.5.1 Parallel Clippers

A clipper in which the diode is connected across the output terminals is known as a parallel clipper
because the diode will be in parallel (or shunt) with the load. In a shunt connection, elements are connected

in parallel such that each element carries a different current. Some examples of parallel clipper circuits and

their corresponding output waveforms are shown in Fig. 5.25. The resistance R limits the diode current

when the diode conducts. In determining the output waveform of a clipper, it is important to keep in mind

that a diode will conduct only if the anode voltage is higher than the cathode voltage.
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FIGURE 5.25 Diode parallel clipper circuits
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When diode D1 in Fig. 5.25(a) is off, the instantaneous output voltage vO equals the instantaneous input

voltage vS. Diode D1 will conduct for the portion of the positive half-cycle during which the instantaneous

input voltage vS is higher than the battery voltage E1. On the other hand, diode D2 in Fig. 5.25(b) will con-

duct when the input voltage is less than the battery voltage E1. Although the output waveforms of these two

circuits are identical, as shown in Fig. 5.25(c), diode D2 in Fig. 5.25(b) remains on for a longer time than

diode D1 in Fig. 5.25(a). For this reason, the clipper of Fig. 5.25(a) is preferable to that of Fig. 5.25(b).

Diode D1 in Fig. 5.25(d) will conduct most of the time and be off for the portion of the positive half-

cycle during which the instantaneous input voltage vS is higher than the battery voltage E1 whereas diode

D2 will remain on for a short time. The output waveforms for the clippers of Fig. 5.25[(d) and (e)] are iden-

tical, as shown in Fig. 5.25(f).

The circuits of Fig. 5.25[(a) and (d)] (with E1 reversed and renamed as E2 ) can be combined to form

a two-level clipper, as shown in Fig. 5.25(g). The positive and negative voltages are limited to E1 and

E2, respectively, as shown in Fig. 5.25(h). One battery terminal of the clippers in Fig. 5.25 is common

to the ground.

5.5.2 Series Clippers

A clipper in which the diode forms a series circuit with the output terminals is known as a series clipper.
The current-limiting resistance R can be used as a load, as shown in Fig. 5.26(a). If the direction of the bat-

tery is reversed, the negative part of the sine wave is clipped as shown in Fig. 5.26(b). If the direction of
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FIGURE 5.26 Diode series clipper circuits 
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the diode is reversed, the clipping becomes the opposite of that in Fig. 5.26(a); this situation is shown in

Fig. 5.26(c). The potential difference between terminals A and B of the battery must be E1. But terminal

B cannot be at zero or ground potential. Therefore, these circuits require an isolated DC voltage (or bat-

tery) of E1. Note that the zero level of the output voltage vO is different from that of the input voltage vS

and is shifted by an amount equal to E1.
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Designing a clipper circuit The clipper circuit shown in Fig. 5.27(a) is supplied from the input voltage

shown in Fig. 5.27(b). The battery voltage is E1 � 10 V. The peak diode current ID(peak) is to be limited to 30 mA.

Determine (a) the value of resistance R, (b) the average diode current ID(av) and the rms diode current ID(rms),

and (c) the power rating PR of the resistance R.

SOLUTION

ID(peak) � 30 mA, and E1 � 10 V. Imagine a line at E1 � 10 V on the plot of vS in Fig. 5.27(b).

(a) During the period 0 � t � t1, the input voltage vS is 20 V. Diode D1 is reverse biased, and the output voltage

vO becomes the same as the input voltage vS. That is, vO � vS � 20 V. During the period t1 � t � (t1 � t2),

diode D1 is forward biased and it will conduct. The output voltage vO is clamped to E1 � 10 V. The equiva-

lent conducting circuit is shown in Fig. 5.28(a); the waveform for the output voltage is shown in Fig. 5.28(b).

The peak diode current ID(peak) is given by

For ID(peak) � 30 mA, R � (20 � 10) V⁄ 30 mA � 1 k�.

(b) The average diode current ID(av) can be found from

ID(av) =

1

t1 + t2L

t1 + t2

t1

ID(peak) dt =

ID(peak)t2

t1 + t2
=

30 mA * 6 ms

4 ms + 6 ms
= 18 mA

ID(peak) =

Vm + E1

R
=

20 + 10

R

EXAMPLE 5.13

D

FIGURE 5.27 Clipper circuit
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5.6 Diode Clamping Circuits

A clamping circuit simply shifts the output waveform to a different DC level. Thus, it is often known as a

level shifter. The shapes of the input and output waveforms are identical; only the DC level is shifted. The

input voltage can have any shape. However, we will assume that the input voltage is sinusoidal, vS � Vm sin �t.
Clampers can be classified into two types: fixed-shift clampers and variable-shift clampers.
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FIGURE 5.28 Equivalent circuit and waveforms for Example 5.13

The rms diode current ID(rms) can be found from

(c) Then

PR = I 2
D(rms) R = (23.24 * 10-3 A)2

* 1 kÆ = 0.54 W

= 30 mA
A

 

6 mA

10 mA
= 23.24 mA

ID(rms) = c 1

t1 + t2
 
L

t1 + t2

t1

I 2
D(peak) dt d1>2 = ID(peak) c t2

t1 + t2
d1>2

Vm

D1

E1

R

(b)  Output voltage(a)  Equivalent conducting circuit

vO

t (in ms)

20

10

−20

−10

0

D1 off
D1 conducts

−

−
+ +

KEY POINTS OF SECTION 5.5

■ A diode clipper can cut off a portion of its output voltage.

■ If the diode forms a series circuit with the load, it is called a series clipper. If the diode forms a par-

allel circuit with the load, it is called a parallel clipper.

■ The output voltage of a clipper can be determined as follows:

Step 1. Draw a clockwise loop to determine the polarity of the battery. If the positive terminal of the

battery is encountered first, then E1 is positive. If the negative terminal is encountered first, then E1 is

negative.

Step 2. Draw a line at E1 on the plot of the input voltage.

Step 3. Find out when the diode will conduct. Then clip the appropriate portion of the input voltage,

depending on the state of the diode (on or off), in order to obtain the output voltage vO.

Step 4. Draw the final output voltage.
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5.6.1 Fixed-Shift Clampers

As shown in Fig. 5.29, a fixed-shift clamper shifts the output voltage by an amount Vm with respect to

the zero level. Let us consider the clamping circuit in Fig. 5.29(a). As soon as the input voltage vS is

switched on, diode D1 will conduct during the first positive quarter-cycle of the input voltage, and the

capacitor C will be charged almost instantaneously to the peak input voltage Vm. But the output voltage

will be zero, vO � 0. The circuit will reach a steady-state condition with a voltage of Vm across the capac-

itor C, as depicted in Fig. 5.29(a). Therefore, after the first quarter-cycle, the capacitor voltage will be

vC � Vm, and the output voltage vO will become

as shown in Fig. 5.29(b).

Let us assume that the input voltage vS falls below the initial peak voltage of Vm (say, 20 V) to a

new peak value of Vm1 (say, 10 V). This situation is shown in Fig. 5.29(c). The diode voltage is now

vO � vS � vC � 10 sin �t � 20, which is negative for all �t, and the diode becomes reverse biased.

vO = vS - vC = vS - Vm = Vm  sin vt - Vm = Vm (sin vt - 1)  for vt Ú

p

2
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FIGURE 5.29 Fixed-shift clamping circuit
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The capacitor voltage cannot adjust to the new value Vm1 because diode D1 is now reverse biased and

there is no discharge path for the capacitor. The output voltage will be vO � Vm � Vm1 sin �t, instead

of vO � Vm1(sin �t � 1) as expected. To allow the capacitor voltage to adjust to the change in the peak

input voltage, a resistance R is connected across diode D1, as shown in Fig. 5.29(d). If the input voltage

then falls to a new peak, the capacitor C can discharge slowly through the resistance R. Similarly, if the

input voltage is increased to a new peak, the capacitor C can charge through the resistance R. However,

the voltage across the capacitor must remain fairly constant during the whole period. The values of R
and C must be chosen such that the time constant � � RC is large enough to ensure that the capacitor

voltage does not change significantly within one period T of the input voltage. This condition is gener-

ally satisfied by making the time constant � equal to 10 times the period T. That is, � � 10T.

If the direction of diode D1 is reversed, as shown in Fig. 5.29(e), the diode will be reverse biased

during the first positive half-cycle of the input voltage, and the output voltage will be equal to the input

voltage, vO � vS. Diode D1 will conduct during the first negative half-cycle of the input voltage. The

capacitor C will be charged almost instantaneously to the negative peak input voltage �Vm, and the

output voltage will become zero, vO � 0. This process is completed during the first cycle, and the cir-

cuit reaches a steady-state condition with an input voltage of �Vm across the capacitor C. After the first

cycle, the capacitor voltage remains constant at vC � �Vm. The output voltage vO under steady-state

conditions becomes

as shown in Fig. 5.29(f). Therefore, switching the direction of the diode makes the output inverted with a

phase shift of �.

� NOTE If we ignore the initial transient interval, which is required to charge the capacitor for normal operation,
the output waveform of the clamping circuit in Fig. 5.29(f) becomes positive with respect to that in Fig. 5.29(b). That
is, one shifts the input signal in the positive direction and the other shifts it in the negative direction.

5.6.2 Variable-Shift Clampers

The output voltage vO can be shifted to a predefined value by introducing a battery voltage E1. This type

of clamper shown in Fig. 5.30 shifts the output voltage by an amount Vm  E1 with respect to the zero

level. Consider the clamping circuit in Fig. 5.30(a). The capacitor C will be charged to vC � Vm � E1

during the first positive quarter-cycle of the input voltage, and the instantaneous output voltage vO under

steady-state conditions becomes

The capacitor C in Fig. 5.30(b) will be charged to vC � �(Vm � E1) during the first negative quarter-

cycle of the input voltage. There will be an instantaneous charging to �E1 at t � 0. Thus, the instanta-

neous output voltage vO under steady-state conditions becomes

vO = vS - vC = vm  sin vt + (Vm + E1) = Vm  sin vt + Vm + E1   for vt Ú

3p

2

vO = vS - vC = Vm  sin vt - (Vm - E1) = Vm  sin vt - Vm + E1   for vt Ú

p

2

vO = vS - vC = vS - (-Vm ) = Vm  sin vt + Vm = Vm (sin vt + 1)  for vt Ú

3p

2
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FIGURE 5.30 Variable-shift clamping circuits
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The capacitor C in Fig. 5.30(c) will be charged to vC � (Vm � E1) during the first positive quarter-

cycle of the input voltage. The instantaneous output voltage vO under steady-state conditions becomes

The capacitor C in Fig. 5.30(d) is charged to vC � �(Vm � E1) during the first negative quarter-cycle

of the input voltage. The instantaneous output voltage vO under steady-state conditions becomes

vO = vS - vC = Vm  sin vt + (Vm - E1) = Vm  sin vt + Vm - E1   for vt Ú

3p

2

vO = vS - vC = Vm  sin vt - (Vm + E1) = Vm  sin vt - Vm - E1   for vt Ú

p

2
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Designing a clamping circuit The input voltage vS to the clamping circuit of Fig. 5.31(a) is a rectangular

wave, as shown in Fig. 5.31(b). The peak diode current ID(peak) is to be limited to 0.5 A.

(a) Design the clamping circuit by determining the peak inverse voltage (PIV) of the diode and the values of

RS, R, and C.

(b) Use PSpice/SPICE to plot the output voltage vO. Use diode parameters of diode D1N4148:

IS=2.682N CJO=4P M=.3333 VJ=.5 BV=100 IBV=100U TT=11.54N

SOLUTION

(a) ID(peak) � 0.5 A. The period T of the input waveform is T � t1 � t2 � 6 ms � 8 ms � 14 ms.

For 0 � t � 6 ms, vO � �E1 � �5 V and for 6 ms � t � 14 ms, vO � �25 � 10 � �35 V. The waveform

of the output voltage vo is shown in Fig. 5.31(c).

The peak diode current ID(peak) is given by

or

Let � � (R � Rs)C � 10T � 10 	 14 ms � 140 ms. Choose a suitable value of C. Let C � 0.1 
F. Then

which gives R � 1.4 M� � Rs � 1.4 M� � 50 � � 1.4 M�.

(b) The clamping circuit for PSpice simulation is shown in Fig. 5.32. The PSpice plot of vO, shown in Fig. 5.33,

gives the peak-to-peak output voltage as Vo(pp) � 29.99 V, compared to the calculated value of 30 V.

R + Rs =

t

C
=

140 * 10- 3

0.1 * 10- 6
= 1.4 MÆ

Rs =

20 + E1

ID(peak)
=

20 + 5

0.5
= 50 Æ

ID(peak) =

20 + E1

Rs

PIV = -vS + vC - E1 = 10 + 25 - 5 = 30 V   for 6 ms … t … 14 ms

EXAMPLE 5.14

FIGURE 5.31 Circuit for Example 5.14
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5.7 Diode Voltage Multipliers

A diode clamping circuit followed by a peak voltage detector can be used as a building block for stepping

up the peak input voltage Vm by a factor of 2, 3, 4, or more.

5.7.1 Voltage Doublers

A half-wave voltage doubler circuit, shown in Fig. 5.34(a), uses a clamping circuit and a peak detector. Let

us consider a sinusoidal input voltage of vS � Vm sin �t. The circuit operation can be divided into four

intervals: interval 1, interval 2, interval 3, and interval 4.

Microelectronic Circuits: Analysis and Design284

FIGURE 5.33 PSpice plot for Example 5.14
FIGURE 5.32 Clamping circuit for

PSpice simulation
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KEY POINTS OF SECTION 5.6

■ A clamping circuit can shift the output waveform to a different DC level by either a fixed or a vari-

able amount with respect to the zero level.

■ A capacitor is initially charged through the diode to the peak input voltage during the positive or neg-

ative half-cycle of the input voltage. After the completion of the initial charging process, the capaci-

tor voltage is in series with the input voltage. Thus, the output voltage becomes the algebraic sum of

the input voltage and the capacitor voltage. That is, the capacitor voltage is added to (or subtracted

from) the input voltage to produce the output voltage.

■ The output voltage of a clamping circuit can be determined as follows:

Step 1. Start with the time interval of the input voltage so that the diode is forward biased. Then

determine the magnitude and direction of the initial capacitor voltage Vc � Vm  E1.

Step 2. Add (or subtract) this capacitor voltage from the instantaneous input voltage vS to obtain the

instantaneous output voltage vO.

Step 3. Then draw the instantaneous output voltage. To draw only the steady-state output voltage,

just shift the input voltage by the initial value of the capacitor voltage obtained in step 1.
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Interval 1 is the interval 0 � �t � � ⁄ 2. As soon as the input voltage is switched on, diode D1 will

conduct, but diode D2 will be reverse biased. The output voltage is vO � 0. The capacitor C1 will be

charged during the first quarter-cycle to Vm (at �t � � ⁄ 2) with the polarities shown.

Interval 2 is the interval � ⁄ 2 � �t � �. D1 will be off, and D2 will be on. If the value of R is large

enough that RC � 1 ⁄ f, where f � supply frequency, then capacitor C1 will not have time to discharge

through R and the voltage on capacitor C1 will remain approximately at Vm.

Interval 3 is the interval � � �t � 3� ⁄ 2. The polarity of the input voltage is negative. Diode D1

will be off, and diode D2 will conduct. The output voltage vO, which will be the same as the voltage

across capacitor C2, will become vO � vC1 � vS � Vm � Vm sin �t. At �t � 3� ⁄ 2, the output voltage

will become 2Vm and the capacitor C2 will be charged to 2Vm.

Interval 4 is the interval 3� ⁄ 2 � �t � 2�. Diodes D1 and D2 will be off. The voltage on capacitor

C1 will be vC1 � Vm, and that on capacitor C2 will be vC2 � 2Vm. However, we have assumed that

capacitor C1 acts as the voltage source of Vm and contributes to charging C2. In fact, C1 and C2 form a

series circuit and share 2Vm, so the voltage on capacitor C2 will be less than 2Vm. It will take a couple

of cycles before the steady-state condition is reached.

The waveforms for instantaneous input and output voltages are shown in Fig. 5.34(b). If the direc-

tions of the diodes are reversed, as shown in Fig. 5.34(c), the polarities of the output voltage will also

be reversed. If a load resistance RL is connected across capacitor C2, the output voltage will fall when D1

is off and will rise when D2 is on. More time will be required to reach the steady-state condition.

Figure 5.35 shows a full-wave voltage doubler circuit. During the first quarter-cycle, vS is positive,

diode D1 will conduct, and diode D2 will be reverse biased, thereby causing the capacitor C1 to be

charged to vC1 � Vm with polarities as shown. During the third quarter-cycle, vS is negative, diode D1

is reverse biased, and diode D2 will conduct. Thus capacitor C2 will be charged to vC2 � Vm with

polarities as shown. The steady-state output voltage after a complete cycle will be vO � 2Vm. If a load

resistance RL is connected across the output, the effective capacitance seen by the load is C � (C1 � C2),

which will be less than C2 for the half-wave doubler circuit of Fig. 5.34(a). A lower value of effective

capacitance indicates poorer filtering than that provided by a single capacitor filter. The peak inverse

voltage PIV of the diodes in Figs. 5.34 and 5.35 will be 2Vm.
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FIGURE 5.34 Half-wave voltage doubler circuit

Vm
vC2

Vm

Vm

0

(b)  Waveforms

vp vS

Vm
vS

vO

D1

D1

D2

D2

R

vp

vC1

R

(a)  Peak detector

(c)  Peak detector

p 2p 3p

p 2p 3p

vS

0

vO

3 2 1

0

Steady state

C1 = C

C1 = C

2Vm

vO2VmC2 = C

C2 = C

Vm sin q

2Vm

q = wt

q = wt

D1 off,  D2 on

D1 on, D2 off

vO = Vm(1 −  sin q)

−

+

−

−+
−

+
+

+

−
−

+

−

+

−

+
+

−

+
−

−

+

−

+

3p
2

67722_05_ch05b_p264-298.qxd  2/19/10  5:04 PM  Page 285

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



5.7.2 Voltage Triplers and Quadruplers

Two half-wave voltage doublers can be cascaded to develop three or four times the peak input voltage Vm,

as shown in Fig. 5.36(a). Note that resistances, which are not shown across diodes D1, D2, and D3, should

be connected so that the circuit can cope with a changing peak in the input voltage. During the first quarter-

cycle (0 � �t � � ⁄ 2) of input voltage vS, capacitor C1 will be charged to Vm through D1. During the third

quarter-cycle (� � �t � 3� ⁄ 2), capacitor C2 will be charged to 2Vm through C1 and D2. During the fifth

quarter-cycle (2� � �t � 5� ⁄ 2), capacitor C3 will be charged to 2Vm through C1, C2, and D3. During the

seventh quarter-cycle (3� � �t � 7� ⁄ 2), capacitor C4 will be charged to 2Vm through C1, C2, C3, and D4.

Depending on the output connections, the steady-state output voltage can be Vm, 2Vm, 3Vm, or 4Vm. The

instantaneous output voltages across various terminals are shown in Fig. 5.36(b) (e.g., vO1 � vC1, vO2 � vC2,

vO3 � vC3, and vO4 � vC4). If additional sections of diode and capacitor are used, each capacitor will be

charged to 2Vm. The peak inverse voltage PIV of each diode is 2Vm. It will take a couple of cycles before

the steady-state conditions are reached.
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FIGURE 5.36 Voltage tripler and quadrupler
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FIGURE 5.35 Full-wave voltage doubler circuit
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5.8 Diode Function Generators

Diodes can be employed to generate and synthesize driving-point functions, which refer to the v-i relations

of two-port circuits. Some diode circuits for generating functions are shown in Fig. 5.39 [2, 5]. In deriving

the transfer functions, it is important to keep in mind that a diode will conduct only when it is forward

biased; it is off under reverse-biased conditions. The following guidelines will be helpful in analyzing the

characteristics of diode function generators:

Step 1. To determine whether the diode is forward biased or reverse biased, assume that the diode

is reverse biased and determine the anode-to-cathode voltage VAK of the open diode.
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Voltage quadrupler circuit Use PSpice/SPICE to plot the output voltages vO2 and vO4 (�vC4) for the

voltage quadrupler in Fig. 5.36(a). Assume vS � 20 sin 2000�t and C1 � C2 � C3 � C4 � 0.1 
F. Assume

parameters of diode D1N4148:

IS=2.682N CJO=4P M=.3333 VJ=.5 BV=100 IBV=100U TT=11.54N

SOLUTION

The voltage quadrupler circuit for PSpice simulation is shown in Fig. 5.37. The PSpice plots of vO4, shown

in Fig. 5.38, give the peak output voltage as Vo4(peak) � 76.59 V, compared to the calculated value of 4Vm �
4 	 20 � 80 V. It takes a couple of cycles before steady-state conditions are reached.

EXAMPLE 5.15

FIGURE 5.37 Voltage quadrupler circuit for

PSpice simulation FIGURE 5.38 PSpice plots for Example 5.15

D2D1 D3
vS

0
2

1 35

4

~
+

−
D4

D1N4148
C4

0.1 μF

C1
0.1 μF

C2
0.1 μF

C3
0.1 μF

KEY POINTS OF SECTION 5.7

■ A diode clamping circuit followed by a peak voltage detector can be used to multiply the peak input

voltage Vm by a factor of 2, 3, or more.

■ Each peak detector adds 2Vm.
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FIGURE 5.39 Diode circuits for function generation
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Step 2. If VAK is negative, the assumption that the diode is reverse biased is correct; proceed with

the analysis.

Step 3. If VAK is positive, the assumption that the diode is reverse biased is wrong. Replace the diode

with a short circuit and reanalyze.

Applications of Diodes 289

Finding the transfer function of a diode circuit A diode circuit is shown in Fig. 5.40(a). The circuit

parameters are R1 � 5 k�, R2 � 1.25 k�, R3 � 1 k�, V1 � 5 V, and V2 � 8 V.

(a) Plot the v-i relationship of the circuit.

(b) Use PSpice/SPICE to plot the transfer characteristic for vS � 0 to 10 V. Assume parameters of diode

D1N4148:

IS=2.682N CJO=4P M=.3333 VJ=.5 BV=100 IBV=100U TT=11.54N

SOLUTION

(a) If vS � V1 � 5 V, diodes D1 and D2 will be reverse biased. The input current iS is described by

If 5 � vS � 8 V, diode D1 conducts and diode D2 is reverse biased. The input current iS can be found from

If vS � 8, both diodes D1 and D2 will conduct. The input current can be found from

The v-i plot of the relationship is shown in Fig. 5.40(b).
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+
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EXAMPLE 5.16

FIGURE 5.40 Diode circuit for function generation
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Summary

Diodes are used in many electronic circuits, including those of rectifiers, battery chargers, clippers,

clampers, peak demodulators, voltage multipliers, function generators, logic gates, and voltage regula-

tors. The analysis of diode circuits can be simplified by assuming an ideal diode model in which the

resistance in the forward-biased condition is zero and the resistance in the reverse direction is very large,

tending to infinity.

Microelectronic Circuits: Analysis and Design290

(b) The function generator for PSpice simulation is shown in Fig. 5.41. The PSpice plot of iS against vS is

shown in Fig. 5.42. The break voltages (8.23 V and 5.44 V) at which the diodes are switched into the cir-

cuits are higher than the estimated values because the diode drops were neglected in hand calculations,

whereas PSpice uses real diodes.

FIGURE 5.42 PSpice plot of transfer characteristic for Example 5.16

FIGURE 5.41 Function generator for PSpice simulation
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Review Questions

1. What is a rectifier?

2. What is an AC–DC converter?

3. What is the efficiency of rectification?

4. What are the differences between half-wave and full-wave rectifiers?

5. What is the lowest frequency of harmonics in a half-wave rectifier?

6. What is the lowest frequency of harmonics in a full-wave rectifier?

7. What are the advantages of full-wave rectifiers?

8. What are the purposes of filters in rectifiers?

9. What is a DC filter?

10. What is an AC filter?

11. What is a clamper?

12. What is a clipper circuit?

13. What is a demodulator?

14. What is a voltage multiplier?

15. How is voltage multiplication accomplished?

16. What is the transfer characteristic of a diode circuit?

Problems

The symbol indicates that a problem is a design problem.

5.2 Diode Rectifiers

5.1 The single-phase half-wave rectifier of Fig. 5.2(a) is supplied directly from a 120-V (rms), 60-Hz source

through a step-down transformer with turns ratio n � 10�1. The load resistance RL is 10 �. Determine

(a) the average output voltage Vo(av), (b) the average load current Io(av), (c) the rms load voltage Vo(rms),

(d) the rms load current Io(rms), (e) the ripple factor RF of the output voltage, (f ) the rms ripple voltage

Vr(rms), (g) the average diode current ID(av), (h) the rms diode current ID(rms), (i) the peak inverse voltage

PIV of the diode, ( j) the average output power Po(ac), (k) the DC output power Po(dc), and ( l) the frequency

fr of the output ripple voltage.

5.2 The single-phase half-wave rectifier of Fig. 5.1(a) is connected to a sinusoidal source of Vs � 220 V (rms),

50 Hz. Express the instantaneous output voltage vO(t) by a Fourier series.

D

Applications of Diodes 291

67722_05_ch05b_p264-298.qxd  2/19/10  5:04 PM  Page 291

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



5.3 The single-phase rectifier shown in Fig. 5.3(a) is employed as a battery charger. The battery capacity is 

100 Wh, and the battery voltage is E � 24 V. The average charging current should be Io(av) � 5 A. The primary

AC input voltage is Vp � 120 V (rms), 60 Hz, and the transformer has a turns ratio of n � 2�1.

a. Calculate the conduction angle � of the diode, the current-limiting resistance R, the power rating PR of

R, the charging time h in hours, the rectification efficiency 	R, and the peak inverse voltage PIV of the

diode.

b. Use PSpice/SPICE to plot Po(ac) and Po(dc) as a function of time. Use default model parameters.

5.4 The input voltage to the single-phase bridge rectifier of Fig. 5.8(a) is shown in Fig. P5.4. Determine (a) the

average voltage Vo(av), (b) the rms output voltage Vo(rms), and (c) the ripple factor RF of the output voltage.

Assume a transformer with turns ratio n � 1�1.

5.5 The single-phase full-wave center-tapped rectifier shown in Fig. 5.6(a) is supplied from a 220-V (rms),

50-Hz source through a step-down center-tapped transformer with turns ratio n � 10�2. The load resis-

tance RL is 10 �. Determine (a) the average output voltage Vo(av), (b) the average load current Io(av), (c) the

rms load voltage Vo(rms), (d) the rms load current Io(rms), (e) the ripple factor RF of the output voltage, (f) the

rms ripple voltage Vr(rms), (g) the average diode current ID(av), (h) the rms diode current ID(rms), (i) the peak

inverse voltage PIV of the diodes, (j) the average output power Po(ac), (k) the DC output power Po(dc), and

(l) the frequency fr of the output ripple voltage.

5.6 The single-phase full-wave rectifier of Fig. 5.6(a) is supplied from a 220-V (rms), 50-Hz source through a

step-down center-tapped transformer with turns ratio n � 10�2.

a. Express the instantaneous output voltage vO(t) by a Fourier series.

b. Use PSpice/SPICE to calculate the harmonic components of the output voltage, up to and including the

ninth harmonic. Use default model parameters of 1N4148 diodes.

5.7 The single-phase full-wave bridge rectifier of Fig. 5.8(a) is supplied directly from a 220-V (rms), 50-Hz

source through a transformer with turns ratio n � 10�1. The load resistance RL is 100 �. Determine (a) the

average output voltage Vo(av), (b) the average load current Io(av), (c) the rms load voltage Vo(rms), (d) the

rms load current Io(rms), (e) the ripple factor RF of the output voltage, (f ) the rms ripple voltage Vr(rms),

(g) the average diode current ID(av), (h) the rms diode current ID(rms), (i) the peak inverse voltage PIV of

the diode, (j) the average output power Po(ac), (k) the DC output power Po(dc), and (l) the frequency fr of

the output ripple voltage.

5.8 An AC voltmeter is constructed by using a DC meter and a bridge rectifier, as shown in Fig. 5.11(a). The

meter has an internal resistance of Rm � 50 �, and its average current is Im � 200 mA for a full-scale

deflection. The current-limiting resistance is Rs � 2.5 k�.

a. Determine the rms value of the AC input voltage Vs that will give a full-scale deflection if the input volt-

age vS is sinusoidal.

b. If this meter is used to measure the rms value of an input voltage with a triangular waveform, as shown

in Fig. 5.11(b), calculate the necessary correction factor K to be applied to the meter reading.

vS

−5

5

p 3p 5p
q  = wt

FIGURE P5.4
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5.9 A DC meter has an internal resistance of Rm � 50 �, and its full-scale deflection current is Im � 200 mA.

The meter should read an rms input voltage of Vs � 250 at the full-scale deflection.

a. Design an AC voltmeter that uses the DC meter and a bridge rectifier, as shown in Fig. 5.11(a).

b. Use PSpice/SPICE to check your results by plotting the average meter current. Use default model

parameters of 1N4148 diodes.

5.10 An AC voltmeter is constructed by using a DC meter and a bridge rectifier as shown in Fig. P5.10. The

DC meter has an internal resistance of Rm � 250 �, and the average meter current is Im � 1 mA for full-

scale deflection.

a. Determine the rms input Vs for full-scale deflection.

b. Use PSpice/SPICE to check your results by plotting the average meter current. Use default model

parameters of 1N4148 diodes.

5.11 A single-phase bridge rectifier is shown in Fig. 5.9. The load resistance RL is 2.5 k�, and the source resistance

Rs is 1 k�.

a. Determine the transfer characteristic (vO versus vS) of the rectifier.

b. Use PSpice/SPICE to plot the transfer characteristic for vS � �10 V to 10 V. Use default model

parameters of 1N4148 diodes.

5.12 Repeat Prob. 5.11 for the half-wave rectifier of Fig. 5.1(a).

5.3 Output Filters for Rectifiers

5.13 The single-phase bridge rectifier shown in Fig. 5.12(a) is supplied directly from a 220-V (rms), 50-Hz source

without any input transformer. The load resistance is RL � 1 k�.

a. Design an L filter so that the rms ripple current Ir(rms) is limited to less than 5% of Io(av). Assume that the

second harmonic Io2(rms) is the dominant one and that the effects of higher-order harmonics are negligible.

b. Use PSpice/SPICE to check your design by plotting the output current. Use default model parameters of

1N4148 diodes.

5.14 Repeat Prob. 5.13 for the half-wave rectifier of Fig. 5.2(a). Assume that the first harmonic is the dominant

one. Also assume a turns ratio of n � 1�1.

5.15 The single-phase full-wave bridge rectifier of Fig. 5.15(a) is supplied directly from a 120-V (rms), 60-Hz

source without any input transformer. The load resistance is RL � 1 k�. Assume that the second harmonic

is the dominant one.

a. Design a C filter so that the rms ripple voltage Vr(rms) is limited to less than 5% of Vo(av).

b. With the value of C found in part (a), calculate the average output voltage Vo(av), and the capacitor volt-

age if the load resistance RL is disconnected.

c. Use PSpice/SPICE to check your design by plotting the instantaneous output voltage vO. Use default

model parameters of 1N4148 diodes.

FIGURE P5.10
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5.16 Repeat Prob. 5.15 for the half-wave rectifier of Fig. 5.2(a). Assume that the first harmonic is the domi-

nant one.

5.17 Measurements of the output of a full-wave bridge rectifier give Vo(av) � 150 V, Io(av) � 120 mA, and Vo(rms) �
155 V. The rectifier uses a C filter across the load resistance. The supply frequency f is 60 Hz.

a. Determine the ripple factor RF of the output voltage and the value of the filter capacitance C.

b. Use PSpice/SPICE to check your results by plotting the average output voltage. Use default model

parameters of 1N4148 diodes.

5.18 The single-phase bridge rectifier of Fig. 5.18(a) is supplied from a 120-V (rms), 60-Hz source without any

input transformer. The load resistance is RL � 2 k�. Assume that the second harmonic is the dominant one.

a. Design an LC filter so that the rms ripple voltage Vr(rms) is limited to less than 5% of Vo(av).

b. Use PSpice/SPICE to check your design by plotting the instantaneous output voltage vO. Use default

model parameters of 1N4148 diodes.

5.19 Repeat Prob. 5.18 for the half-wave rectifier of Fig. 5.2(a). Assume that the first harmonic is the dominant

one. Also assume a turns ratio of n � 1�1.

5.20 The single-phase bridge rectifier shown in Fig. P5.20 is used as a power supply.

a. Determine the DC output voltage for a load current of Io(av) � 104 mA and the ripple factor of the output

voltage for RL � 1 k�.

b. Use PSpice/SPICE to check your results by plotting the average output voltage. Use default model

parameters of 1N4148 diodes.

5.21 Repeat Prob. 5.20 for the load of Fig. P5.21 with C � 100 
F and RL � 1 k�.

5.22 Repeat Prob. 5.20 for the load of Fig. P5.22 with L � 5 mH and RL � 1.5 k�.

FIGURE P5.22

Io(av)

L

RL
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5.4 Diode Peak Detectors and Demodulators

5.23 The carrier frequency fc of a radio signal is 250 kHz, and the modulating frequency fm is 10 kHz. The load

resistance R of the detector is 10 k�.

a. Design a demodulator for the waveform of Fig. 5.22(a) by determining the value of capacitance C in
Fig. 5.21(a).

b. Use PSpice/SPICE to plot the output voltage vO for a modulation index of M � 0.5 and a peak modu-

lating voltage of Vm � 20 V. Use default model parameters.

5.24 Repeat Prob. 5.23(b) for a modulation index of M � 1.

5.5 Diode Clippers

5.25 The clipper circuit shown in Fig. 5.27(a) is supplied from the input voltage shown in Fig. 5.27(b). The bat-

tery voltage is E1 � 20 V. The peak diode current ID(peak) is to be limited to 50 mA. Determine (a) the value

of resistance R, (b) the average diode current ID(av) and the rms diode current ID(rms), and (c) the power

rating PR of the resistance R.

5.26 The clipper circuit shown in Fig. 5.25(a) is supplied from a sinusoidal input voltage of vs � 20 sin (2000�t).
The battery voltage is E1 � 5 V. The peak diode current ID(peak) is to be limited to 10 mA.

a. Determine the value of resistance R, the average diode current ID(av) and the rms diode current ID(rms),

and the power rating PR of the resistance R.

b. Use PSpice/SPICE to plot the diode current. Use default model parameters of 1N4148 diodes.

5.27 The input voltage to the clipper circuit shown in Fig. P5.27(a) is vS � 5 sin (2000�t). If E1 � 2 V and

R � 10 k�, plot (a) the output voltage vO(t) as a function of time, (b) the transfer characteristic of vO

versus vS, and (c) the peak diode current ID(peak). Assume a diode voltage drop of VD � 0.7 V.

5.28 Repeat Prob. 5.27 for the circuit shown in Fig. P5.27(b). 

5.29 Repeat Prob. 5.27 for the circuit shown in Fig. P5.27(c). 

5.30 Repeat Prob. 5.27 for the circuit shown in Fig. P5.27(d).

FIGURE P5.27
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5.6 Diode Clamping Circuits

5.31 The input voltage vS to the clamping circuit of Fig. 5.31(a) is a sinusoidal voltage vS � 30 sin (2000�t). The

peak diode current ID(peak) is to be limited to 0.5 A. Assume that E1 � 5 V and that a limiting resistance Rs

is connected in series with C.

a. Design the clamping circuit by determining the peak inverse voltage PIV of the diode and the values of

Rs, R, and C.

b. Use PSpice/SPICE to plot the output voltage vO. Use default model parameters of 1N4148 diodes.

5.32 The input voltage vS to the clamping circuit of Fig. 5.31(a) is vS � 20 sin (2000�t). The peak diode current

ID(peak) is to be limited to 0.5 A. Assume that E1 � 5 V and that a series resistance Rs is connected in series

with C to limit the diode current.

a. Design the clamping circuit by determining the peak inverse voltage PIV of the diode and the values of

Rs, R, and C.

b. Use PSpice/SPICE to plot the output voltage vO. Use default model parameters of 1N4148 diodes.

5.33 The input voltage to the clamping circuit shown in Fig. P5.33(a) is vS � 5 sin (2000�t). If E1 � 2 V, 

C � 0.1 
F, and R � 1 M�, (a) plot the output voltage vO(t) as a function of time, and (b) repeat part (a)

for Fig. P5.33(b). Assume a diode voltage drop of VD � 0.7 V and that the time constant � � RC is much

larger than the period of the signal, T � 1 ⁄ fS.

5.34 The input voltage to the clamping circuit shown in Fig. P5.34(a) is vS � 10 sin (2000�t). If E1 � 5 V,

C � 0.1 
F, and R � 1 M�, (a) plot the output voltage vO(t) as a function of time, and (b) repeat part

(a) for Fig. P5.34(b). Assume a diode voltage drop of VD � 0.7 V and that the time constant � � RC
is much larger than the period of the signal, T � 1 ⁄ fS.

5.7 Diode Voltage Multipliers

5.35 Use PSpice/SPICE to plot the output voltage vO for the voltage doubler in Fig. 5.34(c). Assume vS � 10 sin

120�t and C1 � C2 � C3 � C4 � 0.1 
F. Use default model parameters of 1N4148 diodes.

5.36 Use PSpice/SPICE to plot the output voltage vO4 (�vC4) for the voltage quadrupler in Fig. 5.36(a). Assume

vS � 10 sin 120�t and C1 � C2 � C3 � C4 � 0.01 
F. The resistances that are connected across diodes D1,

D2, and D3 are R1 � R2 � R3 � 5 M� (not shown). Use default model parameters of 1N4148 diodes.

FIGURE P5.34
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5.8 Diode Function Generators

5.37 The circuit parameters of the diode circuit in Fig. 5.40(a) are R1 � 10 k�, R2 � 5 k�, R3 � 2.5 k�,

E1 � 4 V, and E2 � 10 V.

a. Plot the v-i relationship of the circuit.

b. Use PSpice/SPICE to plot the transfer characteristic for vS � 0 to 12 V. Use default model parameters of

1N4148 diodes.

5.38 A diode circuit is shown in Fig. P5.38. The circuit parameters are R � 1 k� and E � 4 V.

a. Derive an expression for the v-i characteristic of the circuit. Plot the v-i characteristic.

b. Use PSpice/SPICE to check your results by plotting the v-i characteristic for vS � �5 V to 10 V. Use

default model parameters of 1N4148 diodes.

5.39 A v-i characteristic representing a square law is shown in Fig. P5.39.

a. Design a diode circuit to generate this characteristic.

b. Use PSpice/SPICE to check your design by plotting the v-i characteristic. Use default model parameters

of 1N4148 diodes.

5.40 The input voltage to the diode clipper circuit shown in Fig. P5.40(a) is vS � 10 sin (2000�t). If R1 � 10 k�,

R2 � 20 k�, and R3 � 20 k�, plot (a) the output voltage vO(t) as a function of time and (b) the transfer

characteristic of vO versus vS. Assume an ideal diode drop of VD � 0.

5.41 Repeat Prob. 5.40 for the circuit shown in Fig. P5.40(b) if R1 � 10 k�, R2 � 40 k�, and, E1 � 5 V.
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Learning Outcomes
After completing this chapter, students should be able to do

the following:

• Describe the physical structure and depletion region

of the pn junction.

• Determine characteristics of the zero-biased, reverse-

biased, and forward-biased pn junction.

• Determine the space charge widths, electric fields,

and capacitances of a reverse-biased pn junction.

• Describe characteristics of the Schottky barrier junction.

• Determine the small-signal frequency model of a pn
junction diode.

Symbols and Their Meanings
Symbol Meaning

Electron and hole concentrations of a

semiconductor material

Acceptor (hole), donor (electron), and

intrinsic carrier concentrations

Net acceptor (hole) and donor (electron)

carrier concentrations

Built-in potential and junction potential

Minority carrier electrons at the edge of

the p-region and of the n-region

npo, pno

Vbi, Vj

Na, Nd

n a, nd, n i

no, po

CHAPTER 6
SEMICONDUCTORS
AND pn JUNCTION

CHARACTERISTICS
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6.1 Introduction 

We have seen in Chapters 4 and 5 that pn junction diodes can be used for signal conversion and process-

ing. The characteristic of a practical diode that distinguishes it from an ideal one is that the practical diode

experiences a finite voltage drop when it conducts and exhibits nonlinear characteristics. This drop is typ-

ically in the range of 0.5 V to 0.7 V. If the input voltage to a diode circuit is high enough, this small drop

can be ignored. The voltage drop may, however, cause a significant error in electronic circuits, and the

diode characteristic should be taken into account in evaluating the performance of diode circuits. To un-

derstand the characteristic of a practical diode, we need a clear understanding of its physical operation.

The pn junction is a basic building block in semiconductor devices, and the theory of the pn junction

is still the fundamental concept in the physics of semiconductor devices. Most semiconductor devices

contain at least one pn junction. A semiconductor diode, which has only one junction, is an example of

pn devices. Other semiconductor devices are formed by combining two or more pn junctions in various

configurations such as bipolar junction transistors, field-effect transistors, and silicon-controlled rectifiers.

The characteristics of these devices depend on the pn characteristics under different biasing conditions:

zero-biased, reverse-biased, and forward-biased. Semiconductor materials are the essential ingredients

for pn junctions and semiconductor devices. The properties of high-purity, single-crystal materials are fun-

damental to the design of semiconductor devices.

6.2 Semiconductor Materials 

Junction diodes are made of semiconductor materials [1]. A pure semiconductor is called an intrinsic material
in which the concentrations of electrons and holes are equal. The currents induced in pure semiconductors are

very small. The most commonly used semiconductors are silicon and germanium (Group IV in the periodic

table as shown in Table 6.1), and gallium arsenide (Group V). Silicon materials cost less than germanium ma-

terials and allow diodes to operate at higher temperatures. For this reason, germanium diodes are rarely used.

Gallium arsenide (GaAs) diodes can operate at higher switching speeds and higher frequencies than silicon

diodes and hence are preferable. However, gallium arsenide materials are more expensive than silicon materi-

als, and gallium arsenide diodes are more difficult to manufacture, so they are generally used only for high-

frequency applications. GaAs devices are expected to become increasingly important in electronic circuits.

Semiconductors are a group of materials having conductivities between those of metals and insula-

tors. One fundamental characteristic of semiconductor materials is that their conductivity can be varied

over several orders of magnitude if we add controlled amounts of impurity atoms. To increase conductivity,

Microelectronic Circuits: Analysis and Design300

Symbol Meaning
Junction and diffusion capacitances

Space charge extension in the n-region, p-region, and total width

Electric field in the n-region and p-region

Conduction, valence, Fermi, and intrinsic energy bands

Acceptor, donor, and gap energy levels

Junction potentials in the n-region and p-region

Potential energy barriers in the p-region and n-region

Applied voltage of a pn junction, forward-biased voltage, and reverse-biased voltagevD, vF, vR

efFp, efFn

fn(x), fp(x)

Ea, Ed, Eg

Ec, Ev, EF, EFi

en(x), ep(x)

xn, xp, W

Cj, Cd
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controlled quantities of materials known as impurities are introduced into pure semiconductors, creating

free electrons or holes. The current through a diode is the result of the flow of electrons and holes in a

semiconductor when forces are applied. These electrons and holes are referred to as carriers. Electrons
are negatively charged particles. A hole is the absence of an electron in a covalent bond and is like an

independent positive charge. The electrons and holes flow in opposite directions, and the direction of the

holes is the direction of the conventional current flow. 

The process of adding carefully controlled amounts of impurities to pure semiconductors is known

as doping. A semiconductor to which impurities have been added is referred to as extrinsic. Two types

of impurities are normally used: n-type from Group V, such as antimony, phosphorus, and arsenic, and

p-type from Group III, such as boron, gallium, and indium.

6.2.1 n-type Materials

The n-type impurities are pentavalent materials, with five electrons in the outermost shell of each atom. The

addition of a controlled amount of an n-type impurity (having five valence electrons) to silicon or germanium

(having four valence electrons) causes one electron to be loosely attached to the parent atom because only four

electrons are needed to form a covalent bond within a silicon or germanium atom. If a small amount of energy,

such as thermal energy, is added to the donor electron, the electron can become free, leaving behind a posi-

tively charged ion of the donor atom. At room temperature, there is sufficient energy to cause the redundant

electron to break away from its parent atom; thus, a free electron is generated. This electron is free to move

randomly within the semiconductor crystal. Thus, an n-type impurity donates free electrons to the semicon-

ductor; for this reason, it is often referred to as a donor impurity. The resulting material is referred to as an

n-type semiconductor (n for the negatively charged electron). An n-type semiconductor is shown in Fig. 6.1(a).

Semiconductors and pn Junction Characteristics 301

TABLE 6.1 A portion of the periodic table showing elements used in semiconductor materials

Group

Period II III IV V VI

2 B C N O 

Boron Carbon Nitrogen Oxygen

3 Al Si P S 

Aluminum Silicon Phosphorus Sulfur

4 Zn Ga Ge As Se 

Zinc Gallium Germanium Arsenic Selenium

5 Cd In Sn Sn Te 

Cadmium Indium Tin Antimony Tellurium

6 Hg 

Mercury

Elementary Si 

semiconductors Silicon

Ge 

Germanium

Compound SiC 

semiconductors Silicon carbide

SiGe GaAs 

Silicon germanium Gallium arsenide
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With a sufficient amount of energy, the donor electrons can be elevated to the conduction band,

making them free to move within the crystal. The impurity atom was originally neutral, and the removal

of the redundant electron will cause the impurity atom to exhibit a positive charge equal to +e and to remain

fixed in the crystal lattice of the structure as shown in Fig. 6.1(a). Figure 6.1(b) shows the energy band

levels of n-type semiconductors in complete ionized states. Ec is the conduction energy level, Ed is the

donor energy level, Ev is the valence energy level, and EFi is the intrinsic Fermi energy level. EFi deter-

mines the statistical distribution of electrons, and its level is in the middle of Ec and Ev. 

The relative dielectric constants and the effective masses of the semiconductor materials and their

impurities are different. As a result, they have different ionization energies. Table 6.2 lists the impurity

ionization energies in silicon, germanium, and gallium arsenide semiconductors. 

6.2.2 p-type Materials

The p-type impurities are trivalent materials (Group III) with three valence electrons in the outer shell

of each atom. The addition of a p-type impurity to silicon or germanium (Group IV) causes a vacancy
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FIGURE 6.1 Positively charged atoms and energy band

diagram of n-type semiconductors 

TABLE 6.2 Ionization energies in silicon, germanium, and gallium arsenide

Ionization Energy (eV) of Materials 

Acceptors Donors Si Ge Gallium arsenide

Boron 0.045 0.0104

Aluminum 0.06 0.0102

Phosphorus 0.045 0.012

Arsenic 0.05 0.0127

Beryllium 0.028

Zinc 0.0307

Cadmium 0.0347

Silicon 0.0345

Germanium 0.0404

Selenium 0.0059

Tellurium 0.0058

Silicon 0.0058

Germanium 0.0061
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for one electron in the vicinity of the impurity atom because four electrons are necessary to complete

covalent bonds. A vacancy for an electron is like a hole, which is equivalent to a positive charge �e.

If an electron were to occupy this “empty” position, its energy would have to be greater than that of

the valence electrons. If the valence electrons gain a small amount of thermal energy and move about

in the crystal, the “empty” position becomes occupied and other valence electron positions become va-

cated, thereby creating holes in the semiconductor material. This type of semiconductor material is re-

ferred to as a p-type material (p for the positively charged hole). A p-type semiconductor is shown in

Fig. 6.2(a). 

At room temperature, there is sufficient energy to cause a nearby electron to move into the exist-

ing vacancy, in turn causing a vacancy elsewhere. In this way, the hole moves randomly within the

semiconductor crystal. Thus, a p-type impurity accepts free electrons and is referred to as an acceptor
impurity. With the electron it gains, the impurity atom exhibits a charge of �e and remains fixed in

the crystal lattice of the structure. With a sufficient amount of energy, the acceptor atom can generate

holes in the valence band without generating electrons in the conduction band. Figure 6.2(b) shows the

energy band levels of p-type semiconductors in complete ionized states where Ea is the acceptor en-

ergy level. 

6.2.3 Majority and Minority Carriers

So far, we have assumed that materials are perfect; but practical materials are imperfect. The holes are also

present in imperfect n-type semiconductor materials because of thermal agitation of electrons and holes

within the materials. Therefore, in an n-type semiconductor, the electrons are the majority carriers and the

holes are the minority carriers. Similarly, in a p-type semiconductor, the holes are the majority carriers and

the electrons are the minority carriers. Doping and the application of energy can create electrons and holes

(carriers). But within the semiconductor, there is also a recombination process by which electrons and

holes (carriers) are annihilated. Any deviation from thermal equilibrium tends to change the electron and

hole concentrations in a semiconductor. Any increase in energy (such as temperature or light) increases the

rate at which electrons and holes are thermally generated; their concentrations change with time until new

equilibrium values are reached. The simplified process of electron–hole generation and recombination is

shown in Fig. 6.3. 

Semiconductors and pn Junction Characteristics 303

(b)  Energy band diagram

E
le

ct
ro

n 
ba

nd
 e

ne
rg

y

Distance

Valence band

Conduction band

x

Ev

Electrons

Holes

E

EFi

Ea

Ec

+ ++ + +++++

- -- - -----

Loosely attached
hole to the
parent atom

(a)  p-type impurity atoms
      with negative charges

- - - -
- - - -
- - - -

FIGURE 6.2 Negatively charged atoms and energy band diagram

of p-type semiconductors 

67722_06_ch06_p299-334.qxd  2/19/10  5:00 PM  Page 303

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



6.2.4 The Fermi Function

The Fermi function f(E) specifies how many of the existing states at the energy E will be filled with an

electron, or equivalently under equilibrium conditions. That is, it specifies, under equilibrium conditions,

the probability that an available state at an energy E will be occupied by an electron, and it is expressed

mathematically [2, 3] as 

(6.1)

where � Fermi energy or Fermi level

T � temperature in kelvin (K)

k � Boltzmann constant 

As the temperature approaches absolute zero, K, the exponent term of Eq. (6.1) tends to infinity:

for and for . There is a sharp cutoff at the Fermi energy . There-

fore, all states at energies below will be filled, and all states at energies above will be empty. This

is shown in Fig. 6.4(a).

As the system temperature increases above zero, T � 0 K, the exponent term of Eq. (6.1) has a

finite value, and the function goes through a transition from a filled state to an empty state. For ,

the function f (E) decays exponentially to zero with increasing energy, and most states will be empty at the

E 7 EF

EFEF

EFE 6 EFf(E) : 1E 7 EFf(E ) : 0
T L 0

(k = 8.617 * 10-5 eV/K)

EF

f (E) =

1

1 + e(E-EF)>kT
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valence energy because the exponential term in Eq. (6.1) will be large and

. For , the function f(E) increases exponentially with decreasing energy, and most states

will be filled at the conduction energy because the exponential term in Eq. (6.1)

will be small and . Figure 6.4(b) shows the plots of f(E) and . Note that the Fermi

function applies only under equilibrium conditions and is valid for all materials—insulators, semicon-

ductors, and metals. It is simply a statistical function associated with electrons in general and does not

depend on the characteristics and parameters of the semiconductors.

If f(E) is the probability of electrons occupying states at a given energy E, then the probability that

a state is empty (not filled) at a given energy E is equal to . Thus, the probability that a state is

filled at the conduction band edge (Ec) must be equal to the probability that a state is empty at the va-

lence band edge (Ev). That is, 

(6.2)

From Eq. (6.1) we get the probability function f(Ec) at and at : 

(6.3)

for (6.4)

(6.5)

for (6.6)

Equating Eq. (6.3) to Eq. (6.5), we get 

(6.7)

which can be solved for the Fermi energy EF:

(6.8)

Therefore, the Fermi energy level is positioned at the middle of the energy band.

6.2.5 Carrier Concentrations

The concentrations of electrons (n) and holes (p) depend on the amount of impurity doping and on the tem-

perature. We can apply Eq. (6.4) to determine the thermal equilibrium electron concentration in the con-

duction band, which depends on the conduction band energy level and the temperature as given by 

(6.9)no = Nc e-(Ec -EF)>kT

EF =

Ec + Ev

2

1

1 + e(Ec -EF)>kT
=

1

1 + e(EF -Ev)>kT

(EF - Ev) Ú 3kT and  e(EF -Ev)Ú3kT �� 1M  e-(EF -Ev)>kT

1 - f (Ev) = 1 -

1

1 + e(Ev -EF)>kT
=

1

1 + e(EF -Ev)>kT

(Ec - EF) Ú 3kT and  e(Ec -EF)Ú3kT �� 1M  e-(Ec -EF)>kT

f(Ec) =

1

1 + e(Ec -EF)>kT

E = Ev1 - f (Ev)E = Ec

f (Ec) = 1 - f (Ev)

1 - f (E )

1 - f (E )f(E) : 1
Ec L  E = EF - 3kT

E 6 EFf (E) : 0
Ev M E = EF + 3kT
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where the parameter Nc is called the effective density states function in the conduction band. Its value depends

on the effective mass values of the n-type semiconductor materials and the temperature as given by [2] 

(6.10)

where � the effective mass of a free electron and h � Planck’s constant. Assuming (mass of

a free electron), at for most semiconductors. Similarly, we can apply

Eq. (6.6) to determine the thermal equilibrium hole concentration in the valence band, which depends on

the valence band energy level and the temperature as given by 

(6.11)

where the parameter is called the effective density states function in the valence band. Its value 

depends on the effective mass values of the p-type semiconductor materials and the temperature as given

by 

(6.12)

where � the effective mass of a hole and h � Planck’s constant. Assuming (mass of a

free hole), at for most semiconductors. The calculated values of and

at are listed in Table 6.3. An intrinsic semiconductor will have a Fermi energy level called

the intrinsic Fermi energy, . From Eqs. (6.9) and (6.11), we can find the intrinsic concentrations

of electrons and holes as 

(6.13)

(6.14)

If we take the product of ni in Eq. (6.13) and pi in Eq. (6.14), we can find 

which can be simplified as follows: 

(6.15)

Here Eg is the conduction band energy, and ni refers to either the intrinsic electron or hole concentration

in the semiconductor material. The value of ni is constant for a given semiconductor material at a constant

temperature, and it is independent of the Fermi energy. The calculated values of ni from Eq. (6.15) for

and are also listed in Table 6.3.

Under thermal equilibrium conditions at a given temperature, the product of the amount of electron

concentration no and the amount of hole concentration po is always constant for a given semiconductor

material. That is,

(6.16)no po = n i
2

T = 300 KEg = 1.12 eV

n i
2

= NcNv e-(Ec -Ev)>kT
= NcNv e-Eg>kT

n i pi = n i
2

= Nc e-(Ec -EFi)>kT
* Nv e-(EFi -Ev)>kT

pi = n i = po = Nv e-(EFi -Ev)>kT

n i = no = Nc e-(Ec -EFi)>kT

EFi = EF

T = 300 KNv

NcT = 300 KNv = 1 * 1019 cm-3
m*

p = mom*
p M mo

Nv = 2a2pm*
pkT

h2 b3>2

Nv

po = Nv e-(EF -Ev)>kT

T = 300 KNc =  2 .5 * 1019 cm-3
m*

n M mom*
n

Nc = 2a2pm*
nkT

h2 b3>2
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KEY POINTS OF SECTION 6.2

■ Free electrons (in n-type material) and holes (in p-type material) are made available by adding a con-

trolled amount of n-type impurities and p-type impurities to pure semiconductors, respectively.

■ The Fermi function specifies the probability that an available state at a given energy will be occupied

by an electron.

■ The intrinsic concentration of a semiconductor material remains constant at a steady temperature, and

it is independent of the Fermi energy.

For example, if no � 1 � 1016 cm�3 for silicon at T � 300 K, then 

po =

n2
i

no
=

(1.5 * 1010)2

1 * 1016 = 2.25 * 104 cm-3

Semiconductors and pn Junction Characteristics 307

Materials at T � 300 K Nc (cm�3) Nv (cm�3) m*
m/mo m*

p/mo ni (cm�3) at Eg � 1.12 eV

Silicon 2.8 � 1019 1.04 � 1019 1.08 0.56 1.5 � 1010

Germanium 1.04 � 1019 6.0 � 1018 0.55 0.37 2.4 � 1013

Gallium arsenide 4.7 � 1017 7.0 � 1018 0.067 0.48 1.8 � 106

TABLE 6.3 Effective density of states function for conduction and valence bands

6.3 Zero-Biased pn Junction 

To consider the operation principle of a pn junction, we will assume that a p-type material is laid into one

side of a single crystal of a semiconductor material and an n-type material is laid into the other side, as

shown in Fig. 6.5(a). (This is not, however, the way to make a diode.) The doping profile of the impurity

doping concentrations in the p-region (Na) and n-region (Nd) is shown in Fig. 6.5(b) with the assumption

that the doping concentration is uniform in each region.

At room temperature, the electrons, which are majority carriers in the n-region, diffuse from the n-

type side to the p-type side; the holes, which are majority carrriers in the p-region, diffuse from the p-

type side to the n-type side. The electrons and holes will recombine near the junction and thus cancel

each other out. There will be opposite charges on each side of the junction, creating a depletion region,
or space charge region, as shown in Fig. 6.5(c). Under thermal equilibrium conditions at a given tem-

perature, no more electrons or holes will cross the junction.

Because opposite charges are present on each side of the junction, an electric field is established

across the junction. The resultant junction potential barrier Vj, which arises because the n-type side 

is at a higher potential than the p-type side, prevents any flow of majority carriers to the other side.

The variation of the potential across the junction is shown in Fig. 6.5(d). Vj is also called the built-in
potential Vbi. 
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Because of the potential barrier Vj, the electrons, which are minority carriers in the p-side, will be

swept across the junction to the n-side; the holes, which are minority carriers in the n-side, will be swept

across the junction to the p-side. Therefore, a current caused by the minority carriers (holes) will flow

from the n-side to the p-side; it is known as the reverse drift current IDR. Similarly, a current known as

the forward diffusion current IDF will flow from the p-side to the n-side, caused by minority electrons.

Under equilibrium conditions, the resultant current will be zero. Therefore, these two currents (IDF and

IDR) are equal and flow in opposite directions. That is,

(6.17)

6.3.1 Built-In Junction Potential 

The energy bands in the neutral p- and n-regions on either side of the space charge region must bend due

to the potential barriers in the p-type and in the n-type. However, the Fermi energy level ( ) is

constant throughout the entire system at thermal equilibrium, as shown in Fig. 6.6. 

The intrinsic energy level in the p- and n-regions is always equidistant from and . de-

termines the total junction potential , which is the difference between the intrinsic Fermi levels in the

p- and n-regions as given by 

(6.18)Vbi = ƒfFp ƒ + ƒfFn ƒ

Vbi

EFiEvEcEFi

EFefFnefFp

IDF = - IDR
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The hole concentration in the conduction band in the p-region decays exponentially and can be determined

from 

(6.19)

Here and are the intrinsic carrier concentration and the intrinsic Fermi energy, respectively, in the

n-region. is the potential barrier in the p-region. If we take a natural log of both sides, Eq. (6.19) gives

(6.20)

The electron concentration in the conduction band in the n-region can be determined from 

(6.21)

where and are the intrinsic carrier concentration and the intrinsic Fermi energy, respectively, in the

n-region. is the potential barrier in the n-region. If we take a natural log of both sides, Eq. (6.21)

gives

(6.22)

Substituting from Eq. (6.20) and from Eq. (6.22) into Eq. (6.18) gives 

(6.23)

where is defined as the thermal voltage. Assuming that equals the net donor concentra-

tion of the n-region and equals the net acceptor concentration in the p-region, we can write

Eq. (6.23) as

(6.24)Vbi =

kT

e
 lnaNdNa

n2
i
b = VT lnaNdNa

n2
i
b

NanpNd

nnVT = kT>e

Vbi =

kT

e
 lnanp

n i
b +

kT

e
 ln ann

n i
b = VT ln annnp

n2
i
b

fFnfFp

fFn =

kT

e
 lnano

n i
b

+fFn

EFin i

nn = n i e-(EF -EFi)>kT
= n i e+efFn >kT

fFp =

-kT

e
 ln anp

n i
b

fFp

EFin i

np = n i e-(EF -EFi)>kT
= n i e-efFp>kT
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FIGURE 6.6 Energy band diagram of a pn junction at

thermal equilibrium
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Therefore, the junction potential depends on the donor and acceptor concentrations (Nd, Na), the tempera-

ture (K), and the intrinsic concentration ni. For example, if T � 300 K, VT � 25.8 mV, ni � 1.5 �
1010cm�3, Na � 2 � 1016 cm�3, and Nd � 5 � 1015 cm�3, Eq. (6.24) gives Vbi � 0.695 V.

6.3.2 Electric Field Distribution

Assume that the doping concentration or ) is uniform in each region and there is an abrupt change

in doping at the junction. Initially, there is a step function gradient of the space charge density in both the

electron and hole concentrations, as shown in Fig. 6.7(a). The space charge region extends from to .

The distribution abruptly ends in the n-region at and abruptly ends in the p-region at .

We can determine the electric field by applying the one-dimensional Poisson’s equation as given by

(6.25)

where � electric potential

� electric field

� volume charge density, and

� permittivity of the semiconductor

equals to the product of the relative permeability and the permeability of the free air

. That is, . Note that is the variable electric field as a function of x while

denotes a fixed value of electric field.

From Fig. 6.7(a), the charge densities are 

(6.26)

We can find the electric field in the p-region by integrating Eq. (6.25) as

(6.27)ep(x) =

L

r(x)

es
 dx =

L

-eNa

es
 dx =

-eNa

es
 x + C1

r(x) = +e Nd  0 6 x 6 xn  

  = -e Na -xp 6 x 6 0   

e

e(x)es = ereoeo = 8.85 * 10 -14
er = 11.7es

es

r(x)

e(x)

f(x)

d2f(x)

dx
=

r(x)

es
=

de(x)

dx

x = -xpx = +xn

-xp+xn

Nd(Na
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FIGURE 6.7 Space charge density and electric field
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Here is a constant of integration that can be found from the final condition at ; that is,

if , we find . Substituting in Eq. (6.27) gives

(6.28)

which is a linear function of distance x in the p-region. Similarly, we can find the electric field in the n-re-

gion from

(6.29)

Here is a constant of integration that can be found from the final condition at ; that is, if

, we find . Substituting in Eq. (6.29) gives

(6.30)

The electric field, which becomes maximum at x � 0, is given by 

(6.31)

since the electric field is continuous at the junction at x � 0. By setting the field in Eq. (6.28) equal to the

field in Eq. (6.30) at x � 0, we get 

(6.32)

Thus the number of negative charges per unit area in the p-region is equal to the number of positive charges

per unit area in the n-region. An electric field exists in the depletion region, and the plot of the electric field

in the depletion region is shown in Fig. 6.7(b). The electric field is a linear function of the distance x, and

it becomes maximum at x � 0. 

6.3.3 Junction Potential Distribution 

The junction potential in the p-region can be found by integrating the electric field in Eq. (6.28) 

(6.33)

Here is a constant of integration that can be found from the final condition at ; that is,

if , we find . Substituting in Eq. (6.33) gives

(6.34)

Similarly, we can find the junction potential in the n-region from 

(6.35)

Here is a constant of integration that can be found by equating in Eq. (6.34) at x � 0 to at

because the potential is a continuous function. Thus for , we find

. Substituting into Eq. (6.35) gives

(6.36)fn(x) =

eNd

es
 axnx -

x2

2
b +

eNa

2es
x2

p  0 6 x 6 xn

C4C4 = fp(x = 0) = eNax2
p>2es

fn(x = 0) = fp(x = 0)x = 0
fn(x)fp(x)C4

fn(x) = -

L
e(x)dx =

L

eNd

es
 (xn - x)dx =

eNd

es
 axnx -

x2

2
b + C4

fp(x) =

eNa

2es
(x + xp)2  -xp 6 x 6 0

C3C3 = eNax2
p>2ese(x = -xp) = 0

x = -xpe = 0C3

fp(x) = -

L
e(x) dx =

L

eNa

es
 (xp + x) dx =

eNa

es
 axpx +

x2

2
b + C3

Na xp = Nd xn

emax =

-eNdxn

es
=

-eNaxp

es

en(x) =

-eNd

es
 (xn - x)    0 6 x 6 xn

C2C2 = -eNd xn>esen(x = xn) = 0
x = xne = 0C2

en(x) =

L

r(x)

es
 dx =

L

eNd

es
 dx =

eNd

es
 x + C2

ep(x) =

-eNa

es
 (x + xp)  -xp 6 x 6 0

C1C1 = -eNaxp>esep(x = -xp) = 0
x = -xpe = 0C1

Semiconductors and pn Junction Characteristics 311

67722_06_ch06_p299-334.qxd  2/19/10  5:00 PM  Page 311

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



The plot of the potential against the distance x is shown in Fig. 6.8, which shows a quadratic 

dependence on distance x. The magnitude of the junction potential at is equal to the built-in 

potential barrier or the junction potential . Thus, for we can find the built-in potential from

Eq. (6.36) as 

(6.37)

Since the potential energy of an electron is related to the potential by , the electron en-

ergy (or the hole energy ) also varies as a quadratic function of distance through the space

charge region. The plot of the energy band diagram, which is a quadratic dependence on the distance x,

is shown in Fig. 6.9. Thus, the conduction, valence, and intrinsic Fermi energy levels vary with distance

in a semiconductor.

6.3.4 Space Charge Depletion Width 

The distance of the space charge region that extends into the p-region can be found from Eq. (6.32) as

(6.38)

Substituting xp from Eq. (6.38) into Eq. (6.37) and solving for xn, we get the space charge extension xn in

the n-region as 

(6.39)xn =

B

2esVbi

e
 aNa

Nd
b a 1

Na + Nd
b

xp =

Nd xn

Na

efFpefFn

E = -ef(x)fn(x)

Vbi = ƒfn(x = xn) ƒ =

e 
2es

(Ndx2
n + Nax2

p)

x = xnVjVbi

x = xn

fn
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FIGURE 6.9 Energy band diagram of a pn junction in

thermal equilibrium

67722_06_ch06_p299-334.qxd  2/19/10  5:00 PM  Page 312

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Similarly, substituting from Eq. (6.32) into Eq. (6.37), and then solving for , we get the

space charge extension in the p-region as 

(6.40)

Therefore, the total width W of the depletion or space charge region is the sum of xn and xp:

(6.41)

The space charge width W depends on the doping concentrations and . Once the built-in potential 

is determined from Eq. (6.24), the total space charge region width W can be determined from Eq. (6.41).

Substituting for or , the maximum field in Eq. (6.31) can be related to the impurity concentrations 

and by

(6.42)

which can also be written as a function of W: 

(6.43)emax =

-2Vbi

W

emax =

-eNd xn

es
=

-eNa xp

es
= -

B

2eVbi

es
 a NaNd

Na + Nd
b

Na

Ndxpxn

VbiNdNa

W = xn + xp =

B

2esVbi

e
aNa + Nd

NaNd
b

xp =

B

2esVbi

e
 aNd

Na
b a 1

Na + Nd
b

xp

xpxn = Naxp>Nd
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Finding the space charge widths and the peak electric field in a pn junction The parameters of

a uniformly doped pn junction for silicon semiconductors are , , ,

, and .

Find (a) the depletion width W and (b) the maximum field .

SOLUTION

, , and .

(a) From Eq. (6.24),

From Eq. (6.39),

xn =

B

2 * 1.035 * 10-12
* 0.648

1.6 * 10-19
 a1 * 1016 cm-3

2 * 1015 cm-3
b a 1

1 * 1016 cm-3
+ 2 * 1015 cm-3

b = 0.5913 �m

Vbi = 26 * 10-3
*  ln c1 * 1016 cm-3

* 2 * 1015 cm-3

(1.5 * 1016)2 cm3
d = 0.648 V

es = er * eo = 11.7 * 8.85 * 10-14
= 1.035 * 10-12Tk = 273 + T = 273 + 25 = 298 K

k = 1.3806 * 10-23e = 1.6 * 10-19eo = 8.85 * 10-14er = 11.7

Nd =  2 * 1015 cm-3Na =  1 * 1016 cm-3T = 25°C

emax

n i = 1.5 * 1016 cm-3Nd = 2 * 1015 cm-3
Na = 1 * 1016 cm-3T = 25°CVT = 26 mV

EXAMPLE 6.1
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KEY POINTS OF SECTION 6.3

■ A semiconductor diode is formed by sandwiching a p-type material into one side and an n-type ma-

terial in the other side of a single crystal. 

■ The built-in potential depends on the donor and acceptor concentrations, which are a strong function

of temperature. 

■ An electric field exists in the depletion region. The width of the space charge region depends on the

doping concentrations.

6.4 Reverse-Biased pn Junction

A pn junction is said to be reverse biased if the n-side is made positive with respect to the p-side, as de-

picted in Fig. 6.10(a). If the reverse voltage VR � VD is increased, the potential barrier is increased from

to as shown in Fig. 6.10(b). The holes from the p-side and the electrons from the n-side can-

not cross the junction, and the diffusion current due to the majority carriers will be negligible. Because

of a higher potential barrier, however, the minority holes in the n-side will be swept easily across the

junction to the p-side; the minority electrons in the p-side will be swept across the junction to the n-side.

Thus, the current will flow solely due to the minority carriers. The reverse current flow will be due to

the drift current , which is known as the reverse saturation (or leakage) current, denoted by as in

Eq. (4.1).

The number of minority carriers available is very small, and consequently the resulting current is

also very small, on the order of pico-amperes. The production of minority carriers is dependent on the

temperature. Thus, if the reverse voltage is increased further, the diode current remains almost con-

stant until a breakdown condition is reached. If the temperature increases, however, the reverse diode

current also increases. The width of the depletion region grows with an increase in the reverse voltage.

Since there will not be an equilibrium condition in the p- and n-regions, the Fermi energy level will

no longer be constant through the system. Figure 6.10(c) shows the energy band diagram of the pn junc-

tion. and are shifted by the total voltage . As pushes the energy levels, the

Fermi level on the n-side is now below the Fermi level on the p-side . The difference between

and is equal to —that is, .EFp - EFn = eVReVREFnEFp

EFpEFn

VRVPB = Vbi + VREvEc

VR

ISIDR

IDF

Vbi + VRVbi
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From Eq. (6.40),

Therefore, .

(b) From Eq. (6.42), 

emax =

-eNd xn

es
=

-1.6 * 10-19
* 2 * 1015 cm-3

* 0.5913 �m

1.035 * 10-12 cm-1
= -1.827 * 104 V>cm

W = xn + xp = 0.5913 �m + 0.1183 �m = 0.7096 �m

xn =

B

2 * 1.035 * 10-12
* 0.648

1.6 * 10-19
 a 2 * 1015 cm-3

1 * 1016 cm-3
b a 1

1 * 1016 cm-3
+ 2 * 1015 cm-3

b = 0.1183 �m
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6.4.1 Breakdown Condition

If the reverse voltage is kept sufficiently high, the electric field in the depletion layer will be strong enough

to break the covalent bonds of silicon (or germanium) atoms, producing a large number of electron–hole

pairs throughout the semiconductor crystal. These electrons and holes give rise to a large reverse current

flow. The depletion region (often called the space charge region) becomes so wide that collisions are less

likely, but the even more intense electric field has the force to break the bonds directly. This phenomenon

is called the tunneling effect or the zener effect. The mechanism is known as zener breakdown, in which

case electrons and holes in turn cancel the negative and positive charges of the depletion region, and the

junction potential barrier is virtually removed. The reverse current is then limited by the external circuit

only, while the reverse terminal voltage remains almost constant at the zener voltage Vz (see Sec. 4.7).

When the high electric field becomes strong enough, the electrons in the p-side will be accelerated

through the crystal and will collide with the unbroken covalent bonds with a force sufficient to break

them. The electrons generated by the collisions may gain enough kinetic energy to strike other unbro-

ken bonds with sufficient force to break them as well. This cumulative effect, which will result in a large

amount of uncontrolled current flow, is known as an avalanche breakdown.

In practice, the zener and avalanche effects are indistinguishable because both lead to a large reverse

current. When a breakdown occurs at Vz � 5 V (as in heavily doped junctions), it is a zener breakdown.
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FIGURE 6.10 Reverse-biased pn junction

67722_06_ch06_p299-334.qxd  2/19/10  5:00 PM  Page 315

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



When a breakdown occurs at Vz � 7 V (approximately), it is an avalanche breakdown. When a junction

breaks down at a voltage between 5 V and 7 V, the breakdown can be either a zener or an avalanche

breakdown or a combination of the two.

6.4.2 Depletion Region Width 

With the reverse-biased voltage , the total potential barrier will increase from to . Thus

Eq. (6.18) can be modified to obtain the total effective potential barrier as 

(6.44)

Substituting for with in Eqs. (6.39), (6.40), and (6.41), we can obtain the space charge ex-

tension in the n- and p-regions as 

(6.45)

(6.46)

Therefore, the total width W of the depletion or space charge region is the sum of and :

(6.47)

Thus, the depletion width W increases with an increasing reverse-biased voltage . Since in Eq. (6.45)

and in Eq. (6.46) increase with reverse-biased voltage , the magnitudes of the electric fields in Eq. (6.28)

and Eq. (6.30) also increase. We can find the maximum field from Eq. (6.43) as a function of and W: 

(6.48)

Thus, the maximum field increases with and decreases with W. VR

emax =

-2 (Vbi + VR)

W

VR

VRxp

xnVR

W = xn + xp =

B

2es(Vbi + VR)

e
 aNa + Nd

NaNd
b

xpxn

xp =

B

2es(Vbi + VR)

e
 aNd

Na
b a 1

Na + Nd
b

xn =

B

2es(Vbi + VR)

e
 aNa

Nd
b a 1

Na + Nd
b

Vbi + VRVbi

VPB = ƒfFp ƒ + ƒfFn ƒ + VR = Vbi + VR

Vbi + VRVbiVR
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Finding the depletion width in a reverse-biased pn junction The parameters of a uniformly doped

pn junction for silicon semiconductors are , , , ,

, , and .

Find (a) the depletion width W and (b) the maximum field .

SOLUTION

, , and .

es = er * eo = 11.7 * 8.85 * 10-14
= 1.035 * 10-12Tk = 273 + T = 273 + 25 = 298 K

k = 1.3806 * 10-23e = 1.6 * 10-19eo = 8.85 * 10-14er = 11.7

Nd = 2 * 1015 cm-3Na = 1 * 1016 cm-3T = 25°C

emax 

k = 1.3806 * 10 -23e = 1.6 * 10 -19Nd =  2 * 1015 cm-3
Na =  1 * 1016 cm-3T = 25°CVT = 26 mVVR = 10 V

EXAMPLE 6.2
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6.4.3 Junction Capacitance 

Since a depletion region has positive charges in one side and negative charges in another side, there will

be a capacitance associated with the pn junction. To find the junction capacitance, let us consider a small

increase in the reverse voltage by , which will add an incremental positive charge in the

n-region and an incremental negative charge in the p-region. These incremental changes

are shown in Fig. 6.11. 

Thus, the junction capacitance per square area with the variation of the reverse voltage becomes

(6.49)Cj =

dQ

dVR
=

eNddxn

dVR
=

eNadxp

dVR

-dQ = -eNadxp

dQ = eNddxndVR

Semiconductors and pn Junction Characteristics 317

(a) From Eq. (6.24), 

From Eq. (6.45), 

From Eq. (6.36), 

Therefore, .

(b) From Eq. (6.48), 

emax =

-1.6 * 10-19
* (0.648 + 10) V

2.876 * 10-6 m
= -7.406 * 104 V>cm

W = xn + xp = 2.396 �m + 0.4793 �m = 2.876 �m

xn =

B

2 * 1.035 * 10-12
* (0.648 + 10)

1.6 * 10-19
 a2 * 1015 cm-3

1 * 1016 cm-3
b a 1

1 * 1016 cm-3
+ 2 * 1015 cm-3

b = 0.4793 �m

xn =

B

2 * 1.035 * 10-12
* (0.648 + 10)

1.6 * 10-19
 a1 * 1016 cm-3

2 * 1015 cm-3
b a 1

1 * 1016 cm-3
+ 2 * 1015 cm-3

b = 2.396 �m

Vbi = 26 * 10-3
*  ln c1 * 1016 cm-3

* 2 * 1015 cm-3

(1.5 * 1016 cm-3)2
d = 0.648 V

−dxp

−xp

r, Charge density

−dQ

x

+dQ

+eNd

+dxn

+

−

+xn

−eNa
VR

0

(VR − dVR)

n-sidep-side

FIGURE 6.11 Incremental changes in the space charge

width with an incremental change in reverse-biased voltage 
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KEY POINTS OF SECTION 6.4

■ If a diode is reverse biased, the potential barrier is increased. The holes from the p-side and the elec-

trons from the n-side cannot cross the junction. That is, the ohmic resistance of the diode becomes

very high. A sufficiently high reverse voltage, however, may cause an avalanche breakdown. 

■ The width of the space charge region increases with the reverse voltage and decreases  the junction

capacitance.

Substituting from Eq. (6.45), we get

(6.50)

After we complete the differentiation, this gives 

(6.51)

where is a constant for a specific pn junction. Equation (6.51) can be expressed as function of W in

Eq. (6.47): 

(6.52)

Therefore, the junction capacitance deceases with the reverse voltage and the depletion width W. 

is also referred to as the depletion layer capacitance. We can obtain the same expression for if we use

from Eq. (6.46) in .dQ = eNadxpxp

Cj

CjVRCj

Cj =

es

W

Kj

Cj = c eesNaNd

(Vbi + VR)(Na + Nd)
d1>2 =

Kj

2Vbi + VR

Cj = eNd 

dxn

dVR
= eNd 

d

dVR
 c2es(Vbi + VR)

e
 aNa

Nd
b a 1

Na + Nd
b d1>2

xn
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Finding the junction capacitance of a reverse-biased pn junction The parameters of a reverse-

biased pn junction with uniform doping of silicon semiconductors are , , ,

, and . Use the parameters of Example 6.2.

Calculate the junction capacitance if the cross-sectional area of the pn junction is .

SOLUTION

, , , , , and .

From Eq. (6.51), 

Therefore, .Cj = CxApn = 3.601 nF * 10-3 cm2
= 3.601 pF

Cx =

B

1.6 * 10-19
* 1.035 * 10-12

* 1 * 1016 cm-3
* 2 * 1015 cm-3

(0.648 + 10) * (1 * 1016 cm-3
+ 2 * 1015 cm-3)

= 3.601 nF>cm2

Apn =  10 -3 cm2Nd =  2 * 1015 cm-3Na =  1 * 1016 cm-3T = 25°CVR = 10 VVT = 26 mV

Apn =  l0 -3 cm2
Nd =  2 * 1015 cm-3Na =  1 * 1016 cm-3

T = 25°CVR = 10 VVT = 26 mV

EXAMPLE 6.3
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6.5 Forward-Biased pn Junction

A pn junction is said to be forward biased if the p-side is made positive with respect to the n-side, as

depicted in Fig. 6.12(a). If the forward voltage is increased, the potential barrier is reduced

to , as shown in Fig. 6.12(b), and a large number of holes flow from the p-side to the n-side.

Similarly, a large number of electrons flow from the n-side to the p-side. The resultant diode current

becomes . As the diode current increases, the ohmic resistances of the p-side and

the n-side cause a significant series voltage drop. If VD is increased further, most of the increase in ID

will be lost as a series voltage drop. Thus, the width of the depletion region is reduced with the in-

crease in the forward voltage. The potential barrier will not be reduced proportionally, but it can be-

come zero.

In this case, the barrier height between the two regions is reduced. Figure 6.12(c) shows the energy

band diagram of the pn junction. and are shifted by the total voltage . As 

pushes the energy levels, the Fermi level on the n-side ( ) is now above the Fermi level on the p-side

. The difference between and is equal to . That is, .EFn - EFp = eVFeVFEFnEFp(EFp)
EFn

VFVPB = Vbi - VFEvEc

IDID = IDF - IDR

Vbi - VF

vD = VF
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6.5.1 Depletion Region Width 

With the forward-biased voltage , the total potential barrier will decrease from to .

Thus, Eq. (6.18) can be modified to obtain the total effective potential as 

(6.53)

Substituting for with in Eqs. (6.39) through (6.41), we can obtain the space charge extension in

the n- and p-regions as

(6.54)

(6.55)

Therefore, the total width W of the depletion or space charge region is the sum of and : 

(6.56)

Thus, the depletion width W decreases with an increasing forward biased voltage . Since in Eq. (6.54)

and in Eq. (6.55) decrease with forward bias voltage , the magnitudes of the electric fields in

Eq. (6.28) and Eq. (6.30) also decrease. We can find the maximum field from Eq. (6.43) as a function of

and W: 

(6.57)

Thus, the maximum field decreases with and W. VF

emax =

-2 (Vbi - VF)

W

VF

VFxp

xnVF

W = xn + xp =

B

2es(Vbi - VF)

e
 aNa + Nd

Na Nd
b

xpxn

xp =

B

2es(Vbi - VF)

e
 aNd

Na
b a 1

Na + Nd
b

xn =

B

2es(Vbi - VF)

e
 aNa

Nd
b a 1

Na + Nd
b

Vbi - VFVbi

VPB = ƒfFp ƒ + ƒfFn ƒ - VF = Vbi - VF

Vbi - VFVbivD = VF
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Finding the depletion width in a forward-biased pn junction The parameters of a uniformly doped

pn junction for silicon semiconductors are , , , , and

.

Find (a) the depletion width W and (b) the maximum field .

SOLUTION

, , , and .

es = er * eo = 11.7 * 8.85 * 10-14
= 1.035 * 10-12Tk = 273 + T = 273 + 25 = 298 K

k = 1.3806 * 10-23e = 1.6 * 10-19eo = 8.85 * 10-14er = 11.7

Nd =  2 * 1015 cm-3Na =  1 * 1016 cm-3T = 25°CVF = 0.65 V

emax

Nd = 2 * 1015 cm-3
Na = 1 * 1016 cm-3T = 25°CVT = 26 mVVF = 0.60 V

EXAMPLE 6.4
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6.5.2 Minority Carrier Charge Distribution

Since a large number of electrons diffuse from the n-side to the p-side and become minority carriers in the

p-region, let us define that is the concentration of majority carrier electrons in the n-region once

thermal equilibrium is reached. Since the product of and is constant according to Eq. (6.16), we

can find the concentration of minority carrier electrons in the p-region as

(6.58)

Equation (6.24) gives the built-in potential as 

which, after we substitute from Eq. (6.58) and , gives 

(6.59)

Taking a natural log on both sides of Eq. (6.59), we can find the minority carrier electron concentration on

the p-side, , as a function of the majority carrier electron concentration on the n-side, :

(6.60)

For a forward-biased junction, we can substitute for in Eq. (6.60) with the effective voltage 

to find the minority carrier electron concentration on the p-side, : 

(6.61)np = nnoe-(Vbi -VF)>VT
= nnoe-Vbi>VT

* eVF>VT

np

Vbi - VFVbi

npo = nnoe-Vbi>VT

nnonpo

Vbi = VT ln aNdNa

n2
i
b = VT ln anno 

npo
b

nno = NdNa

Vbi = VT ln aNdNa

n2
i
b

npo =

n2
i

nno
=

n2
i

Na

nponno

nno = Nd
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(a) From Eq. (6.24), 

From Eq. (6.54),

From Eq. (6.55),

Therefore, .

(b) From Eq. (6.57),

.emax =

-1.6 * 10-19
* (0.648 - 0.6)

0.1936 * 10-6 m
= -4.983 * 103 V>cm

W = xn + xp = 0.1613 �m + 0.03226 �m = 0.1936 �m

xp =

B

2 * 1.035 * 10-12
* (0.648 - 0.6)

1.6 * 10-19
 a 2 * 1015 cm-3

1 * 1016 cm-3
b a 1

1 * 1016 cm-3
+ 2 * 1015 cm-3

b = 0.03226 �m

xn =

B

2 * 1.035 * 10-12
* (0.648 - 0.6)

1.6 * 10-19
 a1 * 1016 cm-3

2 * 1015 cm-3
b a 1

1 * 1016 cm-3
+ 2 * 1015 cm-3

b = 0.1613 �m

Vbi = 26 * 10-3
*  ln c1 * 1016 cm-3

* 2 * 1015 cm-3

(1.5 * 1016 cm-3)2
d = 0.648 V
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This can be expressed as a function of as 

(6.62)

Therefore, is greater than on the p-side, and a forward-biased pn junction is no longer in thermal

equilibrium. Similarly, we can find the minority carrier hole concentration on the n-side, :

(6.63)

This also shows that is greater than on the n-side. Therefore, a forward-biased pn junction will

create excess minority carriers at each edge of the space charge region of the pn junction, as shown in

Fig. 6.13. Due to the exponential relationship, a relatively small forward-biased voltage can cause a

significant increase in the minority carrier concentration. It is important to note that and decay ex-

ponentially with distance away from the junction to their thermal equilibrium values and , as also

shown in Fig. 6.13.

pnonpo

pnnp

pnopn

pn = pno * eVF>VT

pn

nponp

np = npo * eVF>KT

npo
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−xp

pn(x)
xp(x)

pnonpo

pn(xn) = pno expnp(–xp) = npo exp

0 +xn

x

n-side

Electron injection

nP, pn

Hole injection

p-side

eVbi
kT( (eVbi

kT( ( np(–xp)

pn(xn)

FIGURE 6.13 Excess minority carrier

concentrations and charge distribution 

Finding the minority carrier concentration of a forward-biased junction The parameters of 

a uniformly doped pn junction for silicon semiconductors are , , ,

, and .

Find the minority carrier concentrations at the edge of the depletion region: (a) electrons in the p-side, ,

and (b) holes in the n-side, . 

SOLUTION

, , , , and .

es = er * eo = 11.7 * 8.85 * 10-14
= 1.035 * 10-12Tk = 273 + T = 273 + 25 = 298 K

k = 1.3806 * 10-23e = 1.6 * 10-19eo = 8.85 * 10-14er = 11.7

Nd =  1 * 1016 cm-3Na =  2 * 1015 cm-3T = 25°CVT = 26 mVVF = 0.60 V

pn

np

Nd =  1 * 1016 cm-3Na =  2 * 1015 cm-3
T = 25°CVT = 26 mVVF = 0.60 V

EXAMPLE 6.5
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KEY POINTS OF SECTION 6.5

■ If a diode is forward biased, the potential barrier is reduced and a large number of holes will flow from

the p-side to the n-side. Similarly, a large number of electrons will flow from the n-side to the p-side.

That is, the ohmic resistance of the diode becomes very small under forward-biased conditions. 

■ The width of the space charge region decreases with the forward voltage.

■ A large number of electrons or holes diffuse from one side to the other, and they become minority car-

riers on the other side. This creates excess minority carriers at each edge of the space charge region

of the pn junction.

6.6 Junction Current Density 

It can be shown that the electron current density due to the charge flow from the n-region to the p-region

at the edge of the p-region at is given by [2–4]

(6.64)

where is the minority electron diffusion density. is the minority electron diffusion length and is

related to and the minority carrier life by . The minority carrier life is defined as the

average time for a minority electron in the p-region to recombine with a majority hole in the p-region.

Similarly, the hole current density due to the charge flow from the p-region to the n-region at the edge of

the n-region at is given by 

(6.65)Jp(x = xn) =

eDp pno

Lp
 (eVF>VT

- 1)

x = xn

L2
n = DntnotnoDn

LnDn

Jn(x = -xp) =

eDnnpo

Ln
 (eVF>VT

- 1)

x = -xp
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(a) From Eq. (6.58),

From Eq. (6.62),

(b) From Eq. (6.58),

From Eq. (6.63),

pn = pno * exp aVF

VT
b = 2.25 * 104 cm-3

* exp a 0.6

0.026
b = 3.062 * 1014 cm-3

pno =

n2
i

Nd
=

(1.5 * 1016 cm-3)2

1 * 1016 cm-3
= 2.25 * 104 cm-3

np = npo * exp aVF

VT
b = 1.125 * 105 cm-3

* exp a 0.6

0.026
b = 1.531 * 1015 cm-3

npo =

n2
i

Na
=

(1.5 * 1016 cm-3)2

2 * 1015 cm-3
= 1.125 * 105 cm-3
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where Dp is the minority hole diffusion density. Lp is the minority hole diffusion length and is related to

Dp and the minority hole carrier life by . Therefore, the total current density in the pn junction

is given by

(6.66)

This can be written in a more general form as 

(6.67)

where the parameter is known as the reverse saturation current density and depends on the physical

parameters of the pn junction as given by 

(6.68)

Equation (6.67) for the junction current is applicable for both positive values (forward-biased condition)

and negative values (reverse-biased condition) such that . The diode current can be obtained by

multiplying the current density in Eq. (6.67) by the cross-sectional area of the pn junction and be ex-

pressed in the general form describing the Schottkey equation in Eq. (4.1) as 

(6.69)

Here the parameter is known as the reverse saturation current, is the applied voltage, and is a con-

stant whole value that varies from 1 to 2 depending on the manufacturing process of practical diodes.

Equation (6.69) describes the characteristics of the Schottkey barrier junction. 

� NOTE for forward-biased conditions and for reverse-biased conditions.vD 6 0vD 7 0

hvDIs

iD = J * Apn = Is(e
	 vD>VT

- 1)

Apn

vD = -VF

Js =

eDnnpo

Ln
+

eDppno

Lp

Js

J = Js(e
VF>VT

- 1)

J = Jn(x = -xp) + Jp(x = xn) = a eDnnpo

Ln
+

eDp pno

Lp
b (eVF>VT

- 1)

L2
p = Dptpotpo
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Finding the reverse saturation current The parameters of a reverse-biased pn junction with uniform

doping of silicon semiconductors are , , ,

, , , and .

Find the reverse saturation current .

SOLUTION

, , , , ,

, and .

k = 1.3806 * 10-23e = 1.6 * 10-19eo = 8.85 * 10-14er = 11.7

Apn = 10-3 cm2tpo = tno = 8 * 10-6 s
Dp = 10 cm2>sDn = 20 cm2>sn i =  1 .5 * 1010 cm-3Nd =  1 * 1016 cm-3Na =  1 * 1016 cm-3

Is

Apn = 10-3 cm2tpo = tno = 8 * 10-6 sDp = 10 cm2>sDn = 20 cm2>s
n i =  1 .5 * 1010 cm-3Nd =  1 * 1016 cm-3Na =  1 * 1016 cm-3

EXAMPLE 6.6
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6.7 Temperature Dependence 

According to Eq. (6.67), the current density J is a direct function of the reverse saturation current density

, which depends on the minority carrier concentrations npo and pno—which in turn are also proportional

to , which is a function of temperature. Therefore, we have 

(6.70)

where is the electron energy, 1.12 eV. We can relate and corresponding to temperatures 

and by 

(6.71)

Therefore, the reverse saturation current density is sensitive to the temperature and increases rapidly

with the temperature, as shown in Fig. 6.14(a) for a reverse-biased condition. The forward current J, which

is a function of and , is a function of temperature. As the temperature increases, the voltage drop

decreases for the same amount of forward current, as shown in Fig. 6.14(b). For a constant forward volt-

age, the forward current increases with the temperature. 

(eVF>kT)Js

Js

Js2

Js1
=

T3
2e-Eg 

>kT2

T3
1e-Eg 

>kT1
= aT2

T1
b3a e-Eg 

>kT2

e-Eg 
>kT1
b

T1

T2Js1Js2Eg

Js r n2
i r T3e-Eg 

>kT

n2
i

Js
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From Eq. (6.58),

The minority electron diffusion length . The minority

hole diffusion length .

From Eq. (6.68), we get 

Therefore, the reverse saturation current is Is = Js Apn = 9.717 * 10-12 A>cm2
* 10-3 cm2

= 9.717 * 10-15 A.

= 9.717 * 10-12 A>cm2

=

1.6 * 10-19
* 20 * 2.25 * 104 cm-3

0.013 m
+

1.6 * 10-19
* 10 * 2.25 * 104 cm-3

8.944 * 10-3 cm

Js =

eDnnpo

Ln
+

eDppno

Lp

Lp = 2Dptpo = 210 * 8 * 10-6 cm2
= 8.944 * 10-3 cm

Ln = 2Dntno = 220 * 8 * 10-6 cm2
= 0.013 cm

pno = npo =

n2
i

Na
=

(1.5 * 1016 cm-3)2

1 * 1016 cm-3
= 2.25 * 104 cm-3
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6.8 High-Frequency AC Model

In Sec. 4.7 we considered the static behavior of a pn junction diode. A practical diode, however, exhibits

some capacitive effects that need to be incorporated into any high-frequency model in order to get the time-

dependent response of a diode circuit. We have seen that a depletion layer exists in the reverse-biased pn
junction of diodes. That is, there is a region depleted of carriers, separating two regions of relatively good

conductivity. Thus we have in essence a parallel-plate capacitor, with silicon as the dielectric. Also, there

is an injection of a large number of minority carriers under forward-biased conditions. Therefore, there are

two types of capacitances: depletion and diffusion.

6.8.1 Depletion Capacitance

A positively charged layer is separated from a negatively charged layer by a very small but finite distance.

As the voltage across the pn junction changes, the charge stored in the depletion layer changes accordingly.

This is shown in Fig. 6.15 for a nonlinear q-v relationship. The depletion capacitance relates the change in

the charge ( ) in the depleted region to the change in the bias voltage , and it is given by

(6.72)

This is derived in Eq. (6.51), and it can be expressed in general form as

(6.73)Cj =

Cjo

(1 - vD>Vj)
m

Cj =

dqj

dvD

2
at estimated Q-point vD = -VD

¢vD¢q
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(b)  Forward-biased junction

iD

vD

T3 T2 T1

 T1

 T2

 T3

0

Increasing
temperature
T3 >  T2 >  T1

Increasing
temperature

T3 >  T2 >  T1

(a)  Reverse-biased junction

iD

vD
0

FIGURE 6.14 Temperature effects in a pn junction
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where m � junction gradient coefficient, whose value is in the range of 0.33 to 0.5 

VD � anode-to-cathode bias voltage, which will be positive in the forward direction and negative

in the reverse direction

Vj � potential barrier with zero external voltage applied to the diode and is known as the built-in
potential (It is a function of the type of semiconductor material, the degree of doping,

and the junction temperature. For a silicon diode 0.5 V to 0.9 V, and for a germa-

nium diode 0.2 V to 0.6 V.)

� depletion capacitance when the external voltage across the diode is zero

The depletion capacitance is also known as the transition capacitance. The value of is directly

proportional to the cross-section of the diode junction and is in the range of 0.1 pF to 100 pF. Notice from

Eq. (6.72) that the depletion capacitance can be varied by changing the reverse voltage 

across the diode. The capability to change a capacitance by varying a voltage can be exploited in some

applications. Diodes designed for such applications are called varactors or varicaps, depending on the

applications. This depletion capacitance may be used for tuning FM radios, television circuits, mi-

crowave oscillators, and any other circuits in which a small variation in capacitance can effect a signif-

icant change in frequency. In these applications, a reverse-biased diode can be connected in parallel with

an external capacitor of a parallel circuit consisting of resistor (R), indicator (L), and capacitor (C) cir-

cuit so that the resonant frequency is given by

(6.74)

where � depletion capacitance varied by the reverse-biased voltage ( ) of the diode (Typical values

of are 10 pF to 100 pF at reverse voltages of 3 V to 25 V)

L � inductance of the parallel RLC circuit 

C � capacitance of the parallel RLC circuit

6.8.2 Diffusion Capacitance

When the junction is forward biased, the depletion region becomes narrower and the depletion capacitance

increases because the bias voltage vD is positive. However, a large number of minority carriers are injected

into the junction under the forward-biased condition. There will be an excess of minority charge carriers

Cj

-vDCj

fp =

1

2p2L(C + Cj)

fp

vR = -vDCj

Cj

Cjo

Vj L

Vj L
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vD-VD

Slope = Cjo 

Slope = Cj 

Depletion
layer charge, qj

Q-point
Qj

FIGURE 6.15 Charge–voltage relation of the depletion

region 
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near the depletion layer, and this will cause a great charge storage effect. The excess concentration will be

highest near the edge of the depletion layer and will decrease exponentially toward zero with the distance

from the junction. This is shown in Fig. 6.13, where is the hole concentration in the n-region and is

the electron concentration in the p-region. If the voltage applied to the diode is changed, the minority

carrier charges stored in the p- and n-regions will also change and reach a new steady-state condition.

Therefore, a forward-biased pn junction will exhibit a capacitive effect as a result of the shortage of

minority carrier charges. Since these charges will be proportional to the diode current, the current density

in Eq. (6.65) can be applied to relate the charge to the forward voltage , given by

(6.75)

where is the constant charge proportional to the leakage (or reverse saturation) current density . There-

fore, the q-v characteristic of a forward-biased diode will be nonlinear, and it can be modeled by a small-

signal capacitance known as the diffusion capacitance. That is,

(6.76)

which indicates that is proportional to the value of . In the reverse-biased condition, .

In the forward direction, however, the value of is approximately proportional to the DC bias current 

(at the Q-point). That is, is given by

(6.77)

where is a constant and is directly proportional to the cross-section of the diode junction and is

typically in the range of 10 pF to 100 pF.

6.8.3 Forward-Biased Model

A forward-biased diode will exhibit two capacitances: diffusion capacitance and depletion-layer

capacitance , expressed by Eq. (6.52) for . These capacitances will affect the high-frequency

applications of diodes. For the small-signal high-frequency model of a forward-biased diode, as shown

in Fig. 6.16(a), the model parameters are given by

(6.78)

for (6.79)

For example, if , , , and , then .Cj = 11.18 pFVD = 0.7158 Vm = 0.333Vj = 0.75 VCjo = 4 pF

Cd = KdID

vD Ú 0Cj =

Cjo

(1 - vD>Vj)
m

1
rd

=

diD

dvD

2
at estimated Q-point iD = ID

=

d

dvD
 [Is(e

hvD>VT
- 1)] M

ID

hVT

vD Ú 0Cj

Cd

CdKd

Cd = KdID

Cd

IDCd

Cd = 0qm + qoCd

Cd =

dqm

dvD

2
at estimated Q-point vD =VD

Cd

Jsqo

qm = qo(evD>VT
- 1)

vDqmJp

nppn
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KEY POINT OF SECTION 6.8

■ The high-frequency AC model represents the frequency response of the diode by includ-
ing two junction (diffusion and depletion-layer) capacitances to the low-frequency AC
model. The depletion-layer capacitance is dependent on the diode voltage. But the diffu-
sion capacitance is directly proportional to the diode current and is present only in the
forward direction. 

6.8.4 Reverse-Biased Model

The small-signal AC resistance in the reverse direction is very high, on the order of several megohms,

and may be assumed to be very large, tending to infinity. The diffusion capacitance , which depends on

the diode current, is negligible in the reverse direction because the reverse current is very small. For the

high-frequency AC model of a reverse-biased diode having as the resistance in the reverse direction, as

shown in Fig. 6.16(b), the model parameters are given by

for (6.80)

For example, if , , , and , then .Cj =  1 .32 pFVD = -20 Vm =  0 .333Vj =  0 .75 VCjo = 4 pF

Cd = 0

vD … 0Cj =

Cjo

(1 - vD>Vj)
m

rr = 


rr

Cd

rd
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rd Cd Cj

A
+

+

− −
K

(a)  Forward biased

vd rr Cj

A

K

(b)  Reverse biased

vd

FIGURE 6.16 High-frequency AC diode models

Summary

A pn junction is formed by sandwiching a p-type material into one side and an n-type material in the other

side of a single crystal. Free electrons (in n-type material) and holes (in p-type material) are made avail-

able by adding a controlled amount of n-type impurities and p-type impurities to pure semiconductors,

respectively. The Fermi function specifies the probability that an available state will be occupied by an elec-

tron. The intrinsic concentration of a semiconductor material remains constant at a constant temperature.
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A depletion or space charge region exists at the pn junction, whose width depends on the doping con-

centrations and the external applied voltage. The junction capacitance depends on the reverse voltage. In

the forward-biased condition, a large number of electrons or holes diffuse from one side to the other side

and become minority carriers on the other side. This creates excess minority carriers at each edge of the

space charge region of the pn junction. The depletion-layer capacitance is dependent on the forward volt-

age. But the diffusion capacitance is directly proportional to the forward current and is present only in the

forward direction. The high-frequency AC model represents the frequency response of the diode by in-

cluding two junction (diffusion and depletion-layer) capacitances to the low-frequency AC model. 
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Review Questions

1. What is a donor impurity? What is an acceptor impurity?

2. What is doping?

3. What is the depletion region of a pn junction?

4. What are the minority carriers in p-type materials?

5. What are the majority carriers in p-type materials?

6. What are the minority carriers in n-type materials?

7. What are the majority carriers in n-type materials?

8. What is the effect of junction temperature on the diode characteristic?

9. What is the Fermi function?

10. What is the effect of temperature on the Fermi function? 

11. What is the intrinsic electron or hole concentration in a semiconductor material?

12. What are the effects of reverse voltage on a pn junction? 

13. What is the depletion region?

14. What is a built-in potential?

15. What is the effect of reverse voltage on the depletion region?

16. What is a breakdown condition of a pn junction? 

17. What causes the junction capacitance of a pn junction? 

18. What are the effects of forward voltage on a pn junction? 

19. What is the minority carrier life?

20. Why is the reverse saturation current density sensitive to temperature?

21. What is the high-frequency AC model of a diode?

22. What is the depletion capacitance of a pn junction?

23. What is the diffusion capacitance of a pn junction?
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Problems

6.2 Semiconductor Materials 

6.1 Calculate the intrinsic carrier concentration at for (a) silicon, (b) germanium,

and (c) gallium arsenide.

6.2 Two silicon semiconductor materials have the same properties but different gap band energies: EgA � 1.12 eV

and EgB � 1.25 eV. Determine their intrinsic concentrations niA and niB and the ratio .

6.3 If the maximum intrinsic concentration of silicon is to be limited to , what will be

the maximum permissible temperature if the gap band energy is ?

6.4 If the maximum intrinsic concentration of gallium arsenide is to be limited to ni � 1.5 � 1018 cm�3, what

will be the maximum permissible temperature if the gap band energy is Eg � 1.15 eV?

6.5 Calculate the equilibrium electron concentration of a silicon material if the gap band energy at 

is (a) , (b) , and (c) .

6.6 Calculate the equilibrium electron concentration for a gallium arsenide material if the gap band energy at

is (a) , (b) , and (c) .

6.7 Calculate the equilibrium hole concentration of a silicon material if the gap band energy at 

is (a) , (b) , and (c) .

6.8 Calculate the equilibrium hole concentration for a gallium arsenide material if the gap band energy at

is (a) , (b) , and (c) .

6.9 The value of equilibrium electron concentration for a silicon material is at

. Determine the gap band energy .

6.10 The value of equilibrium hole concentration for a silicon material is at .

Determine the gap band energy .

6.11 Determine the intrinsic Fermi energy for silicon if and .

6.12 If the Fermi energy is 0.25 eV below the conduction band energy and at

, (a) calculate the probability that an energy state in the conduction band at is filled by

an electron, and (b) calculate the thermal equilibrium electron concentration in silicon.

6.13 If the Fermi energy is 0.25 eV below the valence band energy and at ,

(a) calculate the probability that an energy state in the valence band at is empty of an electron,

and (b) calculate the thermal equilibrium hole concentration in silicon.

6.3 Zero-Biased pn Junction 

6.14 The parameters of a uniformly doped pn junction for silicon semiconductors are , ,

, and . Find (a) the depletion width W and (b) the maximum

field .

6.15 The parameters of a uniformly doped pn junction for silicon semiconductors are , ,

, and . Find (a) , (b) and , (c) the depletion width W, and

(d) the maximum field . Plot the electric field against the distance x through the junction. 

6.16 Calculate the built-in potential of a uniformly doped pn junction for silicon semiconductors if

, , , and .Nd =  2 * 1015 cm-3Na =  1 * 1018 cm-3T = 25°CVT = 26 mV
Vbi

emax 

xpxnVbiNd =  1016 cm-3Na =  1 * 1012 cm-3
T = 25°CVT = 26 mV

emax

Nd =  2 * 1015 cm-3Na =  1 * 1016 cm-3
T = 25°CVT = 26 mV

(Ev - kT )
T = 25°CNv = 1.5 * l019 cm-3Ev

(Ec + kT )T = 25°C
Nc = 1.5 * l019 cm-3Ec

T = 25°CEg = 1.1 eVEFi

Eg

T = 30°Cno = 1.5 * 1016 cm-3

EgT = 30°C
no = 1.5 * 1017 cm-3

Eg = 1.25 eVEg = 1.12 eVEg = 0.75 eVT = 350 K
po

Eg = 1.25 eVEg = 1.12 eVEg = 0.75 eV
T = 350 Kpo

Eg = 1.25 eVEg = 1.12 eVEg = 0.75 eVT = 350 K
no

Eg = 1.25 eVEg = 1.12 eVEg = 0.75 eV
T = 350 Kno

Eg = 1.15  eV
n i = 1.5 * 1018 cm-3

n iB >n iA

T = 200 K, 400 K, and 600 Kn i
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6.17 Plot the built-in potential against for a uniformly doped pn junction for silicon semiconductors if

, , , and .

6.18 Plot the built-in potential against for a symmetrical silicon pn junction if , ,

and .

6.19 Plot the built-in potential against temperature for a uniformly doped pn junction for silicon semicon-

ductors if , , , and .

6.20 The parameters of a uniformly doped silicon pn junction are , , and

. Determine the temperature if the built-in potential barrier is V.

6.21 The parameters of a uniformly doped silicon pn junction are , , and

. If the temperature changes by 15%, what will be the change in the built-in poten-

tial barrier ?

6.22 The parameters of a uniformly doped silicon pn junction are , , and

. If , and change by , what will be the minimum and maximum values

of the built-in potential barrier ?

6.4 Reverse-Biased pn Junction 

6.23 The parameters of a uniformly doped pn junction for silicon semiconductors are , ,

, , and . Find (a) the depletion width and (b) the

maximum field .

6.24 The parameters of a reverse-biased pn junction with uniform doping of silicon semiconductors are

, , , , and . Calculate the

junction capacitance if the cross-sectional area of the pn junction is .

6.25 The parameters of a reverse-biased pn junction with uniform doping of silicon semiconductors are

, , , , and . Calculate the

junction capacitance if the cross-sectional area of the pn junction is .

6.26 The parameters of a reverse-biased abrupt silicon pn junction are , , ,

and . Calculate (a) , (b) W, (c) the maximum field , and (d) the junction capaci-

tance if . 

6.27 The parameters of a reverse-biased abrupt silicon pn junction are , , ,

and . Calculate (a) , (b) W, (c) the maximum field , and (d) the junction capacitance 

if . 

6.28 The parameters of a reverse-biased abrupt silicon pn junction are , , 

and . Calculate (a) , (b) W, (c) the maximum field , and (d) the junction capacitance .

If changes by , what will be the minimum and maximum values of the junction capacitance if

?

6.29 The parameters of a reverse-biased abrupt silicon pn junction are , , ,

and . Calculate (a) , (b) W, (c) the maximum field , and (d) the junction capacitance Cj

if . If changes by , what will be the minimum and maximum values of the junc-

tion capacitance ?

6.30 The parameters of a reverse-biased abrupt silicon pn junction are , , ,

and . Calculate (a) , (b) W, (c) the maximum field , and (d) the junction ca-

pacitance if . If and change by , what will be the minimum and maximum

values of the maximum field ?emax

;15%NdNaApn = l0 -3 cm2Cj

emaxVbiNd = 2 * 1018 cm-3
Na = 1016 cm-3T = 25°CVR = 12 V

Cj

;15%NaApn = l0 -3 cm2
emaxVbiNd = 100 Na

Na = 1016 cm-3T = 25°CVR = 12 V
Apn = l0 -3 cm2

Cj;20%VR

CjemaxVbiNd =  100 Na

Na = 1016 cm-3,T = 25°CVR = 12 V
Apn = 2 * l0 -3 cm2

CjemaxVbiNd = 100 Na

Na = 1016 cm-3T = 25°CVR = 12 V
Apn =  l0 -3 cm2Cj

emaxVbiNd =  1015 cm-3
Na = 1016 cm-3T = 25°CVR = 12 V

Apn = 2 *  l0 -3 cm2
Nd =  2 * 1015 cm-3Na =  1 * 1016 cm-3T = 25°CVR = 10 VVT = 26 mV

Apn =  l0 -3 cm2
Nd =  2 * 1015 cm-3Na =  1 * 1016 cm-3T = 25°CVR = 15 VVT = 26 mV

emax

WNd =  2 * 1015 cm-3Na =  1 * 1016 cm-3T = 25°C
VT = 26 mVVR = 10 V

Vbi

;15%NdT, NaNd =  5 * 1015 cm-3
Na =  1 * 1016 cm-3T = 25°C

Vbi

Nd =  5 * 1015 cm-3
Na =  1 * 1016 cm-3T = 25°C

Vbi = 0.56Nd =  5 * 1015 cm-3
Na = 1 * 1017 cm-3VT = 26 mV

Nd = 1 * 1019 cm-3Na = 1 * 1018 cm-325°C … T … 250°CVT = 26 mV
Vbi

1 * 1014
… Na = Nd … 1 * 1019 cm-3

T = 25°CVT = 26 mVNd Vbi

1 * 1014
… Nd … 1 * 1019 cm-3Na =  1 * 1018 cm-3T = 25°CVT = 26 mV

Nd Vbi
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6.31 The parameters of a reverse-biased pn junction with uniform doping of silicon semiconductors are

, , , , and . Calculate the 

reverse voltage that will give a junction capacitance of if .

6.32 A uniformly doped silicon pn junction operating at is to be designed such that at a reverse-biased

voltage of , the maximum field is limited to . Determine the maximum

doping concentration in the n-region.

6.33 A uniformly doped silicon pn junction operating at has a reverse-biased voltage of .

The charge in the n-region is to be limited to 15% of the total space charge, and the total junction capaci-

tance is if . Determine (a) , (b) , and (c) .

6.5 Forward-Biased pn Junction 

6.34 The parameters of a uniformly doped pn junction for silicon semiconductors are ,

, , , and . Find (a) the depletion width W
and (b) the maximum field .

6.35 The parameters of a uniformly doped pn junction for silicon semiconductors are , ,

, , and . Find the minority carrier concentrations at the

edge of the depletion region: (a) electrons in the p-side, , and (b) holes in the n-side, . 

6.36 The parameters of a uniformly doped pn junction for silicon semiconductors are , ,

, , and . If changes by , calculate the mini-

mum and maximum values of the minority carrier concentrations at the edge of the depletion region: 

(a) electrons in the p-side, , and (b) holes in the n-side, . 

6.6 Junction Current Density

6.37 The parameters of a reverse-biased pn junction with uniform doping of silicon semiconductors are

, , , , ,

, and . Find the reverse saturation current .

6.38 The parameters of a reverse-biased pn junction with uniform doping of silicon semiconductors are

, , , , ,

, and . If and change by , calculate

the minimum and maximum values of the reverse saturation current .

6.39 The parameters of a reverse-biased pn junction with uniform doping of silicon semiconductors are

, , , , , 

, and . Find the reverse saturation current .

6.40 The parameters of a reverse-biased abrupt silicon pn junction are , , ,

and . Calculate (a) W, (b) the maximum field , and (c) the junction capacitance

Cj if . If and change by , what will be the minimum and maximum values of

the maximum field ?

6.41 The parameters of a reverse-biased pn junction with uniform doping of silicon semiconductors are

, , , , and . Calculate the re-

verse voltage that will give a junction capacitance of if .

6.42 A uniformly doped silicon pn junction operating at is to be designed such that at a reverse-biased

voltage of , the maximum field is limited to . Determine the maximum

doping concentration in the n-region.

emax = 5 * 105 V>cmVR = 15 V
T = 25°C

Apn =  l0 -3 cm2Cj = 5 pFVR

Nd = 2 * 1015 cm-3Na = 1 * 1016 cm-3T = 25°CVR = 10 VVT = 26 mV

emax

;15%NdNaApn = l0 -3 cm2
emaxNd = 2 * 1018 cm-3

Na = 1016 cm-3T = 25°CVF = 0.5 V
ISApn = 10-3 cm2� 8 * 10-6 s

tpo = tnoDp = 10 cm2>sDn = 20 cm2>sn i = 1.5 * 1010 cm-3Nd = 50 NaNa = 1 * 1016 cm-3

IS

;15%NdNaApn = 10-3  cm2tpo = tno = 8 * 10-6 s
Dp = 10 cm2>sDn = 20 cm2>sn i =  1 .5 * 1010 cm-3Nd = 2 * 1015 cm-3Na = 1 * 1016 cm-3

ISApn = 10-3  cm2tpo = tno = 8 * 10-6 s
Dp = 10 cm2>sDn = 20 cm2>sn i = 1.5 * 1010 cm-3Nd = 2 * 1015 cm-3Na = 1 * 1016 cm-3

pnnp

;15%VFNd = 2 * 1015 cm-3Na = 2 * 1016 cm-3T = 25°C
VT = 26 mVVF = 0.5 V

pnnp

Nd = 2 * 1015 cm-3Na = 2 * 1016 cm-3T = 25°C
VT = 26 mVVF = 0.5 V

emax

Nd = 2 * 1015 cm-3Na = 1 * 1017 cm-3T = 25°CVT = 26 mV
VF = 0.65 V

VbiNdNaApn = 6 * l0 -4 cm2Cj = 4 pF

VR = 12 VT = 25°C

emax = 5 * 105 V>cmVR = 12 V
T = 25°C

Apn = l0 -3 cm2Cj = 5 pFVR

Nd = 2 * 1015 cm-3Na = 1 * 1016 cm-3T = 25°CVR = 10 VVT = 26 mV
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6.43 A uniformly doped silicon pn junction operating at has a reverse-biased voltage of .

The charge in the n-region is to be limited to 15% of the total space charge, and the total junction capaci-

tance is if . Determine (a) , (b) , and (c) .

6.44 The parameters of a reverse-biased pn junction with uniform doping of silicon semiconductors are

, , , , ,

, and . Find the reverse saturation current .

6.45 The reverse saturation current of a forward-biased silicon pn junction diode is A 

at . Determine the required diode voltage to induce a diode current of (a) and 

(b) .

6.46 The reverse saturation current of a forward-biased silicon pn junction diode is A at

. Determine the forward-biased diode current for (a) , (b) , and 

(c) .

6.47 The forward-biased current of a pn diode is at . The GaAs pn junction at T = 300 K

is . The forward diode voltage is . Determine the reverse saturation current . 

6.7 Temperature Dependence

6.48 The saturation current is at . Find the value of at . Assume

.

6.49 If the junction temperature changes by 5 times, what will be changes in the junction current density , and

the saturation current Assume .

6.50 If the junction temperature changes by 10 times, what will be changes in the junction current density , and

the saturation current Assume .

6.8 High-Frequency AC Model

6.51 If the parameters of a pn junction are , m � 0.333, and , calculate the

value of C.

6.52 If the parameters of a pn junction are , m � 0.333, and , calculate

the value of C.

VD = 0.7158 VVj = 0.75 V,Cjo = 4 pF

VD = -50 VVj = 0.75 V,Cjo = 4 pF

Eg = 1.15 eVIS?
JS

Eg = 1.15 eVIS?
JS

Eg = 1.15 eV
T = 50°CIST = 25°CIS = 9.972 * 10-15 A

ISVF = 1.1 VID = 15 mA
T = 25°CID = 10 mA

VF = 1.2 V
VF = 1.0 VVF = 0.75 VT = 25°C

IS = 5 * 10-14

ID = 10 mA
ID = 1 mAT = 25°C

IS = 5 * 10-14

ISApn = 10-3 cm2tpo = tno = 8 * 10-6 s
Dp = 10 cm2>sDn = 20 cm2>sn i = 1.8 * 1010 cm-3Nd = 5 * 1015 cm-3Na = 2 * 1016 cm-3

VbiNdNaApn = 6 *  l0 -4 cm2Cj = 4 pF

VR = 12 VT = 25°C
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Learning Outcomes
After completing this chapter, students should be able to do

the following: 

• Describe the operation of metal oxide semiconductor

field-effect transistors (MOSFETs).

• List the types of MOSFETs and their characteristics.

• Analyze and design MOSFET biasing circuits.

• Determine the small-signal model parameters of

MOSFETs.

• Analyze and design MOSFET amplifiers.

• List the circuit configurations of MOSFET amplifiers

and their relative advantages and disadvantages.

• Determine the frequency model of MOSFETs.

• Determine the frequency responses of MOSFET

amplifiers.

Symbols and Their Meanings
Symbol Meaning

No-load voltage gain and transconduc-

tance of an amplifier

Transconductance of a MOSFET and 

an amplifier

gm, Gm

Avo, Gmo

CHAPTER 7
METAL OXIDE

SEMICONDUCTOR
FIELD-EFFECT
TRANSISTORS
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Symbol Meaning
Small-signal drain–source conductance and resistance of a MOSFET

AC, quiescent DC, and instantaneous DC drain currents

MOS and process technology constants

MOS constants for PMOS and NMOS

Length and width of a MOSFET

Input and output resistances of an amplifier

Small-signal output resistance of a transistor

Channel modulation length and voltage of a MOSFET

Instantaneous DC and AC output voltages

Threshold voltages of any MOSFET, NMOS, or PMOS

Small-signal AC, quiescent DC, and instantaneous DC drain-to-source voltages

Small-signal, quiescent DC, and instantaneous DC gate-to-source voltagesvgs, VGS, vGS

vds, VDS, vDS

Vt, VtN, VtP

vO(t), vo(t)

l, VM

ro

Ri, Ro

L, W

Kp, Kn

Km, Kpp

id, ID, iD

gds, rds
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7.1 Introduction

In Chapter 2 we looked at an amplifier’s characteristics from an input–output perspective and found the

specifications of amplifiers that satisfied certain input and output requirements. Internally, amplifiers

use one or more transistors as amplifying devices, and these transistors are biased from a single DC

supply to operate properly at a desired (quiescent) Q-point. Using transistors, we can build amplifiers

that give a voltage (or current) gain, a high input impedance, or a high (or low) output impedance. The

terminal behavior of an amplifier depends on the types of devices used within the amplifier.

Transistors are active devices with highly nonlinear characteristics. Thus, to analyze and design a

transistor circuit, we need models of transistors. Creating accurate models requires detailed knowledge

of the physical operation of transistors and their parameters as well as a powerful analytical technique.

A circuit can be analyzed easily using simple models, but there is generally a trade-off between accu-

racy and complexity. A simple model, however, is always useful to obtain the approximate values of cir-

cuit elements for use in a design exercise and the approximate performance of the elements for circuit

evaluation. The details of transistor operation, characteristics, biasing, and modeling are outside the

scope of this text [1–3]. In this chapter, we will consider the operation and external characteristics of

field-effect transistors using simple linear models. 

7.2 Metal Oxide Field-Effect Transistors

The basic concept of field-effect transistors (FETs) has been known since the 1930s; however, FETs did

not find practical applications until the early 1960s. Since the late 1970s, MOSFETs have become very

popular; they are being used increasingly in integrated circuits (ICs). The manufacturing of MOSFETs is

relatively simple. A MOSFET device can be made small, and it occupies a small silicon area in an IC chip.

MOSFETs are currently used for very-large-scale integrated (VLSI) circuits such as microprocessors and

memory chips.
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A metal oxide semiconductor field-effect transistor (MOSFET) is a unipolar device. The current

flow in a MOSFET depends on one type of majority carrier (electrons or holes). The output current of

MOSFETs is controlled by an electric field that depends on a gate control voltage. There are two types

of MOSFETs:  enhancement MOSFETs and depletion MOSFETs.

7.3 Enhancement MOSFETs

There are two types of enhancement MOSFETs: n-channel and p-channel. An n-channel enhancement

MOSFET is often referred to as an NMOS. The physical structure of an NMOS showing its terminal is

illustrated in Fig. 7.1(a); a schematic appears in Fig. 7.1(b). Since the p-type substrate and the two n�-

type junctions are reverse biased, there will be a depletion region as shown in Fig. 7.1(b) by shaded lines.

Two n�-type regions act as low-resistance connections to the source and the drain. An insulating layer of

silicon dioxide is formed on top of the p-type substrate by oxidizing the silicon. Ohmic contacts are pro-

vided to the n�-regions for connection to the external circuit by leaving two windows on the silicon diox-

ide and depositing a layer of aluminum. The substrate B is normally connected to the source terminal. An

n-channel is induced under the influence of an electric field; there is no physical n-channel between the

drain and the source of an NMOS, as shown by the darker shade in Fig. 7.1(b). The symbol for an NMOS

is shown in Fig. 7.1(c), where the arrow points from the p-type region to the n-type region. An NMOS is

often represented by the abbreviated symbol shown in Fig. 7.1(d) in which the arrowhead indicates the

direction of the current.

A p-channel enhancement-type MOSFET, often referred to as a PMOS, is formed by two p�-type

regions on top of the n-type substrate, as shown in Fig. 7.2[(a) and (b)]. The p-regions offer low resistances.

The symbol for a PMOS is the same as that for an NMOS, except that the direction of the arrow is reversed,

as shown in Fig. 7.2(c). The abbreviated symbol is shown in Fig. 7.2(d).

Metal Oxide Semiconductor Field-Effect Transistors 337

FIGURE 7.1 Structure and symbols of an n-channel enhancement MOSFET
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7.3.1 Operation

An NMOS is operated with positive gate and drain voltages relative to the source, as shown in Fig. 7.3(a),

whereas a PMOS is operated with negative gate and drain voltages relative to the source, as shown in

Fig. 7.3(b). Their substrates are connected to the source terminal.

An NMOS may be viewed as consisting of two diode junctions that are formed between the substrate

and the source and between the substrate and the drain, as shown in Fig. 7.4(a). The hypothetical diodes

are in series and back to back, as shown in Fig. 7.4(b). The NMOS can operate in any of the four oper-

ating regions: cutoff region, linear ohmic, nonlinear ohmic, and saturation.

Cutoff Region

The gate-to-source voltage is greater than zero but less than the threshold voltage . A

positive value of vDS will reverse-bias the right-hand diode, and the drain current iD will be approxi-

mately zero if the gate-to-source voltage vGS is zero.

0 … vGS … VtVt:vGS

FIGURE 7.2 Structure and symbols of a p-channel enhancement MOSFET

vSD

vSG

Gate
Source + −

+ −

Drain
ISR

D

S

G
B

(c)  Symbol

ID

D

S

G

(d)  Abbreviated
       symbol

Induced p-channel
Depletion region

B
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(b)  Schematic

SiO2 SiO2 SiO2AlAl
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FIGURE 7.3 Biasing of an NMOS and a PMOS
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Linear Ohmic Region

and . A positive value of vGS will establish an electric field, which will

attract negative carriers from the substrate and repel positive carriers. As a result, a layer of substrate near

the oxide insulator becomes less p-type, and its conductivity is reduced. As vGS increases, the surface near

the insulator will attract more electrons than holes and will behave like an n-type channel. The minimum

value of vGS that is required to establish a channel is called the threshold voltage Vt. The drain current at

vGS � Vt is very small. For vGS � Vt, the drain current iD increases almost linearly with vDS for small

values of vDS, as shown in Fig. 7.4(c). If the drain-to-source voltage is low (usually less than 1 V), the drain

current iD can be calculated from Ohm’s law (iD � vDS ⁄ rDS). The conductance of the channel between the

drain and the source can be found from

(7.1)

where � mobility of the electrons in the reverse-biased (also called the inversion) layer under the

oxide layer

� magnitude of the reverse-biased layer charge per unit area

W � channel width

L � channel length

We can find from the gate oxide capacitance and the voltage difference as given by

(7.2)Qn = Cox (vGS - Vt)

(vGS - Vt)CoxQn

Qn

mn

gDS =

1
rDS

=

W

L
 mn Qn

0 6 vDS 6 6 (vGS - Vt)vGS Ú Vt
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FIGURE 7.4 Effects of varying vGS and vDS

(d)  Tapered channel
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vGS = Vt = 2

6 V

4 V

(c)  Drain current for small value of vDS
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Substituting from Eq. (7.2) into Eq. (7.1), we can write the drain current as

(7.3)

Therefore, the NMOS can be operated as a variable resistance by varying and will vary

linearly for a small value of .

Nonlinear Ohmic Region

and Increasing vDS does not change the depth of the channel at the

source end. However, it increases the drain-to-gate voltage vDG or decreases the gate-to-drain voltage

vGD, and the channel width decreases at the drain end. As a result, the channel becomes narrower at the

drain end with a tapered shape, as shown in Fig. 7.4(d). When vDS becomes sufficiently large and vGD is

less than Vt [i.e., when vGD � (vGS � vDS) � Vt], pinch-down occurs at the drain end of the channel. The

characteristic will be nonlinear. Any further increase in vDS does not cause a large increase in iD,

and the transistor operates in the saturation region. If we consider a small incremental drain-to-source

voltage v along the channel, we can rewrite Eq. (7.2) as

which can be applied to obtain the drain current as given by

(7.4)

Equation (7.4) can also be written [4] as 

(7.5)

where is called the MOS constant whose value depends on the physical parameters.

Equation (7.4) can be expressed in a more general form in terms of external voltages and :

(7.6)

Here is a MOS constant given by

(7.7)

where L � channel length (typically 10 �m) in m

W � channel width (typically 100 �m) in m

� surface mobility of electrons � 600 cm2/(V-s)mn

Kn =

Km

2
=

W

L
 mnCox

2

Kn

iD = Kn[2(vGS - Vt )vDS - v2
DS]

vDSvGS

Km = (W>L)mnCox

iD =

Km

2
[2(vGS - Vt )vDS - v 2

DS]

iD =

W

L
 mn Cox

L

vDS

0
(vGS - Vt - v)dv =

W

L
 mn Cox c(vGS - Vt)vDS -

v2
DS

2
d

Qn(v) = Cox(vGS - Vt - v)

iD-vDS

0 6 vDS 6 (vGS - Vt).vGS Ú Vt

vDS

vGSrDS(= vDS>iD)

iD = gDSvDS =

W

L
 mn Cox(vGS - Vt)vDS

Qn
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� permittivity of free space � 8.85 � 10�14 F/cm 

� dielectric constant of SiO2 � 4

� thickness of the oxide

� MOSFET capacitance per unit area

For , is 3.54 � 10�8 F/cm2.

is the product of and (i.e., ), which depends on the process

parameters and will be constant for a given technology. By choosing , we can make the two

constants equal: .

Saturation Region

and . Figure 7.5 shows the plot of Eq. (7.6) for three values of gate-to-source

voltages. We can find the for the peak drain current from the condition, . That is,

which gives at which the saturation occurs—that is, . Substituting

in Eq. (7.6) gives the drain current in the saturation region:

(7.8)

should be substituted for by , the threshold voltage of an NMOS, or , the threshold voltage of a

PMOS. Substituting in Eq. (7.8) gives the peak (saturation) drain current as

(7.9)

The complete iD-vDS characteristic for a constant vGS is shown in Fig. 7.6. In practice, there is a very slight

increase in drain current iD as vDS increases, and the slope of the iD-vDS characteristic has a finite value.

iD(sat) = Kn(vDS + Vt - Vt )
2

= Knv 2
DS

vGS = (vDS + Vt)
V tPV tNVt

iD = Kn(vGS - Vt )
2

vDS = vGS - Vt

vDS(sat) = vGS - V tvDS = vGS - V t

diD

dvDS
=

Knd

dvDS
 [2(vGS - Vt )vDS - v 2

DS] = 0

diD>dvD = 0vDS

vDS Ú (vGS - V t)vGS Ú V t

Km = Kn

W = 2L
Kpp = mn Cox = mn eox>toxCoxmnKpp

Coxtox = 0.10 �m

Cox

tox

eox

eo
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FIGURE 7.5 Plot of versus vDSiD
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VGS1

iD
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7.3.2 Output and Transfer Characteristics

The drain characteristics of an NMOS are shown in Fig. 7.7(a), and the complete transfer characteristics

are shown in Fig. 7.7(b) for an NMOS and a PMOS.

Increasing vDS beyond the breakdown voltage, denoted by VBD, causes an avalanche breakdown in the

channel, and the drain current rises rapidly. This mode of operation must be avoided because a MOSFET

can be destroyed by excessive power dissipation. Since the reverse voltage is highest at the drain end, the

breakdown occurs at this end. The breakdown voltage specified by the manufacturer is typically in the range

of 20 V to 100 V. Also, a large value of vGS will cause a dielectric breakdown in the oxide layer of the device.

Since the gate is insulated from the effective channel in an NMOS, no gate current can flow and con-

sequently the resistance between the gate and the source terminals is theoretically infinite. In practice, the

resistance is finite but very large, on the order of 108 M	.

The output characteristics of an NMOS shown in Fig. 7.7(a) can be described by 

(7.10)

The equations for the NMOS can be applied to a PMOS if we substitute and .

Vt = VtN for NMOS.
vDS = - vDSVt = - VtP

= Kn(vGS - Vt )
2          for vGS 7 Vt and vDS Ú (vGS - Vt)

iD = Kn[2(vGS - V t)vDS - v 2
DS]  for vGS 7 Vt and vDS 6 (vGS - V t)
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FIGURE 7.7 Drain and transfer characteristics of enhancement MOSFETs

FIGURE 7.6 iD-vDS characteristic for a constant vGS (�Vt)

iD

VGS = 5 V > Vt

VGS − Vt

   vDS (for n-channel)
−vDS (for p-channel)

Ohmic region Saturation region

ID

0

iD

vGS

IDSS

0
0−VtVBD

Vt

VGS = 7 V

vGS = Vt = 2 V

VSD = constant VDS = constant

vDS = vGS − Vt

(a)  Output characteristics

p-channel n-channel

(b)  Transfer characteristics

3 V

4 V

5 V

6 V

Ohmic
region

Saturation
region

vDS (for n-channel)
vSD (for p-channel)

iD

67722_07_ch07a_p335-373.qxd  2/19/10  5:29 PM  Page 342

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



7.3.3 Channel Length Modulation

If we increase the drain voltage , the voltage across the oxide layer decreases; therefore the inversion

charge density decreases at the drain terminal as shown in Fig. 7.4(d). At , the

inversion charge density at the drain terminal becomes zero. As we increase , the zero den-

sity point moves toward the source terminal as shown in Fig. 7.8. Increasing increases the biasing

voltage of the pn junction and causes the depletion region at the drain terminal to extend laterally into the

channel, thereby reducing the effective channel length. As a result, the effective channel length is modu-

lated by the drain-to-source voltage . The depletion width extending into the p-region of a pn junction

with biasing can be found from Eq. (6.40) as

(7.11)

where is the field potential due to the p-region given by

(7.12)

We can find the extension of the space charge region 

which after substituting in Eq. (7.11) gives

(7.13)

Since the drain iD is inversely proportional to the effective channel length, we get

(7.14)iD r

1

L - ¢L
=

1

L(1 - ¢L>L)
=

1

L
 a1 +

¢L

L
b

¢L =

A

2es
qNa

 c2 ƒfFp ƒ + vDS(sat) + ¢vDS - 2 ƒfFp ƒ + vDS(sat) d

¢vDS = vDS - vDS(sat)

¢L = xp(vDS(sat) + ¢vDS) - xp(vDS(sat))

fFp = -  

kT
q  ln aNa

n i
b = -VT ln aNa

n i
b

ƒfFp ƒ

xp =

B

2es
qNa

( ƒfFp ƒ + vDS)

vDS

vDS

vDS

vDS 7 vDS(sat)

vDS = vDS(sat) = vGS - V t

vDS
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FIGURE 7.8 Channel length modulation

of an n-channel MOSFET

S DG

L

n+n+

ΔL

ΔvDSvDS(sat) = vGS − Vt

SiO2

67722_07_ch07a_p335-373.qxd  2/19/10  5:29 PM  Page 343

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Since is a function of , the fractional change in the channel length is proportional to the drain-

source biasing voltage. That is,

(7.15)

Here is called the channel length modulation. We can include the channel length modulation effect in

Eq. (7.15) to Eq. (7.8) as follows:

(7.16)

This gives the slope of the output characteristics shown in Fig. 7.7(a). The plot of the - characteris-

tics for the saturation region is shown in Fig. 7.9. If we extrapolate the characteristics to the -axis, they

intercept at a point , which is known as the channel modulation voltage such that .VM = 1>lVM

vDS

vDSiD

iD = Kn(vGS - V t)
2(1 + lvDS)

l

¢L

L
= lvDS

vDS¢L
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FIGURE 7.9 characteristics showing

the channel modulation voltage
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Triode
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0

Finding the channel modulation voltage Determine the channel modulation voltage . The NMOS

parameters are these: substrate impurity doping concentration cm3, threshold voltage

channel length , and .

SOLUTION

cm3, cm3, , and

.

From Eq. (7.12),

¢vDS = VDS - VDS(sat) = 5 - 1 = 4 V

VDS(sat) = VGS - VtN = 1.5 - 0.5 = 1 V

fFp = - VT ln aNa

n i
b = -25.8 * 10 -3

*  ln a 2 * 1016

1.5 * 1010
b = - 0.364

VDS = 5 V
VGS = 1.5 V,L = 10 �mVtN = 0.5 V,n i = 1.5 * 1010Na = 2 * 1016VT = 25.8 mV,

VDS = 5 VVGS = 1.5 V,L = 10 �mVtN = 0.5 V,
Na = 2 * 1016

VM

EXAMPLE 7.1
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Metal Oxide Semiconductor Field-Effect Transistors 345

7.3.4 Substrate Biasing Effects

The source-to-substrate pn junction must always be zero or reverse biased, so must always be greater than

or equal to zero; otherwise electrons or holes will flow from the drain to the substrate rather than the source

terminals. The body or the substrate of a MOSFET is often connected to the ground. In MOSFET circuits,

the source and body may not be at the same potential as shown in Fig. 7.10, and applications of will

increase the depletion region. In integrated circuits, however, the substrate is usually common to many MOS

transistors. To maintain the cutoff condition for all the substrate-to-channel junctions, the substrate is usually

connected to the most negative power supply in an NMOS circuit (the most positive in a PMOS circuit).

The reverse-biased voltage will widen the depletion region, thereby reducing the effective channel

depth. Therefore, we need to apply more gate voltage to compensate for the channel reduction, and 

will affect the effective threshold voltage of the MOSFET. It can be shown that increasing results

in an increase in as given by [5]

(7.17)

Here is the source-to-substrate voltage, and is the initial threshold voltage with Note that

must always be positive for an NMOS and negative for a PMOS. Also, must always be positive for

an NMOS and negative for a PMOS.

7.3.5 Complementary MOS (CMOS)

The complementary metal oxide semiconductor (CMOS) consists of an n-channel enhancement-mode

device in series with a p-channel enhancement-mode device . The cross-section of a(VtP 6 0)(VtN 7 0)

V tvSB

vSB = 0.VtoVSB

V t = V to +

22qesNa

Cox
 c22 ƒfFp ƒ + VSB - 22 ƒfFp ƒ d

V t

vSBV t

vSB

vSB

vSB

From Eq. (7.13),

Let x � 
L ⁄L � 0.2921 � 10�6⁄(10 � 10�6) � 0.029. The channel lambda is � � x ⁄ VDS � 0.029 ⁄5 � 5.842 �
10�3. Therefore, the modulation voltage is VM � 1 ⁄ � � 1 ⁄ (5.842 � 10�3) � 171.19 V.

¢L =

B

2 * 11.7 * 8.86 * 10-14

1.6 * 10-19
* 2 * 1016

 c2 ƒ - 0.364 ƒ + 1 + 4 - 2 ƒ - 0.364 ƒ + 1 d = 0.2921 �m

FIGURE 7.10 Applying source-to-substrate voltage

to an NMOS
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+vGS +vDS
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CMOS is shown in Fig. 7.11. The NMOS transistor is implemented directly in the p-type substrate, while

the PMOS transistor is fabricated in a specially created n-region, known as an n-well. The two devices are

isolated from each other by a thick region of oxide that functions as an insulator. An external body termi-

nal is also made from the p-type body and the n-well. Due to their unique advantages, such as very low

power consumption, CMOS circuits are commonly used in integrated circuits. The CMOS inverter, which

is the basis of CMOS digital electronics, is covered in detail in Sec. 15.7. CMOS technology has taken over

many IC applications and continues to grow.
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FIGURE 7.11 Cross section of a CMOS

p-type body substrate 
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KEY POINTS OF SECTION 7.3

■ An MOSFET is a voltage-controlled nonlinear device. A voltage between the gate and the source

develops an electric field, which then controls the flow of drain current. Therefore, the drain current

depends on the gate-to-source voltage, and an FET gives a transconductance gain.

■ MOSFETs can be classified into two types: enhancement MOSFET and depletion MOSFETs. Each

type can be either n-channel or p-channel.

■ The output characteristic of a MOSFET can be divided into three regions: the cutoff region, in which

the MOSFET is in the off state; the saturation region, in which the transistor exhibits a high output

resistance and has a transconductance; and the ohmic region, in which the transistor offers a low resis-

tance. A MOS is operated as an amplifier in the saturation region and as a switch in the ohmic region.

7.4 Depletion MOSFETs

The construction of an n-channel depletion MOSFET is very similar to that of an NMOS. An actual channel

is formed by adding n-type impurity atoms to the p-type substrate, as shown in Fig. 7.12(a). The symbol for

an n-channel depletion MOSFET is shown in Fig. 7.12(b); this symbol is often abbreviated to the one shown

in Fig. 7.12(c). Note that the vertical line is bold or darker. An n-channel depletion MOSFET is normally

operated with a positive voltage between the drain and the source terminals. However, the voltage between

the gate and the source terminals can be positive, zero, or negative, whereas in an NMOS vGS is positive.

7.4.1 Operation

The operation of an n-channel depletion MOSFET is similar to that of an NMOS. A depletion NMOS is off

when its gate-to-source voltage vGS is less than �Vp, whereas an NMOS is off when vGS � VtN. The chan-

nel is fully established at vGS � 0 for a depletion NMOS and at vGS � VtN for an NMOS. Let us assume that
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the gate-to-source voltage is zero: vGS � 0. If vDS is increased from zero to some small value (�1 V), the

drain current follows Ohm’s law (iD � vDS ⁄rDS) and is directly proportional to vDS. Any increase in the value

of vDS beyond ⏐Vp⏐, known as the pinch-down voltage, does not increase the drain current significantly. The

region beyond pinch-down is called the saturation region. The value of the drain current that occurs at

vDS � ⏐Vp⏐ (with vGS � 0) is termed the drain-to-source saturation current IDSS. The complete iD-vDS char-

acteristic for vGS � 0 is shown in Fig. 7.13. In practice, there is a very slight increase in drain current iD as

vDS increases beyond ⏐Vp⏐, and the slope of the iD-vDS characteristic has a finite value. Saturation occurs at

the value of vDS at which the gate-to-channel voltage at the drain end equals Vp. That is,

vGD � vGS � vDS � Vp or vDS � vGS � Vp (7.18)

If vGS is negative, some of the electrons in the n-channel area will be repelled from the channel and

a depletion region will be created below the oxide layer, as shown in Fig. 7.14(a). This depletion region

will result in a narrower channel. For vGS � 0, a layer of substrate near the n-type channel becomes less

p-type and its conductivity is enhanced as shown in Fig. 7.14(b). A positive value of vGS increases the

Metal Oxide Semiconductor Field-Effect Transistors 347

FIGURE 7.13 iD-vDS characteristic for a

constant vGS (�Vp)

FIGURE 7.12 Schematic and symbols of an n-channel depletion MOSFET

vDS

vGS

G
S

SiO2 SiO2 SiO2

D

iSR

D

S

G
B

(b)  Symbol

iD

iG

D

S

G

(c)  Abbreviated
      symbol

n+n+

B

p-type substrate

(a)  Schematic

S pn n D

(d)  Diode model

vDS

Substrate B

n

− +

− +

− +

IDSS

0

vGS = 0
Ohmic region Saturation region

⏐Vp⏐

iD

vDS

67722_07_ch07a_p335-373.qxd  2/19/10  5:29 PM  Page 347

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



effective channel width in much the same way as in an NMOS. When the effective channel is increased,

the transistor is said to be operating in the enhancement mode. The iD-vDS characteristics for various

values of vGS are shown in Fig. 7.15(a). 

7.4.2 Output and Transfer Characteristics

The transfer characteristics are shown in Fig. 7.15(b) for an n-channel and a p-channel MOSFET. The

output characteristics can be divided into three regions: ohmic, saturation, and cutoff.

Microelectronic Circuits: Analysis and Design348

FIGURE 7.15 Drain and transfer characteristics of depletion MOSFETs

FIGURE 7.14 Channel depletion and enhancement
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Ohmic Region

In the ohmic region, the drain-to-source voltage vDS is low and the channel is not pinched down. The drain

current iD can be expressed as

iD � Kn[2(vGS � Vp)vDS � v2
DS] for 0 � vDS � (vGS � Vp) (7.19)

which, for a small value of vDS (��⏐Vp⏐), can be reduced to

iD � Kn[2(vGS � Vp)vDS] (7.20)

where Kn � IDSS ⁄ V2
p.

Saturation Region

In the saturation region, vDS � (vGS � Vp). The drain-to-source voltage vDS is greater than the pinch-down

voltage, and the drain current iD is almost independent of vDS. For operation in this region, vDS � (vGS � Vp).

Substituting the limiting condition vDS � (vGS � Vp) in Eq. (7.19) gives the drain current iD as

iD � Kn[2(vGS � Vp)(vGS � Vp) � (vGS � Vp)2]

� Kn(vGS � Vp)2 (7.21)

Equation (7.21) represents the transfer characteristic, which is shown in Fig. 7.15(b) for both n- and

p-channels. For a given value of iD, Eq. (7.21) gives two values of vGS, and only one value is the accept-

able solution so that vGS � Vp for the n-channel and vGS � Vp for the p-channel. The pinch-down locus,

which describes the boundary between the ohmic and saturation regions, can be obtained by substituting

vGS � vDS � Vp into Eq. (7.21):

iD � Kn(vDS � Vp � Vp)2 � Knv2
DS (7.22)

This defines the pinch-down locus and forms a parabola similar to Eq. (7.9) and Fig. 7.5.

Cutoff Region

In the cutoff region, the gate-to-source voltage is less than the pinch-down voltage. That is, vGS � Vp for

the n-channel and vGS � Vp for the p-channel, and the MOSFET is off. The drain current is zero: iD � 0.

7.5 MOSFET Models and Amplifier

Since the drain currents of the enhancement and depletion MOSFETs depend on the gate–source voltage,
they are known as voltage-dependent devices and exhibit similar output characteristics and, the same

model can be applied to both of them with reasonable accuracy. An NMOS circuit with the transistor

biased to operate in the saturation region is shown in Fig. 7.16(a). Using KVL around the drain-to-source

loop gives

(7.23)iD =

VDD

RD
-

vDS

RD

VDD = vDS + RDiD
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which describes the load line, and intersects the -axis at and the -axis at as shown in

Fig. 7.16(b). The intersection of this load line with the - characteristic gives the operating (or quiescent)

point for a given value of . Let us assume that the drain current, drain-to-source voltage, and gate-to-

source voltage have initial quiescent values of ID, VDS, and VGS, respectively. In a MOSFET amplifier, an AC

input signal is normally superimposed on the gate voltage. If a small AC signal vgs is connected in series with

VGS, it will produce a small variation in the drain-to-source voltage vDS and the drain current iD. That is, if

the gate-to-source voltage varies by a small amount, such that vGS � VGS � vgs, there will be corresponding

changes in the drain current and drain-to-source voltage such that vDS � VDS � vds and iD � ID � id. This

situation is shown in Fig. 7.16(b). The small variations of the drain current , as , and the drain-to-source

voltage , as , around the operating point are shown in Fig. 7.16(b). The drain-to-source variation 

will equal the voltage gain times . If the values of id, vgs, and vds are small, Fig. 7.16(b) can be represented

by the small-signal circuit shown in Fig. 7.16(c). Therefore, we need two types of models for MOSFETs:

a DC model and a small-signal model.

7.5.1 DC Models

The large-signal (DC) models of MOSFETs are nonlinear. The drain characteristics as shown in Fig. 7.7(a) and

7.15(b) of iD as a function of vDS for different values of vGS describe the large-signal model of a MOSFET. 

Since the gate-channel has an oxide layer, the gate current will be negligibly small. Thus, MOSFETs

can be represented by the simple DC model of Fig. 7.17.

vgs

vdsvdsvDS

idiD

VGS

vDSiD

VDDvDSVDD>RDiD
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FIGURE 7.16 NMOS with a small-signal input voltage vgs
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7.5.2 Small-Signal AC Models

The small-signal behavior of the MOSFET in Fig. 7.17 can be represented by a small-signal AC equiva-

lent circuit consisting of a voltage-dependent current source gmvgs in parallel with an output resistance ro

representing a finite slope of the iD-vDS characteristic. This circuit is shown in Fig. 7.18(a). Since the gate

current ig of MOSFETs is very small, tending to zero, the gate-to-source terminals are open circuits.

Applying the relations between Norton’s and Thevenin’s theorems, we can represent the current

source in Fig. 7.18(a) by a voltage source, as shown in Fig. 7.18(b). We find vds from

vds � idro � rogmvgs � idro � �gvgs (7.24)

where �g is the open-circuit voltage gain of the MOSFETs and is given by

�g � rogm (7.25)

The circuits of Fig. 7.18[(a) and (b)] are referred to as the Norton and Thevenin circuits, respectively, and

they are equivalent. ro is the small-signal output resistance, and gm is the transconductance gain of the

MOSFET. Their values are dependent on the operating point and are quoted at a specified operating point

(VDS, ID).

Small-Signal Output Resistance ro

The small-signal output resistance is the inverse slope of the iD-vDS characteristic in the pinch-down or

saturation region. We can use Eq. (7.16) to find the value of the output resistance as given by

(7.26)
1
ro

=

diD

dvDS
=

ID

ƒ VM ƒ

= lID for all MOSFETs

ro

Metal Oxide Semiconductor Field-Effect Transistors 351

FIGURE 7.18 Small-signal model of MOSFETs

FIGURE 7.17 Large-signal model of n-channel MOSFETs
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−

+
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Here VM is called the channel modulation voltage and � (�1 ⁄ ⏐VM⏐) is called the channel modulation
length (see Fig. 7.9). The parameter VM is positive for a p-channel device and negative for an n-channel device.

Its typical magnitude is 100 V. VM is analogous to the Early voltage VA of bipolar transistors (Sec. 8.3.3).

Transconductance gm

The transconductance is the slope of the transfer characteristic (iD versus vGS) and is defined as the change

in the drain current corresponding to a change in the gate-to-source voltage. It is expressed by

Assuming iD � ID, vGS � VGS, and vDS � VDS, the small-signal transconductance of an NMOS can be

derived from Eq. (7.10):

for enhancement MOSFETs (7.27)

for enhancement MOSFETs (7.28)

where gmo � �2KnVt. (7.29)

The small-signal transconductance of a depletion MOSFET can be derived from Eq. (7.21):

for depletion MOSFETs (7.30)

for depletion MOSFETs (7.31)

where (7.32)

gmo is the transconductance corresponding to vGS � 0, and it varies linearly with vGS, as shown in

Fig. 7.19. For vGS � 0, the device is cut off; thus it is never operated with a value of gmo. The pinch-

down voltage Vp can be determined experimentally by plotting gm versus vGS and then extrapolating

to the vGS-axis. This is a very useful method for determining Vp and Vt for a MOSFET.

gmo = -2KnVp = -  2IDSS>Vp

= gmo a1 -

vGS

Vp
b

gm =

diD

dvGS
= 2Kn(vGS - Vp)

= gmo a1 -

VGS

Vt
b

gm =

diD

dvGS
= 2Kn(VGS - Vt)

gm =

diD

dvGS
`
vDS =constant
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gm

Vp
(Vt)

VGS (for n-channel)
VSG (for p-channel)

gmo

0

FIGURE 7.19 Variation of gm with vGS for

MOSFETs
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7.5.3 PSpice Models

The symbol for a MOSFET is M. The statements have the following general forms:

M<name> ND NG NS NB MMOD for MOSFETs

where ND, NG, NS, and NB are the drain, gate, source, and bulk (or substrate) nodes, respectively. MMOD

is the model name. The model statement has the following general forms:

.MODEL MMOD NMOS (P1=A1 P2=A2 P3=A3 ...PN=AN) for n-channel MOSFETs

.MODEL MMOD PMOS (P1=A1 P2=A2 P3=A3 ...PN=AN) for p-channel MOSFETs

Here NMOS and PMOS are the type symbols for n-channel and p-channel MOSFETs, respectively; and

P1, P2, . . . , PN and A1, A2, . . . , AN are the parameters and their values, respectively.

Consider the NMOS of type 2N4351, whose parameters are Vt � 1 V to 5 V, and gm � 1 mA ⁄ V at

iD � 2 mA and at vDS � 10 V. Taking the geometric mean value, we get Vt � �1� �� 5� � 2.24 V, which

is specified in PSpice/SPICE by VTO�2.24 V. The constant Kn can be found from Eqs. (7.10) and (7.27):

These equations can be written in the form of a ratio as

which, for gm � 1 mA ⁄ V and iD � 2 mA, gives Kn � 125 �A ⁄ V2. The ratio W ⁄L can be found from Eq. (7.7):

Assume L � 10 �m; then W � 118 �m. Also assume ⏐VM⏐ � 1 ⁄� � 200 V and � � 5 mV�1. Then

NMOS 2N4351 can be specified in PSpice/SPICE by the following statements [6, 7]:

M1 ND NG NS NB M2N4351

.MODEL M2N4351 NMOS (KP=125U VTO=2.24 L=10U W=118U LAMBDA=5M)

The MOS transistor has a length of 0.6 �m at minimum and can be expanded by integer increments of 0.3 �m.

The minimum width is 0.9 �m and can be expanded by integer increments of 0.3 �m. Generally, attributes

of an NMOS are L � 6 to 10 �m, W � 118 �m, AD � 720 to 283.2 �m, AS � 720 �m, PD � 302.4 to

120.4 �m, and PS � 302.4 to 120.4 �m. Generally, AS � AD � (2.4 �m � W), and PS � PD � (2.4 �m � W).

� NOTE The full data sheets for MOSFETs (e.g., NMOS of type 2N4351) can be found at the http://www.alldatasheet
.com/ or by searching MOSFET data sheets at http://www.google.com.

7.5.4 Small-Signal Analysis

Once the Q-point is established and the small-signal parameters are determined, we can find the small-

signal parameters of the amplifier in Fig. 7.16(a) in response to a small-signal voltage . For a small ACvgs

W

L
=

2Kn

maCox
=

2 * 125 * 10-6

600 * 3.54 * 10-8 = 11.8

g2
m

iD
=

4K 2
n(vGS - Vt)

2

Kn(vGS - Vt)
2 =

4Kn

1

iD = Kn(vGS - V t)
2

gm = 2Kn(vGS - Vt)
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signal, the DC supply offers zero impedance; VDD and can be short-circuited. That is, one side of 

is connected to the ground. The small-signal AC equivalent circuit of the amplifier is shown in Fig. 7.20(a).

Replacing the transistor M1 by its transconductance model of Fig. 7.18(a), the small-signal AC equivalent

circuit is shown in Fig. 7.20(b). The following steps are involved in analyzing an amplifier circuit: 

1. DC biasing analysis of the transistor circuit

2. Determination of the small-signal parameters gm and ro of the transistor

3. Determination of the AC equivalent circuit of the amplifier

4. Performing the small-signal analysis for finding Ri, Avo, and Ro

From Fig. 7.20(b), the small-signal input resistance can be found from

Thevenin’s equivalent output resistance, looking from the output side for the condition can be

found from 

(7.33)

The transconductance of the amplifier , which is the same as the transconductance of the transistor, is 

(7.34)

We can write the small-signal output voltage as

(7.35)vo = -gm(ro 7  RD)vgs

vo

Gmo =

io

vgs
= -gm

Gmo

Ro = ro 7  RD

vgs = 0,

Ri =

vgs

ig
= 

RDVGS
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FIGURE 7.20 Small-signal AC equivalent circuits of the amplifier in Fig. 7.16(a)
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+
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−
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+
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which gives the small-signal voltage gain Avo as

(7.36)

If we substitue , Eq. (7.36) becomes 

(7.37)

Therefore, for obtaining a large voltage gain, the gmRD product must be made large and the DC biasing

drain current ID should be small. This will require both a large DC supply voltage VDD and a large value

of resistance RD. Figure 7.20[(c) and (d)] shows the equivalent voltage and transconductance amplifiers of

the circuit in Fig. 7.20(a).

Avo = -gm a VMRD

VM + IDRD
b

ro = VM>ID

Avo =

vo

vgs
= -gm(ro 7  RD)

Metal Oxide Semiconductor Field-Effect Transistors 355

Finding the small-signal parameters of an NMOS amplifier The amplifier in Fig. 7.16(a) has

and . The NMOS parameters are and

V.

(a) Find the DC biasing point , , and 

(b) Find the small-signal transistor model parameters and .

(c) Find the small-signal amplifier parameters , , and .

(d) Use PSpice to plot the small-signal AC output voltage for 1-mV sinusoidal input signal at 1 kHz. The

NMOS parameters are KP � 6.5 M, VTO � 1 V, L � 1 U, W � 1 U, and LAMBDA � 0.01. Note: PSpice

uses . 

SOLUTION

(a) for . From Eq. (7.8),

(b) ro � VM ⁄ID � 100 ⁄(3.25 � 10�3) � 30.77 K	

(c)

(d) Figure 7.21 shows the PSpice schematic and the PSpice plot for small-signal output voltage  is shown in

Fig. 7.22. The capacitor C2 blocks the DC and passes the small-signal output, which shows a voltage of

�19.84; this is close to the calculated value of �20.42.

Avo = -gm * Ro = -6.5 mA>V * 3.143 kÆ = -20.426 V>V
Gmo = gm = 6.5 mA>V

Ro = ro 7  RD = 30.77 k 7  3.5 k = 3.143 kÆ

gm = 2 * Kn(VGS - V t) = 2 * 3.25 * 10-3
* (2 - 1) = 6.5 mA>V

VDS = VDD - RD ID = 15 - 3.5 * 103
* 3.25 * 10-3

= 3.625 V

ID = Kn(VGS - V t)
2

= 3.25 * 10-3 (2 - 1) = 3.25 mA

W = LKm = Kp = 6.5 * 10-3

Kp = Km = 2Kn

AvoRoRi

gmro

VDS.IDVGS

VM = 1>l = 100
Kn = 3.25 mA>V2, Vt = 1 V,RD = 3.5 kÆVDD = 15 V,VGS = 2 V,

EXAMPLE 7.2
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FIGURE 7.23 MOSFET switch

(a)  Schematic (b)  Ohmic or triode region (c)  Output versus input

vDS

iD vDS = vGS − VtTriode
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vDS = vI − Vt
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vIVt0
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+

−
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+
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+

−
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−

−
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V
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3.5 k
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50 k

MbreakN1

VDD
15 V

10 µF

C2

FIGURE 7.21 PSpice schematic for

Example 7.2

FIGURE 7.22 PSpice plot of small-signal output voltage

for Example 7.2

7.6 A MOSFET Switch

A MOSFET can be operated as a voltage-controlled switch. Figure 7.23(a) shows the circuit arrangement.

A switch should have the characteristic of a low on-state voltage at the maximum current so that the switch

is subjected to the minimum power loss. These conditions require that the transistor is operated in the

ohmic (or triode) region, as shown in Fig. 7.23(b).

To operate the MOSFET in the ohmic region, the gate-to-source voltage must be sufficient to main-

tain the drain current. Assuming and at the boundary condition between

the triode and saturation regions, we can find the output voltage as given by 

(7.38)vo = VDD - RDiD = VDD - RDKn(vI - Vt)
2

vDS = vGS - VtvI = vGS 7 Vt

NOTE: All PSpice results given here are from running the simulation with the schematic (.SCH)

files. If you run the simulation with the netlist circuit (.CIR) files, you may get different results because

the student’s version of PSpice has a limited number of active devices and models.
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which describes the relationship between the input and output voltages as shown in Fig. 7.23(c). Substi-

tuting in Eq. (7.38), we can determine the input voltage at the boundary condition:

(7.39)

This can be solved for the input voltage at the boundary condition as given by 

(7.40)

Therefore, the MOSFET will operate in the ohmic region if and in the saturation region if

. For example, if , and Eq. (7.40)

gives The slope of the described by Eq. (7.38) gives the voltage gain in the

saturation region as 

(7.41)

This gives the same result as Eq. (7.36) if we neglect the MOSFET output resistor . The maximum

value of the drain current is specified by the manufacturer data sheet, which limits the minimum

value of drain resistance . Assuming is the drain-to-source saturation voltage, we can find the

corresponding drain current as given by 

(7.42)

which sets the limits of the drain current and the corresponding drain resistance

(7.43)

7.7 DC Biasing of MOSFETs

It is necessary to bias a MOSFET at a stable operating point so that the biasing point does not change sig-

nificantly with changes in the transistor parameters. Once the gate-to-source voltage vGS has been set at a

specified value, the MOS drain current iD is then fixed. The drain-to-source voltage vDS is dependent on iD.

Table 7.1 shows the parameters if their values are positive (�) or negative (�) quantities, and transfer char-

acteristics for various types of MOSFETs.

Since the input gate is isolated electrically from the drain or source terminals, the gate voltage can

be set to any specified desired value independently of , , and . The drain current depends on the

gate-to-source voltage , which is the difference between the gate voltage and the source (or substrate)

voltage . That is, . We can also write for , and for

. Therefore, we can bias a MOSFET at a specific by different biasing arrangements as shown in

Fig. 7.24. Although there are many types of biasing circuits, we will consider the following types, which are

most commonly used:

• Zero source resistance biasing

• Grounded gate terminal biasing

• Source resistance only biasing

• Source and drain resistance biasing

vGSvG = 0
vGS = -vSRvSR = 0vGS = vGvGS = vG - vSRvSR

vGvGS

vSRvDSiD

vG

RD(max) … RD … RD(min)

ID(sat) … iD … ID(max)

ID(sat) =

VDD - VDS(sat)

RD

ID(sat)

VDS(sat)RD

ID(max)

ro M 

Avo =

dvO

dvI
=

d

dvI
 [VDD - RD Kn(vI - Vt)

2] = -2RDKn(vI - V t)

vO - vIvI(B) = 2.104 V.
Kn = 3.25 mA>V2,Vt = 1 V,RD = 3.5 kÆVDD = 15 V,vI 6 vI(B)

v I 7 vI(B)

v I(B) = a -1 + 24KnRDVDD

2Kn RD
+ Vtb

VDD - RDKn(vI - Vt)
2

= vI - Vt

vO = vDS = vI - Vt
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� NOTE In the derivations of the drain currents for these biasing circuits, we will assume that MOSFETs operate
in the saturation region and follow the relationship between iD and vGS: .

7.7.1 MOSFET Biasing Circuit

The most common biasing circuit, which can implement the four arrangements in Fig. 7.24 if we select

appropriate values of , is shown in Fig. 7.25(a). The value of can be

adjusted by using a potential divider consisting of and as given by

(7.44)

Using KVL in the gate-to-source loop, and the same drain current flows through the source terminal, we get

(7.45)vGS = vG - RSRiD

iD

vG =

R2VDD

R1 + R2

R2R1

vGSR1, R2, RD, RSR, VDD and VSS

iD = Kn(vGS - V t)
2
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In the ohmic (or triode) region, iD � Kn[2(vGS � Vt )vDS � v2
DS], where vDS � (vGS � Vt ) for n-channel

and vDS � (vGS � Vt) for p-channel.

In the saturation region, iD � Kn(vGS � Vt )
2, where vDS � (vGS � Vt) for n-channel and vDS � (vGS � Vt )

for p-channel. Note: Vp � Vt.

TABLE 7.1 Biasing conditions of MOSFETs

n-channel p-channel

Enhancement Depletion Enhancement Depletion

MOSFET MOSFET MOSFET MOSFET

Kn

Vt or Vp � � � �

vGS �Vt �Vp �Vt �Vp

vDS � � � �

iD � � � �

VDD � � � �

� � 1 ⁄VM � � � �

mnCoxW

2L

mnCoxW

2L

mnCoxW

2L

mnCoxW

2L

FIGURE 7.24 Arrangements for biasvGS
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which gives the biasing load line as given by

(7.46)

The intersection of the biasing load line described by Eq. (7.46) with the transfer characteristic in Eq. (7.6)

gives the operating point as shown in Fig. 7.25(b). Figure 7.25(b) also describes the input-output relation-

ship. relates to which in turn relates to (output voltage) of the MOSFET.

7.7.2 Design of MOSFET Biasing Circuit

Using KVL in the drain and the source loop in Fig. 7.25(a), we can write 

(7.47)

This gives the drain-to-source load line as 

(7.48)

This is the equation of a straight line and represents the load line, as shown in Fig.7.26(a). The intersection

of the drain-to-source load line described by Eq. (7.48) with the MOS characteristic gives the operating

point, defined by (VGS, VDS, ID).

The given design parameters are Kn, Vt, VM, and ID(max) of a MOSFET, along with VDD and VSS.

Select suitable values of the DC biasing drain current IDQ and the drain-to-source voltage VDS so that iD
and vDS can have the maximum swings in both positive and negative directions: iD � ID � id(peak) and

vDS � VDS � vds(peak). Otherwise, the small-signal output will be distorted as shown in Fig. 7.26(b). To

minimize distortion, ID must therefore be less than , and the DC supply VDD should be shared

equally by all elements in the drain and the source loop. The guidelines for determining the biasing resis-

tances in Fig. 7.25(a) for the different configurations shown in Fig. 7.24 are given in Table 7.2.

ID(max)>2

iD =

VDD

RD + RSR
-

vDS

RD + RSR

vDS = VDD - RDiD - RSRiD = VDD - (RD + RSR)iD

vDSiDvGS

iD =

vG

RSR
-

vGS

RSR
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FIGURE 7.25 Biasing circuits for MOSFETs
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TABLE 7.2 Guidelines for determining the biasing resistances

Biasing 

Parameters Figure 7.24(a) Figure 7.24(b) Figure 7.24(c) Figure 7.24(d)

0

0

0

VDD

VG
- 1

R1

R2

VDD

3ID

VDD

2ID

VSS - VGS

ID
RSR

VDD

3IC

VDD + VSS

3ID

VDD

2ID
RD

VSR + VGSVSR + VGSVSR + VGSVGSVG

;2ID>Kn + Vt;2ID>Kn + Vt;2ID>Kn + V t;2ID>Kn + VtVGS

ID(max)

3

ID(max)

3

ID(max)

3

ID(max)

3
ID

VDD

3

VDD

2

VDD + VSS

3
VSR

VDD

3

VDD

2

VDD + VSS

3

VDD

2
VDS

Designing a biasing circuit for an NMOS amplifier
(a) Design the biasing circuit shown in Fig. 7.25(a) for an NMOS. The DC supply voltage is VDD � 15 V. The

NMOS parameters are and V.ƒ VM ƒ = 1>l = 100ID(max) = 10 mA,Kn = 3.25 mA>V2,Vt = 1 V,

EXAMPLE 7.3

D

FIGURE 7.26 Drain-to-source load line and effects of operating point
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Designing a biasing circuit for a depletion NMOS amplifier
(a) Design a biasing circuit as shown in Fig. 7.25(a) for an n-channel depletion MOSFET. The DC supply

voltage is VDD � 15 V. The parameters are IDSS � 12.65 mA and Vp � �3.5 V. Assume operation in the

saturation region.

(b) Calculate the small-signal parameters gm and ro of the transistor.

(c) Use PSpice/SPICE to verify your design.

SOLUTION

(a) To accommodate the maximum AC swing and the variations in depletion MOS parameters, the following

conditions as listed in Table 7.2 are recommended for biasing for the Q-point (ID, VDS):

(7.49)

(7.50)vDS =

VDD

3

iD =

IDSS

2

EXAMPLE 7.4

D

(b) Calculate the small-signal parameters of the NMOS: gm and ro.

(c) Use SPICE to verify your design. Assume for .

SOLUTION

(a) Let us assume that vDS � VDD ⁄ 3 � 15⁄ 5 � 5 V, and iD � ID(max) ⁄ 3 � 10 mA ⁄ 3 � 3.33 mA. RD � RSR �
vDS ⁄ iD � 5 ⁄(3.33 � 10�3) � 1.5 k	.

Substituting iD � 3.33 mA and Kn � 3.25 mA ⁄ V2 into Eq. (7.10), iD � Kn (vGS � Vt)
2, gives vGS � 2.013

V or �0.013 V. For the NMOS, vGS must be greater than 1 V. Thus, the acceptable value is vGS � 2.013 V.

Using KVL around the gate-to-source loop,

Letting , we get .

(b) From Eq. (7.27), gm � 2 Kn (vGS � Vt) � 2 � 3.25 m � (2.013 � 1) � 6.583 mA ⁄ V. From Eq. (7.26),

ro � 1 ⁄ (�iD) � |VM| ⁄ iD �100 ⁄ 3.33 mA � 30 k	. 

(c) The details of the DC bias calculations by the PSpice simulation are given here:

ID � 3.35E�03 (3.33 mA) VGS � 1.99E�00 (2 V) VDS � 4.96E�00 (5 V)

GM � 6.76E�03 (6.583 mA/V) GDS � 3.19E�05 (1⁄ro � 1⁄30 k � 33.3 �A ⁄ V).

NOTE: The values obtained by hand calculations are shown in parentheses.

R1 = 1.139R2 = 1.139 * 100 k = 113.9 kÆR2 = 100 kÆ

R1

R2
= aVDD

vG
b - 1 =

15

7.013
- 1 = 1.139

vG = vSR + vGS = 5 + 2.013 = 7.013 V

W = L = 1 �mKp = 2Kn
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That is,

Substituting Kn � IDSS ⁄ V2
p in Eq. (7.21),

which gives vGS � �1.03 V or �5.97 V. Since vGS � Vp (� �3.5 V), the operational value of vGS is �1.03 V.

Since of a depletion MOSFET is negative (�1.03 V), we do not need the biasing resistance 

because will cause a voltage drop of . This arrangement is known as self-biasing of the

depletion MOSFET as shown in Fig. 7.24(b).

We find that

and its power rating is

PRSR � (6.3 � 10�3 A)2 � 163.5 	 � 6.49 mW

Since RDiD � VDD � RSRiD � vDS � 15 � 1.03 � 5 � 8.97 V,

and its power rating is

PRD � (6.3 � 10�3 A)2 � 1424 	 � 56.52 mW

Since one side of R2 is connected to the ground and the gate–source junction is like a reverse-biased diode,

the DC current flowing through R2 is very small, tending to zero. R2 provides continuity of the circuit for the

gate–source biasing voltage. In selecting the value of R2, it is important to keep two things in mind: (1) R2

should match the reverse-bias resistance of the gate–source junction, and (2) R2 will carry current when an

AC signal is applied to the gate terminal. A value of R2 between 50 k	 and 500 k	 is generally suitable. Let

R2 � 500 k	.

(b) From Eq. (7.30),

gm � 2Kn(vGS � Vp) � 2 � 1.033 m � (�1.03 � 3.5) � 5.10 mA ⁄ V

From Eq. (7.26),

(c) The biasing circuit for PSpice simulation is shown in Fig. 7.27. For PSpice simulation, we use Kp � 2 �
for and The details of the DC

bias calculations by the PSpice simulation are given here:

ID � 6.46E�03 (6.3 mA) VGS � �1.06E�00 (�1.03 V) VDS � 4.74E�00 (5 V) 

GM � 5.29E�03 (5.10 mA ⁄ V) GDS � 6.17E�05 (1 ⁄ ro� 1 ⁄15.81 k � 63.25 �A ⁄ V)

Vto = Vp = -3.5 V.W = L = 1 �mKn = 2 * 1.033 = 2.066 mA>V2

ro =

1

liD
=

1

5.929 m *  6 .3 mA
=  26.77 kÆ

Kn = IDSS>Vp
2

= 12.65 mA>(3.5 V)2
= 1.033 mA>V2.

RD =

8.97 V

6.3 mA
= 1424 Æ

RSR =

-vGS

iD
=

1.03 V

6.3 mA
= 163.5 Æ

vGS = - RSRiDRSR

R1( = )̀vGS

6.3 mA =  12.65 mA * a1 +

vGS

3.5
b2  

or a1 +

vGS

3.5
 b2

= ; 0.706

iD =

IDSS

2
=

12.65 mA

2
 =  6 .3 mA  and  vDS =

VDD

3
=

15

3
= 5 V
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VDD
15 V

M1

RSR
163.5 Ω

RD
1424 Ω

R2
500 kΩ

0

0

+−

500 kΩ

Design for limiting the drain current variation of an NMOS amplifier Design a biasing circuit as

shown in Fig. 7.25(a) for an NMOS for which Vt varies from 1 V to 1.5 V and Kn varies from 150 �A ⁄ V2 to

100 �A ⁄ V2. Limiting the variation in the drain current to 5 mA � 20%, calculate the values of RSR, R1, R2, and RD.

Assume VDD � 15 V.

SOLUTION

Vt1 � 1 V, Vt2 � 1.5 V, Kn1 � 150 �A ⁄ V2, and Kn2 � 100 �A ⁄ V2. The two possible transfer characteristics

that can result from the variations in the parameters are shown in Fig. 7.28. Using Eq. (7.10), we can describe

these characteristics as follows:

ID1 � Kn1(VGS1 � Vt1)2 � 150 � 10�6 � (VGS1 � 1)2

ID2 � Kn2(VGS2 � Vt2)2 � 100 � 10�6 � (VGS2 � 1.5)2

For a drain current variation of ID1 � 5 mA � 20% � 5 mA � (1 � 0.2) � 6 mA, we have

6 mA � 150 �A � (VGS1 � 1)2

which gives an operating value of VGS1 � 7.32 V.

For a drain current variation of ID2 � 5 mA � 20% � 5 mA � (1 � 0.2) � 4 mA, we have

4 mA � 100 �A � (VGS2 � 1.5)2

EXAMPLE 7.5

D

FIGURE 7.27 Biasing circuit for PSpice simulation for Example 7.4

NOTE: Notice from the output file of EX7-4.SCH that PSpice uses VTO��3 V (instead of �3.5 V),
LAMBDA�2.250000E-03 (instead of 5.929E-3 V�1), and BETA�1.304000E-03 (instead of 1.033 mA ⁄ V2).
For this reason, the results from PSpice and hand calculations differ significantly. If we recalculated the 

values of RD and RSR with the PSpice parameters or changed the MOS parameters in the model statement, the
results would be very close. If you run the simulation with EX7-4.CIR, the results will be closer to the hand
calculations: ID�6.14 mA and VGS�1.11 V.
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7.8 Common-Source (CS) Amplifiers

Figure 7.16(a) is an example of common-source (CS) amplifiers where the source terminal is common to

both input and output terminals. Equation (7.36) gives the voltage gain as 

for . The resistive biasing design limits the value of and the voltage gain. Replacing 

with an active current source that has an inherent high output resistance can increase the voltage gain

significantly. Any resistance in the source terminal reduces the effective small-signal voltage gain, and

we will evaluate the effect in the voltage gain. We will consider CS amplifiers with four types of load:

(a) active  current source load, (b) enhancement MOSFET load, (c) depletion MOSFET load, and (d)

resistive load.

RDRDro 77 RD

Avo = -gm(ro 7  RD) M -gmRD

Microelectronic Circuits: Analysis and Design364

which gives an operating value of VGS2 � 7.825 V.

The slope of the biasing load line gives the value of RSR:

Applying Eq. (7.45) at the Q-point characteristic with vGS2 and iD2 gives

VG � VGS2 � ID2RSR � 7.825 � 4 � 10�3 � 252.5 � 8.835 V

The values of R1 and R2 can be found from

which gives (1 � R1 ⁄R2) � 1.7. Choose a suitable value of R2, usually larger than 500 k	. Assuming R2 � 500 k	,

R1 � 350 k	.

VG =

R2VDD

R1 + R2
=

R2 * 15

R1 + R2
= 8.835 V

RSR =

VGS2 - VGS1

ID1 - ID2
=

7.825 - 7.32

6 - 4
* 103

= 252.5 Æ

iD

vGS

VG
RSR

ID1

ID2

Vt1 Vt2VGS1 VGS2 VG

(ID1, VGS1)

(ID2, VGS2)

1
RSR

Slope = − 

0

FIGURE 7.28 Two transfer characteristics

KEY POINT OF SECTION 7.7

■ A MOSFET should be biased properly in order to activate the device and also to establish a DC

operating point such that a small variation in the gate-to-source voltage causes a variation in the drain

current. Like any amplifier, a MOSFET amplifier can be used as a buffer stage to offer a low output

resistance and a high input resistance.
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7.8.1 CS Amplifier with Current Source Load

A simple MOSFET amplifier with a current source is shown in Fig. 7.29(a). If and are the output

resistances of the transistor and the current source , respectively, we can find the small-signal voltage

gain from Eq. (7.36) as given by 

(7.51)

A basic MOSFET current source is shown in Fig. 7.29(b), which can be represented with a sinking cur-

rent source IO with an output resistance as shown in Fig. 7.29(b): . Let us assume that the

two transistors M2 and M3 are identical. Since their gate-to-source voltages are equal, their drain currents

will be the same. That is, ID2 � ID3. Thus the output current IO (�ID2) will be the mirror of ID3. Since

VDS3 � VGS3, which is greater than or equal to (VGS3 � Vt3), M3 will be in saturation. Let Vt2 and Vt3 be

the threshold voltages of M2 and M3, respectively. For M2 also to be in saturation, VDS2 must be greater

than (VGS2 � Vt2). This condition reduces the voltage compliance range of the MOSFET current source

and prevents it from operating from a low power supply (say, 1 V for a battery source).

� NOTE Vt is the threshold voltage of a MOSFET, whereas VT is the thermal voltage.

The output current IO, which is equal to the drain current of M2, is given by

ID2 � IO � Kn2(VGS2 � Vt2)2(1 � �VDS2) (7.52)

Drain current ID2, which is equal to the reference current IR, is given by

ID3 � IR � Kn3(VGS3 � Vt3)2(1 � �VDS3) (7.53)

ro2 = VM2>ID2

Avo =

vo

vgs
= -gm(ro1 7  ro2)

IOM1

ro2ro1

Metal Oxide Semiconductor Field-Effect Transistors 365

FIGURE 7.29 CS NMOS amplifier with a current source load

+VDD

rol

ro2

ID3

vI

vO
IR

+

+
+

+
+

− −

−

VO

+

+− vO

+

−−
−

−

VSG3 = VSG2 gm2vsg2 

gm1vgs1 
vg = vgs1

vsg2 = 0

ID = ID2

Μ1

Μ2
G2
G1

D2

S2

D1

Rref

Μ3

+VDD

+

−
vI

+

−

+

−

Μ1
vO

IO

+VDD
ID3

vg

+ +

− −
VSG3 = VSG2

ID = ID2

Μ1

Μ2Μ3

Μ4

(a)  NMOS driver (b)  Sinking current source

(c)  NMOS with sourcing current source  (e)  NMOS amplifier with NMOS and PMOS (d)  Small-signal AC equivalent

+VDD

vGS3

+

−
vGS2

−VDD

Μ3 Μ2

Rref

ID3

ID2 = IO

 IO rO2

AIR

ro2

ro2
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In practice, all the components of the current source are processed on the same integrated circuit, and hence

all of the physical parameters such as Kn and Vt are identical for both devices. Thus the ratio of IO to IR is

given by

(7.54)

In practice, �VDS �� 1. Thus Eq. (7.54) can be approximated by

(7.55)

By controlling the ratio (W⁄L)m of mth MOSFET, therefore, we can change the output current IO. The gate

length L is usually held fixed, and the gate width W is varied from device to device to give the desired cur-

rent ratio IO ⁄ IR. By choosing identical transistors with W2 � W3 and L2 � L3, a designer can ensure that

the output current IO is almost equal to the reference current IR.

Since VGS3 � VDD � Rref IR and VDS3 � VGS3, the reference current IR can be found approximately

from Eq. (7.53). That is,

IR � ID3 � Kn3(VDD � RrefIR � Vt3)2 (7.56)

can be solved for known values of Vt3, Kn3, VDD, and Rref.

Replacing IO in Fig. 7.29(a) with the sourcing type of current source consisting of PMOS is shown in

Fig. 7.29(c). This is accomplished by replacing M2 and M3 in Fig. 7.29(b) with PMOS. The small-signal

equivalent circuit of Fig. 7.29(c) is shown in Fig.7.29(d), from which we can find the small-signal volt-

age gain as given by Eq. (7.51). For identical transistors , Eq. (7.51) becomes

(7.57)

Therefore, we can conclude that the voltage gain Avo is inversely proportional to , the biasing current , 

and the gate-to-source voltage .

The reference resistance R1 in Fig. 7.29(c) can be replaced by one or more PMOS, as shown in

Fig. 7.29(e). Transistors M3, . . ., Mn are used as voltage dividers to control the gate-to-source voltage of

transistor M2. If there are n cascode-connected PMOS, and all have identical characteristics, the gate-

to-source voltage of the PMOS M2 is given by

(7.58)

This gives the reference drain current iD as 

(7.59)

Therefore, we can find the integer number of MOSFETs to obtain a specific reference current ID or gate-

to-source voltage VGS. For example, if VDD � 12 V, we need six PMOS MOSFETs to get VSG � 2 V. We

should note that VtP in Eq. (7.59), which is the threshold voltage of a PMOS, has a negative value.

iD = Kn2(vGS2 - VtP)2
= Kn2a-VDD

n
- VtP b

2

vGS2 = vGS3 =

- VDD

n

VGS

IDl

=

2Kn(VGS - Vt)

2lKn(VGS - Vt)
2 =

1

l(VGS - Vt)

Avo = -gm(ro1 7 ro2) = -gm
ro

2
= 2Kn(VGS - Vt)

1

2lID

ro = ro1 = ro2

IO

IR
=

(W>L)2

(W>L)3

IO

IR
=

Kn1(1 + lVDS2)

Kn2(1 + lVDS3)
=

(W>L)2

(W>L)3
*

(1 + lVDS2)

(1 + lVDS3)

Microelectronic Circuits: Analysis and Design366
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Design of a CS amplifier with a MOS current source
(a) Find the value of R1 to obtain a biasing current of ID � 3.25 mA and the small-signal voltage gain of

the CS amplifier in Fig. 7.29(c). The DC supply voltage is VDD � 15 V. The MOS parameters are

, for and V.

(b) Use SPICE to plot the small-signal output voltage vo for a sinusoidal input signal vs of 1 mV at 1 kHz. 

SOLUTION

(a) For , Eq. (7.8) gives which gives 

Applying KVL through the loop via , we can find the values of 

From Eq. (7.57), the voltage gain 

The DC gate voltage of is for which we can use a voltage divider as shown in Fig. 7.25(a).

Therefore, .

Let then 

(b) The PSpice schematic is shown in Fig.7.30. The plot of the output voltage is shown in Fig. 7.31, which gives

a voltage gain of �101 V/V; this is close to the calculated value of �100. Note that there is a phase shift

of .180°

R1 = 6.5 * R2 = 6.5 * 100 k = 650 kÆ.R2 = 100 kÆ;
R1>R2 = VDD>VG1 - 1 = 15>2 - 1 = 6.5

VG1 = 2 V,M1

Avo = -gmro>2 = -6.50 m * 30.7 k>2 = -100 V>V.

gm = 2Kn(VGS3 - VtN) = 2 * 3.25 m * (2 - 1) = 6.5 mA>V

ro = ro1 = ro2 =

VM

ID
=

100

3.25 m
= 30.77 kÆ

Rref =

VDD + VGS3

ID
=

15 - 2

3.25 m
= 4 kÆ

VDD, R1, and VGS3

VGS3 = -2 V.3.25 mA = 3.25 m * (VGS3 - 1)2 ,ID = 3.25 mV

ƒ VM ƒ = 1>l = 100W = L = 1 �mKp = 6.5 mA>V2,Kn = 3.25 mA>V2,VtN = -VtP = 1 V

EXAMPLE 7.6

D

FIGURE 7.30 PSpice schematic for 

Example 7.6

FIGURE 7.31 PSpice plot of small-signal output voltage

for Example 7.6

Vs
1 mV
1 kHz

VCC
15 V

R2

RL
Rref

100 k

0

0

250 k

4.2 k

0 A

+

−
R1

650 k

RS 0.01

10 µF

C1

10 µF

C2

M3

M1

M2

vo

13.03 V

~

+

−

V3.965 V
3.379 mA

3.103 mA

0 A

+
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7.8.2 CS Amplifier with Enhancement MOSFET Load

A CS amplifier with an NMOS driver and an NMOS active load, as shown in Fig. 7.32(a), is the sim-

plest way of implementing an amplifier with NMOS technology. M2 is diode-connected, and it behaves

as a nonlinear resistive load. If the input voltage vG is less than the threshold voltage Vt, then M1 is off

and no current flows in the circuit. If the input voltage vG exceeds the threshold voltage Vt, then M1 is

turned on. Both M1 and M2 operate in the saturation region, and the circuit provides amplification. Since

vGS2 � vDS2 � VDD � vO, the drain current iD can be related to the output voltage vO by

iD � Kn2(vGS2 � Vt)
2 � Kn2(VDD � vO � Vt)

2

which gives iD � 0 at vO � VDD � Vt and iD � (VDD � Vt)
2 at vO � 0. The iD-versus-vO (�vDS1) char-

acteristic is superimposed on the output characteristics of M1 in Fig. 7.32(b), and the intersection of the

two characteristics gives the operating point defined by ID and VDS1.

Replacing the transistors in Fig. 7.32(a) with their small-signal models gives the AC equivalent cir-

cuit shown in Fig. 7.32(c). Summing currents at the output node, we get

which gives the open-circuit voltage gain as

(7.60)

The equivalent output resistance can easily be shown to be

Ro � ro1 � ro2 � (7.61)

For gm2 �� 1 ⁄ro1 and 1 ⁄ro2, which is generally true, Eq. (7.61) can be approximated by

(7.62)Avo = -

gm1

gm2
= - cKn1

Kn2
d1>2 = - cW1>L1

W2>L2
d1>2

a 1
gm2
b

Avo =

vo

vg
=

vo

vgs1
=

-gm1

gm2 + 1>ro1 + 1>ro2

- gm2vo -

vo

ro2
- gm1vgs1 -

vo

ro1
= 0

Microelectronic Circuits: Analysis and Design368

FIGURE 7.32 CS amplifier with enhancement load

iD
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M1

vG = vGS1

vO = vDS1
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+VDD

VDD − VtVDS1

vGS2 = vDS2 ID
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Kn2(VDD − Vt)
2

(c)  Small-signal equivalent circuit
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0

(b)  Load line and Q-point 
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+
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+
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Because of the practical limitations of device geometries, the maximum voltage gain is in the range of

10 to 20. However, the small-signal voltage gain is independent of the DC operating point, and this ampli-

fier gives a linear amplification over a broad band. For example, if W1 � 100 �m, L1 � 5 �m, W2 � 5 �m,

and L2 � 25 �m, Eq. (7.62) gives ⏐Avo⏐ � 10. It is worth noting that the load device M2 will remain in

the saturated mode of operation as long as the output voltage vO � (VDD � Vt). Otherwise, the transistor

will be in the cutoff region and will carry no current.

7.8.3 CS Amplifier with Depletion MOSFET Load

A depletion MOSFET can behave as a current source when the gate and source are shorted together, and it

can be fabricated on the same IC chip as an enhancement MOSFET. This load device exhibits a very high

output resistance as long as the device is operated in the saturation region. Therefore, to provide the large

resistance required of a load for high voltage gain, a depletion MOSFET must be operated in the saturation

region. A CS amplifier with an NMOS driver and a depletion active load is shown in Fig. 7.33(a). M2 is

diode-connected, and it behaves as a nonlinear resistive load. If the input voltage vG is less than the thresh-

old voltage Vt, then M1 is off and no current flows in the circuit. If the input voltage vG exceeds the thresh-

old voltage Vt, then M1 is turned on. Both M1 and M2 operate in the saturation region, and the circuit

provides amplification. Since vGS2 � 0 and vO � VDD � vDS2, the drain current iD can be determined from

iD � Kn2(vGS2 � Vt)
2 � Kn2(�Vt)

2 � Kn2V2
t

The iD-versus-vO (�VDD � vDS2) characteristic is superimposed on the output characteristics of M1

in Fig. 7.33(b), and the intersection of the two characteristics gives the operating point defined by ID

and VDS1.

The AC equivalent circuit of the amplifier in Fig. 7.33(a) is shown in Fig. 7.33(c), from which we can

find the open-circuit voltage gain

Avo � �gm1(ro1 � ro2) � �gm1Ro (7.63)

where Ro � (ro1 � ro2).

Metal Oxide Semiconductor Field-Effect Transistors 369

FIGURE 7.33 CS amplifier with depletion load
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7.8.4 CS Amplifier with Resistive Load

A CS amplifier with resistive biasing is shown in Fig. 7.34(a). The amplifying device can be any type of

MOSFET. The source resistance RSR is split into two source resistors, RSR1 and RSR2. RSR2 is shunted by

a large capacitance CS. Both RSR1 and RSR2 set the DC bias point, while RSR2 is effectively shorted for a

small signal and gives the desired small-signal voltage gain. Let us assume that the coupling capacitors C1,

C2, and CS have high values so that they behave as short-circuited at the frequency of interest. Load resis-

tance RL is considered external to the amplifier and is not included. The DC biasing circuit is the same as

the biasing circuit in Fig. 7.25(a).

The small-signal AC equivalent circuit of the amplifier is shown in Fig. 7.34(b). We could use either

the small-signal Norton’s equivalent model in Fig. 7.18(a) or Thevenin’s equivalent model in Fig. 7.18(b).

Due to the presence of RSR1 in the source branch, the analysis becomes simpler with the Thevenin’s

equivalent model. If we ignore the output resistance ro, which we can generally do in most cases with

reasonable accuracy, then the use of Norton’s model is recommended. To obtain accurate results, we will

replace the MOSFET by its small-signal model of Fig. 7.18(b); the amplifier circuit is shown in Fig. 7.34(c),

which can be represented by an equivalent voltage amplifier as shown in Fig. 7.35(a) or by an equiva-

lent transconductance amplifier as shown in Fig. 7.35(b).
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FIGURE 7.34 MOSFET amplifier with RSR shunted by a capacitor
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The DC analysis of a MOSFET amplifier must be performed prior to the small-signal analysis because

the small-signal parameters depend on the DC operating point. The steps that are normally required to ana-

lyze a MOSFET amplifier are as follows:

Step 1. Draw the circuit diagram of the amplifier to be analyzed.

Step 2. Mark terminals G, D, and S for each MOSFET on the diagram. Locating these points is the

beginning of drawing the equivalent circuit.

Step 3. Replace each MOSFET by its Thevenin (or Norton) model.

Step 4. Draw the other elements of the amplifier, keeping the original relative position of each

element.

Step 5. Replace each DC voltage by its internal resistance. An ideal DC source should be replaced

by a short circuit.

Input Resistance Ri ( )

The input resistance Ri of the amplifier in Fig. 7.34(c) can be found from

(7.64)

The total input resistance Rin seen by the input signal vs is

where Rs is the input resistance of the input signal source.

Output Resistance Ro

The output resistance Ro can be obtained by setting vs equal to zero and then applying a test voltage vx at

the output side. This arrangement is shown in Fig. 7.36. Applying KVL around the gate, input, and source

terminals (loop II) gives

vgs � vg � idRSR1 � �idRSR1

Rin =

vs

is
= Ri + Rs

Ri =

vg

ig
= RG

=  vg/ig

Metal Oxide Semiconductor Field-Effect Transistors 371

FIGURE 7.35 Equivalent voltage or transconductance representation

Rin RoutRoRi

ig = is ig = is

+
++

−

−

−

+

−

+

−

+

−

+

−

is

RL~vs Ri
vg Avovg vL

RoRs
iL

(a)  Voltage amplifier

RL

Rin RoutRoRi

is

Ro~vs Rivg

Gmvg

vL

Rs
iL

(b)  Transconductance amplifier

67722_07_ch07a_p335-373.qxd  2/26/10  1:41 PM  Page 371

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Applying KVL around the drain, source, and test voltage source (loop I) gives

vx � idro � �gvgs � idRSR1 � idro � �gidRSR1 � idRSR1 � idro � (1 � �g)RSR1id

which yields

The test current ix is given by

which gives the output resistance Ro as

(7.65)

(7.66)

Open-Circuit (or No-Load) Voltage Gain Avo

By applying KVL around the loop formed by ro, RD, and the voltage-controlled voltage source in Fig. 7.34(c),

we get

�gvgs � RSRid � RDid � roid (7.67)

Substituting vgs � vg � RSRid into Eq. (7.67) gives the drain current id as

(7.68)

The output voltage vo can be found from

vo � �RDid (7.69)

Substituting id from Eq. (7.68) into Eq. (7.69) gives the open-circuit voltage gain Avo as

(7.70)= -  

gmroRD

RD + ro + (1 + gmro)RSR1
Avo =

vo

vg
=

-mgRD

RD + ro + (1 + mg)RSR1

id =

mgvg

RD + ro + (1 + mg)RSR1

(= vo/vg)

Rout = Ro ƒ ƒ  RL

Ro =

vx

ix
= [ro + (1 + mg)RSR1] ƒ ƒ  RD

ix = id +

vx

RD
=

vx

ro + (1 + mg)RSR1
+

vx

RD

id =

vx

ro + (1 + mg)RSR1
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FIGURE 7.36 Equivalent circuit for

determining output resistance Ro
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which indicates that the resistance RSR of the source terminal has an effect (1 � gmro)RSR1 and reduces the

open-circuit voltage gain Avo significantly. The voltage gain Avo can be made large (a) by making RSR1 � 0,

(b) by using a MOSFET with a large value of gm, and (c) by choosing a high value of RD. For RSR1 � 0,

Eq. (7.70) gives the maximum open-circuit voltage gain as

(7.71)

For , which is generally the case with a resistive biasing circuit, Eq. (7.71) gives

.Avo(max) M - gmRD

ro 77 RD

Avo(max) = -  

-mgRD

RD + ro
=

-gmroRD

RD + ro
=

-gmRD

1 + RD>ro

Metal Oxide Semiconductor Field-Effect Transistors 373

Designing an NMOS amplifier to give a specified voltage gain
(a) Design an NMOS amplifier as shown in Fig. 7.34(a) to give a no-load voltage gain of ⏐Avo⏐ � vo ⁄ vg � 5.

The DC supply voltage is VDD � 15 V. The NMOS parameters are 

for and V.

(b) Use PSpice/SPICE to verify your results in part (a).

SOLUTION

(a) Step 1. Design the biasing circuit. The results of Example 7.3 give RD � 1.5 k	, RSR � 1.5 k	, R1 � 650 k	,

and R2 � 100 k	.

Step 2. Find the small-signal parameters of the transistor. The results of Example 7.3 give gm � 6.583 mA ⁄ V

and ro � 30 k	.

Step 3. Find the values of C1, C2, CS, RSR1, and RSR2. Let us choose C1 � C2 � CS � 10 �F. The worst-

case maximum possible gain that we can obtain from the transistor operating at iD � 6 mA can be found

from Eq. (7.71):

The desired gain is less than the maximum possible value, and we can proceed with the design. Otherwise we

would need to choose another transistor with a higher value of gm. The value of unbypassed emitter resistance

RSR1 in Fig. 7.34(a) can be found from Eq. (7.70). That is,

(7.72)

which, for ⏐Avo⏐ � 5, RD � 1.5 k	, ro � 30 k	, and �g � rogm � 197.48 V ⁄ V, gives RSR1 � 139.79 	 and

RSR1 � RSR � RSR1 � 1.5 k � 130.79 � 1.3 k	.

(b) The PSpice schematic is shown in Fig. 7.37. The plot of the output voltage is shown in Fig. 7.38, which

gives a voltage gain of �5.11 V/V. This is close to the calculated value of �5, but it is much too low in

comparison to �100 with an NMOS amplifier with current source biasing (in Example 7.6). Note that

there is a phase shift of .180°

RD + ro + (1 + mg)RSR1 =

mgRD

ƒ Avo ƒ

|Avo(max)| =

gmRD

1 + RD>ro
=

1.5 k * 6.583 m

1 + 1.5 k>30 k
=  9 .404 V>V

ƒ VM ƒ = 1>l = 100ID(max) = 10 mA,W = L = 1 �m,Kp = 2Kn = 6.5 mA>V2
Kn = 3.25 mA>V2, Vt = 1 V,

EXAMPLE 7.7

D
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FIGURE 7.38 PSpice plot of small-signal output voltage for Example 7.7

FIGURE 7.37 PSpice simulation of a CS amplifier with a biasing resistive load for Example 7.7
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TABLE 7.3 Summary of expressions for MOSFETs amplifiers

CS Amplifier CD Amplifier CG Amplifier CS Amplifier with Active Load

[Fig. 7.34(a)] [Fig. 7.42(a)] [Fig. 7.43(a)] [Fig. 7.29(a)]

Ri (�) RG RG �

Ro (�) RD RD ro2 � ro1

Avo (V⁄ V) �gm1(ro2 � ro1)
RD(1 + gmro)

ro + RD

gm(ro ƒ ƒ  RSR)

1 + gm(ro ƒ ƒ  RSR)

- gmroRD

RD + ro + (1 + gmro)RSR1

ro

1 + gmro
 ƒ ƒ  RSR

RSR ƒ ƒ  a ro + RD ƒ ƒ  RL

1 + gmro
b
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7.9 Common-Drain Amplifiers

A general common-drain configuration is shown in Fig. 7.39(a). A common-drain amplifier has a very high

input resistance and draws a very small gate current. It also offers a low output resistance and can be used

as a buffer stage between a low resistance load (requiring a high current) and a signal source that can

supply only a very small current. This configuration has a voltage gain approaching unity and is known as

a source follower. We can derive an input and output relationship if we assume vG is the input gate voltage

and vO is the output voltage at the source terminal. The gate-to-source vGS, which controls the drain cur-

rent, is given by 

The corresponding drain current, which must also flow through the source resistance RSR, is as shown in

biasing circut in Fig. 7.24(b).

(7.73)

which we can solve to find the output voltage for a specific value of vG:

(7.74)

for vGS = (vG - vO) 7 Vt

vO(vG) =

2K(vG - Vt) + 1 - 2[2Kn(vG - Vt) + 1]2
- 4K 2

n(vG - Vt)
2

2K

iD = Kn(vGS - Vt)
2

= Kn(vG - vO - Vt)
2

=

vO

RSR

vGS = vG - vO

FIGURE 7.39 Source follower with current source load
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KEY POINTS OF SECTION 7.8

■ The expressions for the input resistance Ri, the output resistance Ro, and the no-load voltage gain Avo

are summarized in Table 7.3.

■ MOSFETs are commonly used in IC technology, operated with a MOS current source, a PMOS active

load, or an NMOS active load.
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Here . For example, if , , and , we get vO(2) �
0.695 V and . This gives the voltage gain as 

The value of RSR should be large because the voltage gain becomes closer to unity as RSR increases to very

large, tending to infinity.

7.9.1 Active-Biased Source Follower

The source resistance in Fig. 7.24(c) can be replaced by a sinking current source as shown in Fig. 7.29(b).

The simplified circuit is shown in Fig. 7.39(a). Replacing the transistor by its small-signal model, Fig. 7.39(b)

shows the small-signal equivalent. 

Input Resistance Ri

Since the gate current of a MOSFET is almost zero, 

Voltage Gain Avo

Since the drain current flows through the parallel combination of and , the small-signal

output voltage is given by

(7.75)

Substituting in Eq. (7.75), we get 

(7.76)

This, after simplification, gives the small-signal voltage gain Avo as

(7.77)

For , .

Output Resistance Ro

We can obtain the output resistance Ro and after 0 by applying a test voltage vx and finding the

current ix as shown in Fig. 7.39(c). By inspection, we can write Ro as

(7.78)

which can be approximated to for ro1, ro2 .�� 1>gm1Ro M 1>gm1

Ro =

vx

ix
=

1
gm1

 7  ro1 7  ro2

vgs1 = 0

Avo M 1(ro1 7  ro2) �� 1

Avo =

vo

vg
=

gm1(ro1 7  ro2)

1 + gm1(ro1 7  ro2)

vo = gm1(ro1 7  ro2)(vg - vo)

vgs = vg - vo

vo = gm1vgs(ro1 7  ro2)

vo

ro2ro1id = gm1vgs1

Ri = vg>ig = �.

AVO =

¢vO

¢vGS
= c vO(3) - vO(2)

(3 - 2)
d =

(1.546 - 0.695)

1
= 0.851 V>V

vO(3) = 1.546 V
Vt = 1 VRSR = 23.1 kÆKn = 3.25 mA>V2K = KnRSR
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Design of a CD amplifier with a MOS current source
(a) Use the sinking current in Fig. 7.29(b) to bias the source follower in Fig. 7.39(a) at a drain current of

. The DC supply voltage is VDD � 15 V, and . The MOS parameters are 

to or W L, and V.

(b) Find the small-signal voltage and the output resistance .

(c) Use SPICE to plot the small-signal output voltage vo for a sinusoidal input signal vs of 1 mV at 1 kHz.

SOLUTION

(a) From Example 7.6, we get , , 

, and .

(b) From Eq. (7.77),

From Eq. (7.78),

(c) The PSpice schematic is shown in Fig. 7.40. The plot of the output voltage is shown in Fig. 7.41, which gives

a voltage gain 0.988 V⁄ V, which is close to the calculated value of 0.99 V⁄ V. Note there is no phase shift.

Ro =

1
gm1

  7  ro1 7  ro2 =

1

6.5 m 7  30.77 k 7  30.77 k = 152.3 Æ

Avo =

gm1(ro1 7  ro2)

1 + gm1(ro1 7  ro2)
=

6.5 m * (30.77 k 7  30.77 k)

1 + 6.5 m * (30.77 k 7  30.77 k)
= 0.99

R1 = 650 kÆR2 = 100 kÆ

gm1 = 6.5 mA>V,ro = ro1 = ro2 = 30.77 kÆRref = 4 kÆVGS = 2 V,

RoAvo

ƒ VM ƒ = 1>l = 100=Kp = 6.5 mA/V2,Kn = 3.25 mA/V2,
Vt = 1 V,Rref = 4 kÆID = 3.25 mA

EXAMPLE 7.8

D

FIGURE 7.40 PSpice schematic for a source follower with an NMOS biasing for Example 7.8
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FIGURE 7.41 PSpice plot of small-signal output voltage for Example 7.8
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7.9.2 Resistive-Biased Source Follower

A source follower with resistive biasing is shown in Fig. 7.42(a). Let us assume that C1 and C2 are very

large, tending to infinity. That is, C1 � C2 � �. The small-signal AC equivalent circuit of the amplifier

is shown in Fig. 7.42(b).

Input Resistance Ri

The input resistance Ri is given by

We can apply Eqs. (7.75) and (7.76) to obtain the output voltage, which, after simplification, gives the

open-circuit voltage gain Avo as

(7.79)Avo =

vo

vg
=

gm(ro1 7  RSR)

1 + gm(ro1 7  RSR)

Ri =

vg

ig
= R1 ƒ ƒ  R2 = RG

(= vg/ig)

Microelectronic Circuits: Analysis and Design378

FIGURE 7.42 Common-drain amplifier
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Output Resistance Ro

We can obtain the output resistance Ro by setting vs equal to zero and then applying a test voltage vx at the

output side. 

The output resistance Ro is given by

(7.80)

� NOTE The no-load voltage gain Avo of a common-drain amplifier approaches unity. The input resistance Ri is
very high. The output resistance Ro is low.

Ro =

vx

ix
=

1
gm

 7  ro1 7  RSR

Metal Oxide Semiconductor Field-Effect Transistors 379

Designing a depletion MOSFET source follower Design a source follower as shown in Fig. 7.42(a) to

yield Ri � 500 k� and iD � 10 mA. The MOS parameters are Vp � �4 V, IDSS � 20 mA, and VM � �200 V.

Assume VDD � 20 V.

SOLUTION

The design of a common-drain (CD) amplifier is very simple; it requires determining the values of RSR. We

know that

Step 1. For the depletion MOSFET, we can use the self-biasing circuit arrangement as shown in Fig. 7.24(b)

where . Calculate the gate resistance R2:

R2 � Ri � 500 k�

Step 2. For known values of iD, IDSS, and Vp, calculate vGS from Eq. (7.21), iD � Kn(vGS � Vp)2:

10 mA � 1.25 mA ⁄ V2 � (vGS 	 4)2

which gives vGS � �1.172 V or �6.828 V. The acceptable value is vGS � �1.172 V.

Step 3. For the known value of vGS, calculate RSR:

Using KVL through the loop formed by the gate, and in Fig. 7.24(b), we get

Which gives 

Step 4. Find the small-signal parameters of the transistor. From Eq. (7.30),

gm � 2Kn(vGS � Vp) � 2 � 1.25 m � (�1.172 	 4) � 7.07 mA ⁄ V

RSR = -

vGS

iD
= - a -1.172 V

10 mA
b = 117.2 Æ

0 = vGS + RSRiD

RSRRG

R1 = �

Kn =

IDSS

V2
p

=

20 mA

(- 4)2
= 1.25 mA>V2

EXAMPLE 7.9

D
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7.10 Common-Gate Amplifiers

A common-gate (CG) amplifier is shown in Fig. 7.43(a). The circuit can be redrawn as shown in Fig. 7.43(b).

The biasing of this circuit is identical to that of the common-source amplifier, and the DC bias circuit can be

designed using the same technique. Let us assume that the values of C1 and C2 are very large, tending to infin-

ity. That is, C1 � C2 � �. The small-signal AC equivalent circuit of the amplifier is shown in Fig. 7.44(a),

which can be simplified to Fig. 7.44(b).

Input Resistance Ri

The input resistance Ri depends on RD, which becomes parallel to the load resistance RL. Thus, RL must be

included with RD in the determination of Ri when the amplifier is operated with a load resistance RL. Using

KVL around the source–gate–drain loop of Fig. 7.44(b) gives an expression for the gate-to-source voltage:

�vgs � �gvgs � (ro1 	 RD � RL)id

which yields

id =

(1 + mg)vgs

ro1 + RD 7  RL

(= - vgs/is)

Microelectronic Circuits: Analysis and Design380

From Eq. (7.26),

Thus,

�g � gmro1 � 7.07 � 20 � 141.1 V ⁄ V

Step 5. Find the values of C1 and C2. Let us choose C1 � C2 � 10 
F.

Step 6. Calculate the output resistance Ro and the open-circuit voltage gain Avo.

Avo =

gm(RSR 7  ro1)

1 + gm(RSR 7  ro1)
=

7.07 m * (117.2 7  20 k)

1 + 7.07 m * (117.2 7  20 k)
= 0.451

Ro =

1
gm

 7  ro1 7  RSR =

1

7.07 m
 7  20 k 7  117.2 = 63.95 Æ

ro1 =

ƒ VM ƒ

iD
=

200 V

10 mA
= 20 kÆ

KEY POINTS OF SECTION 7.9

■ A common-drain amplifier also known as a source follower has a very high input resistance and draws

a very small gate current. It also offers a low output resistance and can be used as a buffer stage

between a low resistance load (requiring a high current) and a signal source that can supply only a

very small current.

■ A source follower with a sinking current source offers almost unity gain, a very input resistance and

a low resistance.
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Using KCL at source node S in Fig. 7.44(b) yields an expression for the input current is:

which gives the input resistance Ri of the amplifier as

(7.81)

Since �g � 1, the input resistance Ri becomes low. This is a limitation of the common-gate configuration,

unless a low Ri (or Zi) is desirable for impedance matching.

Ri =

-vgs

is
= RSR 7 a ro1 + RD 7  RL

1 + mg
b

is =

-vgs

RSR
- id = -  

-vgs

RSR
-

(1 + mg)vgs

ro1 + RD 7  RL
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FIGURE 7.44 Small-signal AC equivalent circuits for a CG amplifier
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No-Load Voltage Gain Avo

Using KVL around loop I in Fig. 7.44(b) yields an expression for the gate-to-source voltage vgs:

�vgs � �gvgs � ro1id � idRD

which gives

The no-load output voltage vo is

which gives the no-load voltage gain Avo as

(7.82)

Output Resistance Ro

Assuming that the output resistance of the transistor is very large, tending to infinity (i.e., ro1 � �), the

output resistance Ro can be found by inspection to be Ro � RC.

Avo =

vo

-vgs
=

RD(1 + mg)

ro1 + RD

vo = -RDid = -

RD(1 + mg)vs

ro1 + RD

id =

(1 + mg)vgs

ro1 + RD

(= vo/vgs)

Microelectronic Circuits: Analysis and Design382

Finding the parameters of a common-gate amplifier The CG amplifier of Fig. 7.44(a) has Rs � 500 �,

RSR � 1 k�, RD � 5 k�, and RL � 10 k�. The transistor parameters are ro1 � 100 k� and �g � 230. Assume

that C1 and C2 are very large, tending to infinity. That is, C1 � C2 � �. Calculate (a) the input resistance

Rin � vs ⁄ is, (b) the no-load voltage gain Avo � vo ⁄(�vgs), (c) the output resistance Ro, and (d) the overall

voltage gain Av � vL ⁄ vs.

SOLUTION

Rs � 500 �, RSR � 1 k�, RD � 5 k�, RL � 10 k�, ro1 � 100 k�, and �g � 230.

(a) From Eq. (7.81),

Rin � Ri 	 Rs � 309 	 500 � 809 �

(b) From Eq. (7.82),

= 5 k *

1 + 230

100 k + 5 k
= 11

Avo =

vo

-vgs
=

RD(1 + mg)

ro1 + RD

Ri = RSR 7  a ro1 + RD 7  RL

1 + mg
b = 1 k 7 100 k + 5 k 7  10 k

1 + 230
= 309 Æ

EXAMPLE 7.10
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7.11 Multistage Amplifiers

The design requirements of amplifiers normally specify an overall high voltage gain, a high input resistance,

and a low output resistance. A single-transistor amplifier rarely satisfies the design requirements, and multi-

stages are often used to satisfy the design specifications. To achieve the design specifications, multiple transis-

tor stages are connected in such a way that the output of one stage is the input to the next stage and so on. The

most common types of arrangements are (a) capacitor-coupled cascaded, (b) direct-coupled, and (c) cascoded.

7.11.1 Capacitor-Coupled Cascaded Amplifiers

In a capacitively coupled amplifier, the output of one stage is connected to the input of the next stage via a

capacitor as shown in Fig. 7.45(a). The first stage is generally a common-source amplifier that is designed

to offer the maximum voltage and a high input resistance Ri, which is inherent in MOS amplifiers. The

source follower in the third stage satisfies the requirement of a low output resistance Ro. The second stage

is a common-source amplifier which is needed to yield additional gain in meeting the overall voltage gain

requirement Avo. If Avo1 and are the voltage gains of the first and third stages, respectively, then the

required gain for the second stage is . The DC biasing point of each stage can be

determined independently for each stage because the coupling capacitor provides DC isolation between

the stages. The biasing drain current should be low to reduce the power drain from the DC voltage source.

Each stage can be represented by its parameters Ri, Ro, and Avo as shown in Fig. 7.45(b). The output

resistance of a stage acts as the source resistance of the following stage, and the input resistance of a stage

is the load resistance of the preceding stage. There will be a loading effect due to the interaction between

stages, and the effective voltage gain will be reduced (see Sec. 2.4). While designing an amplifier, we

should keep in mind the gain reduction due to the loading effect and should start the design with a voltage

gain higher than Avo to satisfy the overall design requirement.

7.11.2 Direct-Coupled Amplifiers

In direct-coupled amplifiers, the output of one stage is directly connected to the input of the next stage. We

can make the amplifier in Fig. 7.45(a) a direct-coupled amplifier if we remove the coupling capacitors C2

Avo2 = Avo>(Avo1 * Avo3)
Avo3 (M 1)

Metal Oxide Semiconductor Field-Effect Transistors 383

(c) Ro � RD � 5 k�.

(d) For the overall voltage gain Av,

Av =

vL

vs
=

AvoRiRL

(Ri + Rs)(RL + Ro)
=

11 * 309 * 10 k

(309 + 500) * (10 k + 5 k)
= 2.83

KEY POINT OF SECTION 7.10

■ A common gate amplifier which has no Miller’s effect is used in high-frequency applications. Both

the input resistance and the voltage are low. There is no phase of the output voltage and it can be used

for impedance matching.
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and C3 and connect the following stage directly to the preceding stage. In this case, we can also remove the

biasing resistances.

7.11.3 Cascoded Amplifiers

We can increase the effective output resistance of a transistor by connecting two transistors in a configura-

tion commonly referred to as a cascoded amplifier. The input signal is applied to one transistor M1 operat-

ing as a common-source amplifier, whose output is the input to the other transistor M2 operating as a

common-gate amplifier. This is shown in Fig.7.46(a). The input signal is applied to the common-source

amplifier, and the output is obtained at the drain of the common-gate amplifier. Figure 7.46(a) is an exam-

ple of a resistive biased cascoded amplifier. The cascading can be done with more than two transistors as

shown in Fig. 7.46(e). The transistors M2, . . ., M4 are biased by level-shifted transistors M2B, . . ., M4B.

This type of cascoding is commonly done in differential amplifiers (Chapter 9) to obtain large voltage gains.

DC Biasing

The DC equivalent circuit for determining the DC operating point of the transistors is shown in Fig. 7.46(b).

We can simplify the analysis by assuming identical transistors . Since the same drain

current will flow through all the transistors, Therefore, we can find the DC biasing gate

voltages as given by

(7.83)

(7.84)VG2 =

R1 + R2

R1 + R2 + R3
VDD

VG1 =

R1

R1 + R2 + R3
VDD

VGS1 = VGS2 = VGS.
Vt1 = Vt2 = Vt
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FIGURE 7.45 A three-stage capacitor-coupled cascaded amplifier
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Using KVL in the gate-to-source loop of M1, we can write 

(7.85)

which can be solved for and then the drain currents:

(7.86)

Small-Signal Voltage Gain

Once we have found the DC biasing values, we can find the small-signal model parameters of 

for both transistors. Assuming that output resistances ro1 and ro2 of the transistors are very high, tending

to infinity, the small-signal equivalent circuit is shown in Fig. 7.44(c).

We can find the output voltage as

which gives the voltage gain as

(7.87)

Small-Signal Output Resistance

.Ro = RD

Avo1 =

vo

vg
= -gm1RD

vo = - id1RD = -gm1RDvg

gm1 =  gm2 =  gm

ID1 = ID2 = ID = Kn(VGS1 - Vt)
2

VGS1 = VGS2 = VGS

VG1 = VGS1 + RSR ID1 = VGS1 + RSRKn(VGS1 - Vt )
2
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KEY POINTS OF SECTION 7.11

■ A single-transistor amplifier rarely satisfies the design requirements, and multistages are often used

to satisfy the design specifications.

■ The multiple transistor stages are connected in such a way that the output of one stage is the input to

the next stage and so on.

■ The most common types of arrangements are (a) capacitor-coupled cascaded, (b) direct-coupled, and

(c) cascoded.

7.12 DC Level Shifting and Amplifier

In all the amplifiers discussed so far, we used coupling capacitors to superimpose the small AC signal on

the DC biasing voltage at the gate terminal of the transistors. These capacitors provide DC isolation of each

stage from the previous or subsequent stage. The amplified AC signal is superimposed on the DC biasing

voltage at the output terminal of the transistors. The coupling capacitors cannot be used in the design of

amplifiers that amplify only DC signals. In some cases, it may be necessary to shift the quiescent voltage

of one stage before applying its output to the following stage. Level-shifting circuits can adjust the DC bias

levels between amplification stages. Level shifting is also required in order for the output to be close to
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zero in the quiescent state (at no input signal). The input resistance of the level-shifting stage should be

high to prevent loading of the previous stage (usually the gain stage). Also, the output resistance should be

low to effectively drive the subsequent stage.

7.12.1 Level-Shifting Methods

The source follower configuration is normally used to shift the level. The source follower has an inherent

characteristic of level shifting by vGS such that the output voltage is . Thus, the main idea

is to create a voltage in the source terminal, and it can be accomplished by (a) a potential divider network,

(b) a current source, and (c) a zener diode.

Potential Divider Level Shifting

This arrangement is shown in Fig. 7.47(a). The voltage shift is 

which gives the output voltage as

(7.88)

Since VGS is fixed for a specific drain current, a small change will cause the same change to the output

voltage; that is, .

Current Source Level Shifting

Resistance R2 in Fig. 7.47(a) can be replaced with a current source at a constant current IO as shown in

Fig. 7.47(b). The voltage shift is

vO - vG = - (vGS + R1IO) = -vGS - R1Kn(vGS - Vt)
2

¢vO = ¢vG

¢vG

vO = vG - vGS - R1Kn(vGS - Vt)
2

vO - vG = -vGS - R1iD = -vGS - R1Kn(vGS - Vt)
2

vO = vG - vGS
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which gives the output voltage as

(7.89)

Since the current through R1 is fixed, the voltage drop across it is also fixed. It is important to note that vO

is independent of the negative DC supply voltage .

Zener Level Shifting

Resistance R1 in Fig. 7.47(a) can be replaced by a zener diode with zener voltage VZ; this arrangement is

shown in Fig. 7.47(c). The voltage shift is

which gives the output voltage as

(7.90)

Since the zener voltage VZ is fixed, the voltage drop across it is also fixed.

7.12.2 Level-Shifted MOS Amplifier

A MOS amplifier using level shifting is shown in Fig. 7.48(a) with four stages. The first stage generates

the reference current for the second stage, which also acts as the reference current for the third stage. The

fourth stage is the source follower. We will assume that all transistors are matched devices and have equal

parameters: the current gains , , the modulation voltages,

and .

Current Mirror Source

Assuming that we want to set the reference drain current at , their gate-to-

source voltages must be equal. That is, 

(7.91)

Using KVL in the gate-to-source loop of M1 and M2, we find the value of R as given by

(7.92)

Using KVL in the gate-to-source loop of M4 and M5, and applying the relationship for the gate-to-source

voltage of a MOS , we find the value of R3 as given by 

(7.93)R3 =

VDD + VSS - VGS4 - VGS5

ID4
=

VDD + VSS - (2ID4>Kn + Vt) - (2ID5>Kn + Vt)

ID4

VGS = (2ID>Kn + Vt)

R = R1 + R2 =

VG + VSS - VGS1 - VGS2

ID1

VGS1 = VGS2 = VGS3 = VGS8 = VGS =

A

ID

Kn
+ Vt

ID = ID1 = ID2 = ID3 = ID8

VM1 =
Á

= VM8 = VM

Vt1 =
Á

= Vt8 = VtKn1 =
Á

= Kn8 = Kn

vO = vS - vGS - VZ

vO - vS = - (vGS + VZ)

-VSS

vO = vG - vGS - R1Kn(vGS - Vt)
2
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We can simplify this by assuming and using the relation , as given by

(7.94)=

VDD + VSS - 2.142ID>Kn - 2Vt

2ID

R3 =

VDD + VSS - (22ID>Kn + Vt) - (2ID>Kn + Vt)

2ID

ID4 = ID3 + ID5ID5 M ID3 = ID

Metal Oxide Semiconductor Field-Effect Transistors 389
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Under these conditions, and . The voltage at the gate of is given by

(7.95)

M7 and M8 act as a source follower. Therefore, the output voltage is given by

(7.96)

Therefore, we can shift to by making Rx as given by 

(7.97)

A resistance Ry as shown in Fig. 7.48(a) is connected at the gate terminal of M5 in order to divert the drain

current ID5, which acts as the reference current for ID6. As a result, ID5 becomes closer to the value of

. In MOS IC design, there is no need for Ry because the widths of M3, M5, and M6 can be scaled

to carry equal drain currents .

Small-Signal Voltage Gain

By replacing the transistor by its small-signal mode, the small-signal equivalent circuit is shown in Fig. 7.48(b).

The capacitor CA and the batteries are shorted to ground. Using KVL through the resistance R2 loop, we

can find the small-signal voltage vg at the source terminal of M1:

This relates the small-signal gate-to-source voltage to the input signal vg as 

(7.98)

Therefore, we can get the small-signal reference current id2:

(7.99)

Since id3 is the input current to the drain terminals of M3 and M5, we can find the drain current id5 by apply-

ing the current divider rule as given by 

(7.100)

which, after we substitute id2 from Eq. (7.99), becomes

(7.101)

Thus the small-signal voltage vx becomes

(7.102)vx = Rx id6 =

R3 + 1>gm4

R3 + 1>gm4 + 1>gm5
*

Rx gm1vg

1 + (R2 + 1>gm2)gm1

id5 = id6 =

R3 + 1>gm4

R3 + 1>gm4 + 1>gm5
*

gm1vg

1 + (R2 + 1>gm2)gm1

id5 = id6 =

R3 + 1>gm4

R3 + 1>gm4 + 1>gm5
 id2

id2 = id3 = gm1vgs1 =

gm1vg

1 + (R2 + 1>gm2)gm1

vgs1 =

vg

1 + (R2 + 1>gm2)gm1

vg - vgs1 = (R2 + 1>gm2)gm2vgs1

ID3 = ID5 = ID6

ID3 = ID

Rx =

VDD - VGS7

ID
=

VDD - (2ID>Kn + Vt)

ID

VO = 0

Vo = Vx - VGS7 = VDD - RxID - VGS7

Vx = VDD - RxID6 = VDD - RxID

M7VxID4 M 2IDID5 = ID6 M ID
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which gives the voltage gain between vg and vx as

(7.103)

Due to the source follower, the voltage gain Avx is attenuated, and the no-load voltage gain Avo becomes

(7.104)

For , , and , Eq. (7.104) can be approximated to

(7.105)

It is important to note that any increase in vg causes the current id1 to increase, which is mirrored to id3;

this in turn decreases id5 by the same amount. id6, which is a mirror of id5, causes the voltage vx to increase

by Rxid6. The transistors, which act as current mirrors and shift the voltage levels, do not produce any volt-

age amplification. The voltage gain described by Eq. (7.104) is accomplished by shunting R1 by the capac-

itor C for AC signals. The maximum voltage gain can be obtained by shunting both R1 and R2 by capacitor

CA; that is, for , Eq. (7.104) gives the maximum voltage gain as

(7.106)

The design of this amplifier is very simple. It requires only finding the values of R1, R2, Ry, and

to give a specific voltage gain Avo.Rx(= R = R1 + R2)

Avo(max) =

(R3 + 1>gm4)Rx gm1

(R3 + 1>gm4 + 1>gm5)(1 + gm1>gm2)
*

gm7(ro7 7  ro8)

1 + gm7(ro7 7  ro8)

R2 = 0

Avo M

Rx

R2

(ro7 7  ro8) �� 1R3 �� (1>gm4 + 1>gm5)R2 �� 1>gm2

*

gm7(ro7 7  ro8)

1 + gm7(ro7 7  ro8)

Avo =

gm7(ro7 7  ro8)

1 + gm7(ro7 7  ro8)
 Avx =

(R3 + 1>gm4)Rxgm1

(R3 + 1>gm4 + 1>gm5)[1 + (R2 + 1>gm2)gm1]

Avx =

vx

vg
=

(R3 + 1>gm4)Rxgm1

(R3 + 1>gm4 + 1>gm5)[1 + (R2 + 1>gm2)gm1]

Metal Oxide Semiconductor Field-Effect Transistors 391

Finding the small-signal voltage gain of a level-shifted amplifier The parameters of the amplifier

in Fig. 7.48(a) are VDD � 15 V, �VSS � �15 V, , , , , and

. The circuit is biased at a DC gate-source voltage of The MOS parameters are , 

, for W L, and V.

(a) Find the small-signal voltage Avo and the maximum possible gain.

(b) Use SPICE to plot the small-signal output voltage for a sinusoidal input signal of 1 mV at 1 kHz.

SOLUTION

From Eq. (8.92),

or

1 + 12 - VGS1 - VGS1 - (1 k + 9 k) * 3.25 * 10-3
* (VGS1 - 1)2

= 0

VG + VSS - VGS1 - VGS1 - (R1 + R2)Kn(VGS1 - Vt)
2

= 0

ƒ VM ƒ = 1>l = 100=Kp = 6.5 mA>V2Kn = 3.25 mA>V2
Vt = 1 VVG = 1 V.Ry = 6.5 kÆ

Rx = 10 kÆR3 = 4 kÆR2 = 1 kÆR1 = 9 kÆ

EXAMPLE 7.11
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which gives

Substituting the values in Eq. (7.103), we get 

Substituting the values in Eq. (7.104), we get 

Substituting the values for R2 � 0 in Eq. (7.104) gives 

(b) The PSpice plot of the DC transfer function is shown in Fig. 7.49(a), which has an offset voltage of 36.93 mV

at vG � 0. The plot of the output voltage is shown in Fig. 7.49(b), which gives a voltage gain of 5.78, which

is close to the calculated value of 6.227. Note that there is no phase shift and rds � 1�ro. The PSpice bias-

ing drain currents and the small-signal parameters are listed here:

Name M_M1 M_M2 M_M3 M_M4 M_M5 M_M6 M_M7 M_M8

ID 8.98E�04 8.98E�04 8.99E�04 2.07E�03 9.34E�04 1.04E�03 9.92E�04 9.92E�04

VGS 1.49E	00 1.52E	00 1.52E	00 1.79E	00 1.53E	00 1.53E	00 1.52E	00 1.52E	00

GM 3.64E�03 3.44E�03 3.44E�03 5.23E�03 3.51E�03 3.93E�03 3.80E�03 3.80E�03

GDS 7.92E�06 8.85E�06 8.85E�06 2.03E�05 9.19E�06 9.19E�06 8.86E�06 8.85E�06

Avo(max) = 17.454 V>V.

Avo =

gm7(ro7 7  ro8)

1 + gm7(ro7 7  ro8)
Avx =

3.606 m * (100 k 7  100 k)

1 + 3.606 m * (100 k 7  100 k)
* 6.262 = 6.227 V>V

=

(10 k + 1>5.099 m) * 10 k * 3.606 m

(10 k + 1>5.099 m + 1>3.606 m)[1 + (1 k + 1>3.606 m) * 3.606 m]
= 6.262 V>V

Avx =

(R3 + 1>gm4)Rx gm1

(R3 + 1>gm4 + 1>gm5)[1 + (R2 + 1>gm2)gm1]

ro7 =

VM

ID7
=

100

990 

= 100 kÆ

gm4 = 2Kn(VGS4 - Vt) = 2 * 3.25 m * (1.784 - 1) = 5.099 mA>V
gm2 = gm3 = gm5 = gm6 = gm7 = 2Kn(VGS1 - Vt) = 2 * 3.25 m * (1.552 - 1) = 3.606 mA>V

VGS4 = 22ID1>Kn + Vt = 22 * 990 
>3.25 m + 1 = 1.784 V
ID1 = Kn(VGS1 - Vt)

2
= 3.25 m * (1.552 - 1)2

= 990 
A

VGS = 1.552 V

(b)  Small-signal output voltage(a)  DC transfer function

FIGURE 7.49 PSpice simulation of a level-shifted NMOS amplifier for Example 7.11
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7.13 Frequency Response of MOSFET Amplifiers

The frequency response of MOS amplifiers will depend on the internal MOS junction capacitances and any

external capacitances such as coupling and bypass capacitances. To determine the frequency characteris-

tics, we need to add capacitances to the small-signal AC models of MOSFETs. In Secs. 2.7.4 and 2.7.5,

we introduced short-circuit and zero-value methods. As examples, we will use these methods for deter-

mining the frequency response of MOSFETs, single-stage MOS amplifiers, and multistage amplifiers.

7.13.1 High-Frequency MOSFET Models

The small-signal high-frequency model of the MOSFETs of Fig. 7.50(a) in the saturation region is shown

in Fig. 7.50(b). The gate-to-source capacitance Cgs and the gate-to-drain capacitance Cgd can be found

approximately from [9, 10]

(7.107)

and (7.108)

where Vbi � built-in potential with a zero applied voltage

Cgs0 � value of Cgs at VGS � 0 and is typically in the range of 1 pF to 4 pF

Cgd0 � value of Cgd at VGD � 0 and is typically in the range of 0.3 pF to 1 pF

Csb and Cbd � depletion-layer capacitances from the source to the substrate and from the 

substrate to the drain, respectively

(Note that in order to avoid confusion between substrate and source terminals of a MOSFET, substrate is

being abbreviated with a subscript b.) These capacitances can be found approximately from

(7.109)

and (7.110)

where Vbi is the built-in (or barrier) potential and is typically 0.6 V and Csb0 and Cbd0 are the zero-biased

capacitances and are typically 0.1 pF. The values of Csb and Cbd range from 0.01 pF to 0.05 pF. To reduce

the values of Csb and Cbd, the substrate of a MOSFET is often connected to the negative DC supply voltage

so that ⏐VSB⏐ and ⏐VDB⏐ have higher values.

Cgb is the parasitic oxide capacitance between the gate contact material and the substrate, and its value

depends on the oxide thickness. It ranges from 0.004 fF to 0.15 fF per square micron but is typically 0.1 pF.

Cgd is the parasitic oxide capacitance between the gate and the drain. It is also called the overlap
capacitance because the drain extends slightly under the gate electrode. Its typical value is in the range

of 1 pF to 10 pF.

Cgs consists of two capacitances: Cgsq and Cgs0. Cgs0 is the constant parasitic capacitance due to the

overlap of the source region because the source extends slightly under the gate electrode. Its typical

Cbd =

Cbd0

[1 + VDB|>Vbi]
1>2

Csb =

Csb0

[1 + |VSB|>Vbi]
1>2

Cgd =

Cgd0

[1 + |VGD|>Vbi]
1>3

Cgs =

Cgs0

[1 + |VGS|>Vbi]
1>3
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value is 10 fF. Cgsq is the gate-to-channel capacitance. The channel has a tapered shape and is pinched

off at the drain, so Cgsq can be expressed as [1, 9]

(7.111)

where W � channel width

L � channel length

Cox � capacitance per unit area, which is 3.54 � 10�8 F ⁄ cm2 for an oxide thickness of 

tox � 0.1 
m

For example, if W � 30 
m, L � 10 
m, and tox � 0.1 
m, we get Cgsq � 0.07 pF � 71 fF. Table 7.4 shows

the capacitances and output resistances for MOSFETs.

In some applications, the substrate is connected to the source, and the frequency model is reduced

to Fig. 7.50(c). Capacitance Cbd can often be ignored, especially for hand calculations, and the model

simplifies to Fig. 7.50(d). Let us apply a test current ig to the gate of a MOSFET and short-circuit the

drain terminal for AC signals. The high-frequency AC equivalent circuit in the saturation region is

shown in Fig. 7.50(e). The voltage at the gate terminal in Laplace’s domain of s is given by 

(7.112)Vgs(s) =

1

(Cgs + Cgd)s
Ig(s)

Cgsq =

2

3
WLCox

Microelectronic Circuits: Analysis and Design394

FIGURE 7.50 High-frequency model and response of a MOSFET

gmvgs

CdbCgb

Csb

Cgd

Cgs ro
gmbvbs

G

S

D

B

+

+

−

−

+

−

+

−

vbs

vgs
D

S

BG

(c)  Source and substrate (body) connected together (d)  Simplified equivalent circuit

Cdb

Cgd

rovgs
gmvgs

DG

S

Cgd

rovgs
gmvgs

DG

S

(b)  High-frequency model for MOSFET(a)  NMOS

C′gs = Cgs + Cgb

C′gs C′gs

ww T

(e)  Equivalent circuit for frequency response

Id

Ig
(jw)

−20 dB/decade

(f)  Frequency response

Cgd

Cgs rovgs
gmvgs

ig

wx = 0.1w T

10

1
1

id
+

−
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Since ro is very large and Cgd is very small, the currents through them will be very small. Thus,

Substituting Vgs(s) from Eq. (7.112), we get

(7.113)

For the frequencies at which the model in Fig. 7.50(e) is valid, gm �� �Cgd, and we get the current gain

�f( j�) in the frequency domain as

(7.114)

which indicates that the current gain will fall as the frequency increases, at a slope of �20 dB ⁄decade. This

relationship is shown in Fig. 7.50(f). The current gain will be unity, ⏐�f( j�)⏐ � 1, and the unity-gain

bandwidth �T is

(7.115)

or (7.116)

For MOSFETs, the value of frequency fT ranges from 100 MHz to 2 GHz.

7.13.2 Small-Signal PSpice Model

The small-signal parameters of MOSFETs can be determined from the manufacturer’s data sheet or from

practical measurements [6–8]. Alternatively, PSpice/SPICE can calculate the DC biasing point and then

generate the small-signal parameters. The small-signal AC equivalent circuits generated by PSpice for

MOSFETs are shown in Fig. 7.51, where rd and rs are the parasitic resistances of the drain and source

terminals, respectively.

fT =

gm

2p(Cgs + Cgd + Cgb)
  (in Hz)

v = vT =

gm

C¿gs + Cgd
=

gm

Cgs + Cgd + Cgb
   (in rad/s)

bf( jv) =

Id( jv)

Ig( jv)
=

gm

(C¿gs + Cgd)jv

Id(s) =

gm - sCgd

(Cgs + Cgd)s
 Ig(s)

Id(s) = [gm - sCgd]Vgs(s)
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TABLE 7.4 Parasitic capacitances

and output resistances

MOSFETs

Cds 0.1–1 pF

Cgs 1–10 pF

Cgd 1–10 pF

ro 1–50 k�
gm 0.1–20 mA ⁄ V
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7.13.3 Common-Source Amplifiers

Once the DC biasing point of a MOSFET amplifier has been determined, the small-signal parameters can

be determined, as discussed in Sec. 7.13.1. The high-frequency model of a MOSFET, shown in Fig. 7.52(a),

can be simplified to Fig. 7.52(b) for low frequencies. We will apply the short-circuit and zero-value methods

to determine the cutoff frequencies of common-source (CS) amplifiers, common-drain (CD) amplifiers, and

common-gate (CG) amplifiers.

Microelectronic Circuits: Analysis and Design396

gmVgs gmbsVbs

gbd

gbs

rs

G

Cbd

Cbs

Cgd

Cgs

Cgb

ro

rd

D

S

B

FIGURE 7.51 Small-signal PSpice model of MOSFETs

Finding the high-frequency model parameters of a depletion MOSFET The DC biasing values of the

MOSFET are ID � 6.3 mA, VDS � 5 V, and VGS � �1.03 V. The parameters of the MOSFET are Cgs0 � 2.4 pF,

Vbi � 0.8 V for Cgs0, Cgb0 � 1 pF, Cgd0 � 1.6 pF, Vbi � 0.8 V for Cgd0, gm � 4.98 mA ⁄ V, and ro � 26.77 k�.

(a) Calculate the capacitances of the MOS model in Fig. 7.50(d).

(b) Find the unity-gain bandwidth fT.

SOLUTION

(a) From Eq. (7.107), Cgs � 2.4 pF ⁄ [1 	 1.03 ⁄ 0.8]1⁄3 � 1.8 pF. The gate-drain voltage VGD is

VGD � VGS 	 VSD � VGS � VDS � �1.03 � 5 � �6.03 V

From Eq. (7.108), Cgd � 1.6 pF⁄ [1 	 6.03⁄0.8]1⁄3 � 0.78 pF.

(b) From Eq. (7.116), the unity-gain bandwidth fT is

fT =

gm

2p(Cgs + Cgd)
=

4.98 mA>V
2p * (1.8 pF + 0.78 pF)

= 307.2 MHz

EXAMPLE 7.12
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A common-source MOSFET amplifier is shown in Fig. 7.53(a).

Low Cutoff Frequencies

If the MOSFET in Fig. 7.53(a) is replaced by its small-signal model in Fig. 7.52(b), we get the low-

frequency equivalent circuit shown in Fig. 7.53(b). There are three capacitors—two coupling capacitors,

C1 and C2, and one bypass capacitor, Cs. If we assume C2 and Cs are short-circuited, as shown in Fig. 7.54(a),

Thevenin’s equivalent resistance presented to C1 is

RC1 � Rs 	 RG (7.117)

where RG � R1 � R2.

The equivalent circuit, with C1 and Cs short-circuited, is shown in Fig. 7.54(b). Thevenin’s equivalent

resistance presented to C2 is given by

Since gmvgs behaves as open circuit at vgs � 0.

RC2 � RD 	 RL (7.118)

The equivalent circuit, with C1 and C2 short-circuited, is shown in Fig. 7.54(c). There is no voltage

across Rs or RG, so vsr � �vgs. Therefore, the resistance representing the current source is

Rt =

vsr

-gmvgs
=

-vgs

-gmvgs
=

1
gm
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vo~

is
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C2M1

Rs

R1

R2
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RD

RSR
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G

S

D

+VDD = 15 V

gmvgs

(a)  CS MOSFET amplifier

C1

~

is
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C2

Rs

RG RD

io

RSR RL

S

(b)  Low-frequency equivalent circuit

DG
vgs

CS

+
+

−

+

−

+

−

−

FIGURE 7.53 Common-source MOSFET amplifier

FIGURE 7.52 Small-signal high- and low-frequency models

of a MOSFET

vgs

id
Cgd

Cgs

D

S
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(a)  High-frequency model

G

vgs
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D

S
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G

gmvgs
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−

+

−
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The Thevenin’s equivalent Cs at the source terminal is

(7.119)

In general, RCS � RC2 � RC1, and RCS controls the low 3-dB frequency. Therefore, fL � fCS.

High Cutoff Frequencies

If the MOSFET of the CS amplifier in Fig. 7.53(a) is replaced by its high-frequency � model in Fig. 7.52(a),

we get the high-frequency equivalent circuit shown in Fig. 7.55(a). Since Cgd is connected between the

input and the output terminals and the output voltage is phase shifted, we can apply either the zero-

value method or Miller’s method. We will apply the zero-value method. If we assume Cgd is open-cir-

cuited and vs � 0, the equivalent circuit is shown in Fig. 7.55(b). Thevenin’s equivalent resistance

presented to Cgs is

RCgs � Rs � RG (7.120)

The equivalent circuit, with Cgs open-circuited, is shown in Fig. 7.55(c). To find the resistance faced

by Cgd, we replace Cgd by a test voltage vx, as shown in Fig. 7.55(d). Using KVL around the loop formed

by Rs in parallel with RG and by RL in parallel with RD, we get

vx � ix(Rs � RG) 	 (gmvgs 	 ix)(RL � RD)

� ix(Rs � RG) 	 [gmix(Rs � RG) 	 ix](RL � RD)

 RCS = RSR 7  Rt = RSR 7  1
gm

Microelectronic Circuits: Analysis and Design398

gmvgs
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vgs vo

S

D

RLRG RD

C1

(b)  C1 and CS shorted(a)  CS and C2 shorted

(c)  C1 and C2 shorted

gmvgs

G Rs
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D
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gmvgs
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G
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FIGURE 7.54 Equivalent circuits of a common-source FET for the short-circuit method
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which gives the resistance faced by Cgd as

(7.121)

� (RL � RD) 	 (Rs � RG)[1 	 gm(RL � RD)]

Thus, the high 3-dB frequency is given by

(7.122)fH =

1

2p(RCgsCgs + RCgdCgd)

RCgd =

vx

ix
= Rs 7  RG + [1 + gm(Rs 7  RG)](RL 7  RD)

Metal Oxide Semiconductor Field-Effect Transistors 399
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ix + gmvgs 
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(a)  High-frequency equivalent circuit
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FIGURE 7.55 High-frequency equivalent circuits of a common-source MOSFET amplifier

Designing a common-source amplifier to give a specified frequency response
(a) Design a common-source MOSFET amplifier as shown in Fig. 7.53(a) to give a low 3-dB frequency of 

fL � 150 Hz and a high 3-dB frequency of fH � 2 MHz. The circuit parameters are Cgd � 2 pF, Cgs � 5 pF,

Rs � 200 �, gm � 10 � 10�3 , RSR � 2 k�, RD � RL � 5 k�, R1 � 200 k�, and R2 � 200 k�.

(b) Use Miller’s method to check the high-frequency design.

SOLUTION

RG � R1 � R2 � 200 k� � 200 k� � 100 k�.

(a) The design will have two parts: one in which we set the low 3-dB frequency at fL � 150 Hz and one in

which we set the high 3-dB frequency at fH � 2 MHz.

A>V

EXAMPLE 7.13

D
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The steps to set fL � 150 Hz are as follows:

Step 1. Calculate the equivalent resistances RC1, RC2, and RCS. From Eq. (7.117),

RC1 � Rs 	 RG � 200 	 100 k� � 100.2 k�

From Eq. (7.118),

RC2 � RD 	 RL � 5 k� 	 5 k� � 10 k�

From Eq. (7.119),

Step 2. Assume that fCS is the dominant cutoff frequency. Then fCS � fL � 150 Hz.

Step 3. Calculate the required value of CS:

Step 4. Assume fC2 � fL ⁄10 � 150 ⁄10 � 15 Hz.

Step 5. Calculate the required value of C2:

Step 6. Assume fC1 � fL ⁄20 � 150 ⁄ 20 � 7.5 Hz.

Step 7. Calculate the required value of C1:

The steps to set fH � 500 Hz are as follows:

Step 1. From Eq. (7.120),

RCgs � Rs � RG � 200 � � 100 k� � 199.6 �

From Eq. (7.121),

RCgd � (5 k� � 5 k�) 	 (200 � � 100 k�) � [1 	 10 mA ⁄ V � (5 k� � 5 k�)] � 7.69 k�

Step 2. From Eq. (7.122),

which gives Cx � 10.2 � 2 � 8.2 pF. This is the value of the additional capacitor Cx that is to be connected

between the gate and drain terminals.

(b) Applying Eq. (2.98), we have for the effective Miller’s capacitance between the gate and source terminals

Ceq � (Cgd 	 Cx)[1 	 gm(RL � RD)] 	 Cgs (7.123)

� 10.2 pF � [1 	 10 mA ⁄ V � (5 k� � 5 k�)] 	 5 pF � 270.2 pF

The equivalent resistance faced by Ceq is Req � RCgs � Rs � RG � 199.6 �. Thus the high 3-dB frequency is

fH =

1

2pCeqReq
=

1

2p * 270.2 pF * 199.6 Æ
= 2.95 MHz

fH =

1

2p[199.6 Æ * 5 pF + 7.69 kÆ * (Cgd + Cx)]
= 2 MHz or Cgd + Cx = 10.2 pF

fC1 =

1

2pRC1C1
=

1

2p * 100.2 kÆ * C1
= 7.5 Hz  or  C1 = 0.21 
F

fC2 =

1

2pRC2C2
=

1

2p * 10 kÆ * C2
= 15 Hz  or  C2 = 1.06 
F

fCS =

1

2pRCSCS
=

1

2p * 95.2 * CS
= 150 Hz  or  CS = 11.1 
F

RCS = 2 kÆ 7  a 1

10 * 10 -3
b = 95.2 Æ
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7.13.4 Common-Drain Amplifiers

A common-drain MOSFET amplifier is shown in Fig. 7.56(a).

Low Cutoff Frequencies

Replacing the MOSFET in Fig. 7.56(a) by its small-signal model in Fig. 7.52(b) gives the low-frequency

equivalent circuit shown in Fig. 7.56(b), which has two coupling capacitors C1 and C2. If we assume C2 is

short-circuited, as shown in Fig. 7.57(a), Thevenin’s equivalent resistance presented to C1 is

RC1 � Rs 	 RG (7.124)

If C1 is short-circuited, the equivalent circuit is shown in Fig. 7.57(b). From Eq. (7.119), the output resis-

tance is given by

(7.125)

Thevenin’s equivalent resistance presented to C2 is

RC2 � RL 	 Ro (7.126)

RC2, which is normally less than RC1, controls the low cutoff frequency.

Ro = RSR 7  1
gm
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FIGURE 7.56 Common-drain MOSFET amplifier
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FIGURE 7.57 Equivalent circuits of a common-drain MOSFET amplifier for

the short-circuit method
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High Cutoff Frequencies

Replacing the MOSFET in Fig. 7.56(a) by its high-frequency model in Fig. 7.52(a) gives the high-

frequency equivalent circuit shown in Fig. 7.58(a). If we assume Cgs is open-circuited and vs � 0, the

equivalent circuit is shown in Fig. 7.58(b). Thevenin’s equivalent resistance presented to Cgd is

RCgd � Rs � RG (7.127)

If we assume Cgd is open-circuited, the equivalent circuit is shown in Fig. 7.58(c). To find RCgs, we

remove Cgs and apply a test voltage vx, as shown in Fig. 7.58(d). Using KVL around the loop formed by

Rs in parallel with RG and by RL in parallel with RSR, we get

vx � (Rs � RG)ix 	 (RL � RSR)(ix � gmvx)

which can be simplified to

ix(Rs � RG 	 RL � RSR) � vx[1 	 gm(RL � RSR)]

or

Thus, Thevenin’s equivalent resistance presented to Cgs is

(7.128)

and the high 3-dB frequency is

(7.129)fH =

1

2p(RCgdCgd + RCgsCgs)

RCgs =

vx

ix
=

Rs 7  RG + RL 7  RSR

1 + gm(RL 7  RSR)

ix

vx
=

1 + gm(RL 7  RSR)

Rs 7  RG + RL 7  RSR

Microelectronic Circuits: Analysis and Design402
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FIGURE 7.58 High-frequency equivalent circuits of a common-drain MOSFET amplifier
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Finding the high cutoff frequency of a common-drain MOSFET amplifier The circuit parameters

of the MOSFET amplifier in Fig. 7.56(a) are Cgd � 2 pF, Cgs � 5 pF, Rs � 200 �, gm � 10 � 10�3 A ⁄ V, 

RSR � 2 k�, RL � 5 k�, R1 � 200 k�, and R2 � 200 k�. Calculate the high 3-dB frequency fH.

SOLUTION

RG � R1 � R2 � 200 k� � 200 k� � 100 k�. From Eq. (7.127),

RCgd � 200 � � 100 k� � 199.6 �

From Eq. (7.128),

From Eq. (7.129), the high 3-dB frequency is

fH =

1

2p(RCgdCgd + RCgsCgs)
=

1

2p * (199.6 Æ * 2 pF + 106.5 Æ * 5 pF)
= 170.8 MHz

RCgs =

200 Æ 7  100 kÆ + 5 kÆ 7  2 kÆ

1 + 10 mO    * (5 kÆ 7  2 kÆ)
= 106.5 Æ

EXAMPLE 7.14

7.13.5 Common-Gate Amplifiers

A common-gate MOSFET amplifier is shown in Fig. 7.59(a).

Low Cutoff Frequencies

Replacing the MOSFET in Fig. 7.59(a) by its low-frequency model gives the low-frequency equivalent cir-

cuit shown in Fig. 7.59(b), which contains two coupling capacitors C1 and C2. If we assume C2 and CG are

short-circuited, the equivalent circuit is shown in Fig. 7.60(a). The resistance representing the current

source is 1⁄gm, and Thevenin’s equivalent resistance presented to C1 is

(7.130)RC1 = Rs + aRSR 7  1
gm
b

M1
Rs

vs

R1

RD

RSR

io

C1 C2

RL

(a)  CG MOSFET amplifier

vo

CG VDD

DS

G

R2

Rs

vs RSR

io

C1 C2

RL

RD

(b)  Low-frequency equivalent circuit

vgs

CG

DS

RG

G

gmvgs

~ ~
+

− +

+

−

+ +

−

−

−

FIGURE 7.59 Common-gate MOSFET amplifier
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If C1 and CG are short-circuited, as shown in Fig. 7.60(b), Thevenin’s equivalent resistance pre-

sented to C2 is

RC2 � RD 	 RL (7.131)

If C1 and C2 are short-circuited, as shown in Fig. 7.60(c), Thevenin’s equivalent resistance becomes

RCS � RG � R1 � R2 (7.132)

In general, RCG � RC2 � RC1, and RC1 controls the low cutoff frequency.

High Cutoff Frequencies

The high-frequency equivalent circuit of the common-gate amplifier in Fig. 7.59(a) is shown in Fig. 7.61(a).

The equivalent circuit, with Cgs open-circuited, is shown in Fig. 7.61(b). gmvgs behaves as open circuit at

vgs � 0. Thevenin’s equivalent resistance presented to Cgd is

RCgd � RL � RD (7.133)

Microelectronic Circuits: Analysis and Design404

G

RG

(c)  C1 and C2 shorted

CG
gmvgsvgs RSR

C1

(a)  C2 and CG shorted

S D

RLRD

G 1
gm

Rs

+

−

(b)  C1 and CG shorted

Rs

D

RLRSR RD

C2
S

gmvgs

vgs

+

−

FIGURE 7.60 Equivalent circuits of a common-gate amplifier for the short-circuit method

1
gm

Rs

vgs

S

G

D

RLRSR RD

gmvgs

(a)  High-frequency equivalent circuit

vs Cgs Cgd

Rs

RLRSR RD

gmvgs

(c)  Cgd zero value

Cgs

Rs

vgs vgsRLRSR RD

gmvgs

(b)  Cgs zero value

Cgd

~
+

−
+

−

+

−

+

−

FIGURE 7.61 High-frequency equivalent circuits of a common-gate amplifier
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If we assume Cgd is open-circuited, the equivalent circuit is shown in Fig. 7.61(c). The resistance

representing the current source is 1 ⁄ gm, which forms a parallel circuit with Rs and RSR. Thevenin’s equiva-

lent resistance presented to Cgs is given by

(7.134)

Thus, the high 3-dB frequency is given by

(7.135)

� NOTE fH is almost independent of the transistor gain gm since RCgs �� RCgd and there is no Miller’s
capacitance multiplication effect. Common-gate amplifiers are used for high-frequency applications.

fH =

1

2p(RCgdCgd + RCgsCgs)

RCgs = Rs 7  RSR 7  1
gm

Metal Oxide Semiconductor Field-Effect Transistors 405

Finding the high cutoff frequency of a common-gate MOSFET amplifier The circuit parameters of

the MOSFET amplifier in Fig. 7.59(a) are Cgd � 2 pF, Cgs � 5 pF, Rs � 200 �, gm � 10 � 10�3 A ⁄ V,

RSR � 2 k�, RD � RL � 5 k�, R1 � 200 k�, and R2 � 200 k�. Calculate the high 3-dB frequency fH.

SOLUTION

RG � R1 � R2 � 200 k� � 200 k� � 100 k�. From Eq. (7.133),

RCgd � 5 k� � 5 k� � 2.5 k�

From Eq. (7.134),

From Eq. (7.135), the high 3-dB frequency is

fH =

1

2p(RCgdCgd + RgsCgs)
=

1

2p(2.5 kÆ * 2 pF + 64.5 Æ * 5 pF)
= 29.9 MHz

RCgs = Rs 7  RSR 7  1
gm

= 200 Æ 7 2 k� 7  1

10 mA>V = 64.5 Æ

EXAMPLE 7.15

Finding the frequency response of a two-stage CD–CS MOSFET amplifier A two-stage MOSFET

amplifier is shown in Fig. 7.62. The circuit parameters are Cgd1 � Cgd2 � 2 pF, Cgs1 � Cgs2 � 5 pF, Rs � 200 �,

gm1 � gm2 � 10 � 10�3 A ⁄ V, Rs � 200 �, RG1 � 50 k�, RSR1 � 250 �, RD2 � 5 k�, RSR2 � 150 �, 

RL � 10 k�, C1 � 1 
F, C2 � 10 
F, and CS2 � 5.3 
F.

(a) Calculate the low 3-dB frequency fL.

(b) Calculate the high 3-dB frequency fH.

EXAMPLE 7.16
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SOLUTION

(a) The low-frequency equivalent circuit is shown in Fig. 7.63(a). There are two coupling capacitors, C1 and

C2, and one source bypass capacitor, CS2.

The time constant �1 due to C1 is

�1 � (Rs 	 RG1)C1 (7.136)

� (200 � 	 50 k�) � 1 
F � 50.2 ms

The time constant �2 due to C2 is

�2 � (RD2 	 RL)C2 (7.137)

� (5 k� 	 10 k�) � 10 
F � 150 ms

Microelectronic Circuits: Analysis and Design406

gm1vgs1

C1

~

is

vs

C2Rs

RG1 RD2

io

RL

(a)  Low-frequency equivalent circuit

D2G1
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RSR1 RSR2

S1 S2G2 vgs2

CS2

gm2vgs2

Rs

vgs1

vgs2

S1G1

RLRSR1 RD2

Cgs1 Cgd2

(b)  High-frequency equivalent circuit

gm1vgs1

RG1~vs Cgd1

G2

Cgs2

D1 S2

D2

gm2vgs2

+

−

+

−

+ −

+ +−

−

+ −

FIGURE 7.63 Equivalent circuits for Fig. 7.62
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FIGURE 7.62 Two-stage MOSFET amplifier
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The time constant �3 due to CS2 is

(7.138)

� [150 � � (1000 ⁄10 A ⁄ V)] � 5.3 �F � 0.32 ms

From Eq. (2.106), the low 3-dB frequency is

(b) The high-frequency equivalent circuit is shown in Fig. 7.63(b). Applying Eq. (7.128) gives Thevenin’s

equivalent resistance presented to Cgs1 as

(7.139)

and the time constant �gs1 is

�gs1 � Rgs1Cgs1 (7.140)

� 128.3 � � 5 pF � 0.642 ns

If Rgs2 is Thevenin’s equivalent resistance faced by Cgs2 with Cgs1, Cgd1, and Cgd2 open-circuited, Rgs2will

be the parallel combination of RSR1 and the output resistance of transistor M1. That is,

(7.141)

and the time constant �gs2 is

�gs2 � Rgs2Cgs2 (7.142)

� 71.4 �� 5 pF � 0.36 ns

If Rgd1 is Thevenin’s equivalent resistance faced by Cgd1 with Cgs1, Cgs2, and Cgd2 open-circuited, the time

constant �gd1 is

�gd1 � (Rs � RG1)Cgd1 (7.143)

� (200 � � 50 k�) � 2 pF � 0.398 ns

With Cgs1, Cgs2, and Cgd1 open-circuited, Thevenin’s equivalent resistance faced by Cgd2 can be found by apply-

ing Eq. (2.116):

Rgd2 � (RD2 � RL) � Rgs2[1 � gm2(RD2 � RL)] (7.144)

� (5 k� � 10 k�) � 71.4 � � [1 � 10 � 10�3 A ⁄ V � (5 k� � 10 k�)] � 5.78 k�

= 250 Æ 7  1000

10 A>V = 71.4 Æ

Rgs2 = RSR1 7  1
gm1

=

200 Æ 7  50 kÆ + 250 Æ

1 + 10 * 10-3 A>V * 250 Æ
= 128.3 Æ

Rgs1 =

Rs 7  RG1 + RSR1

1 + gm1RSR1

fL =

1

2p
 c 1

50.2 ms
+

1

150 ms
+

1

0.32 ms
d = 502 Hz

t3 = aRSR2 ƒ ƒ  
1

gm2
bCS2
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7.14 Design of MOSFET Amplifiers

When an amplifier is being analyzed, the components are specified; however, when an amplifier is

being designed, the designer must select the values of the circuit components. The design task can be

simplified if a simple transistor model is used to find approximate values of the components. After the

initial design stage, the next step is to analyze the amplifier with these approximate values and to com-

pare the performance parameters with the desired values. Often the specifications are not met, and it is

necessary to modify the component values. An amplifier is normally specified by the input resistance

Ri, the output resistance Ro, and the voltage gain Avo. These specifications are normally defined by the

following values:

Source resistance Rs

DC supply voltages VDD and VSS for MOSFETs

Load resistance RL

Overall voltage gain Av (�vL ⁄vs) (at a specified RL)

Output resistance Ro

Input resistance Ri

After the specifications of an amplifier have been established, we will develop the necessary design

conditions and the steps in meeting design specifications.

We have noted that the technique of DC analysis differs from that of AC analysis. For DC analysis,

the load line is set by the DC resistance Rdc. That is,

(7.146)
Rdc = bRD + RSR for the CS amplifier of Fig. 7.34(a)

RSR              for the CD amplifier of Fig. 7. 42(a)

Microelectronic Circuits: Analysis and Design408

and the time constant �gd2 is

�gd2 � Rgd2Cgd2 (7.145)

� 5.78 k� � 2 pF � 11.57 ns

Thus, the high 3-dB frequency is

fH =

1

2p * (0.642 n + 0.36 n + 0.398 n + 11.57 n)
= 12.27 MHz

KEY POINTS OF SECTION 7.13

■ A MOSFET has depletion-layer capacitances from gate to source, gate to drain, and gate to substrate.

■ A MOSFET has parasitic oxide capacitances from gate to source, gate to drain, gate to substrate, and

drain to substrate. The gate-to-channel capacitance depends on the oxide thickness, channel length,

and channel width.

■ The transition frequency is limited by the internal capacitances.
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For AC analysis, the load line is set by the AC resistance. That is,

(7.147)

Under the no-load condition, the load resistance RL is disconnected; the AC resistance Rac equals

RD. Thus, there are two load lines that must be considered in designing an amplifier circuit. So far, we

have considered the DC load line only while designing a biasing circuit. The AC and DC load lines for

CS amplifiers are shown in Fig. 7.64. The Q-point, which is specified for a zero AC input signal, lies

on both the AC and the DC load lines. The AC load line passes through the Q-point and has a slope

of �1 ⁄ Rac. The slope of the AC line is greater in magnitude than that of the DC line. The AC load line

may be described by

which gives

(7.148)

The maximum AC drain current ID(max), which occurs at vDS � 0, can be found from Eq. (7.148):

(7.149)ID(max) =

VDS

Rac
+ ID

iD = -  

vDS

Rac
+ aVDS

Rac
+ IDb

iD - ID =

- (vDS - VDS)

Rac

Rac = bRD 7  RL  for the CS amplifier of Fig. 7 .34(a)

RSR 7  RL    for the CD amplifier of Fig. 7 .42(a)

Metal Oxide Semiconductor Field-Effect Transistors 409

ID

VDS
Rac

ID +

VDD
Rdc

VDS VDD(VDS + IDRac)

Q-point

1
Rac

AC load line, slope = − 

DC load line, slope = − 
1

Rdc

0

iD

vDS

FIGURE 7.64 AC and DC load lines for CE amplifiers
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From Eq. (7.149), the quiescent drain current ID can be related to the AC and DC load lines by

(7.150)

The input resistance of MOSFETs is high and can be selected independently of the voltage gain. MOSFET

amplifiers are normally designed to provide a specified voltage gain Av. Three possible circuit configura-

tions are shown in Fig. 7.65. RSR (�RSR1 	 RSR2) provides the required biasing voltage, and RSR1 gives the

VDD

ID
= Rdc + Rac

Microelectronic Circuits: Analysis and Design410
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+
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+
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(c)  MOSFET amplifier

FIGURE 7.65 Circuit configurations for MOSFET amplifiers
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necessary voltage gain Avo. After establishing the specifications of the amplifier, choose a suitable MOSFET

and note its particular pinch-down voltage Vp (or threshold voltage Vt), drain current IDSS (for vGS � 0) (or

MOSFET constant Kn), and channel modulation voltage VM (or assume a typical value of 200 V). Then

choose the drain current ID at the Q-point. When choosing ID, find the maximum value of ID(max) from the

data sheet for the transistor you have in mind. Then choose ID  ID(max) ⁄ 2 and the circuit topology of

Fig. 7.65[(a), (b), or (c)].

The design steps required to accomplish the specifications are as follows:

Step 1. Using either Eq. (7.8) or Eq. (7.21), find the gate-to-source voltage VGS for known values of

ID, IDSS, Vt, and VP.

Step 2. For the known value of VGS, calculate RSR. One method is to use

VGS � RSR⏐ID⏐ for depletion MOSFETs as in Fig. 7.65(a)

For other configurations, use

VSR � � RSRID

which gives RSR � VDD ⁄ (3ID), and

VGS �

Step 3. From Eq. (7.26), calculate the output resistance ro of the MOSFET:

Step 4. From either Eq. (7.28) or Eq. (7.31), calculate the transconductance gm of the MOSFET:

where

gmo = c - 2KnVp =

2IDSS

|Vp|
    for depletion MOSFETs  

- 2Kn|Vt|               for enhancement MOSFETs

gm = e
gmo a1 -

VGS

|Vp|
b     for depletion MOSFETs

gmo a1 -

VGS

|Vt|
b       for enhancement MOSFETs

ro =

|VM|

iD

c
R2 VDD

R1 + R2
- RSRID      for MOSFETs as in Fig. 7 .65(b)

VDD - VSR = VDD - RSRID    for MOSFETs as in Fig. 7 .65(c)

VDD

3

ID = bKn(VGS - Vt)
2  for enhancement MOSFETs

Kn(VGS - Vp)2        for depletion MOSFETs

Metal Oxide Semiconductor Field-Effect Transistors 411
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Step 5. Calculate the gate resistance RG or resistances R1 and R2. Calculate RG from

RG � Ri for MOSFETs as in Fig. 7.65(a)

We set

which can be solved to calculate R1 and R2

where VG � VSR 	 VGS and VSR is the DC voltage at the source terminal.

Step 6. For known values of RL, ID, VDD, and RSR, calculate the drain resistance RD. With Rdc � RD 	
RSR and Rac � RD � RL, Eq. (7.150) gives

Step 7. Assuming a voltage gain Avo, let the no-load voltage gain Avo be equal to Av. That is, let

Avo � Av as the first approximation. From Eq. (7.70), the no-load voltage gain Avo is given by

from which the source resistance RSR1 can be found:

where �g � gmro.

Step 8. Calculate the value of bypassed source resistance RSR2:

RSR2 � RSR � RSR1

If RSR2 � 0, Avo is too high; choose a transistor with a higher value of gm.

Step 9. Using Eq. (7.65), calculate the output resistance Ro:

Ro � [ro 	 (1 	 �g)RSR1] � RD

 RSR1 =

mgRD - |Avo|(RD + ro)

|Avo|(1 + mg)

|Avo| =

vo

vg
=

mgRD

RD + ro + (1 + mg)RSR1

VDD

ID
= Rdc + Rac = RD + RSR +

RDRL

RD + RL

R2 =

RiVDD

VDD - VG
  for MOSFETs as in Fig. 7 .65(b)

R1 =

RiVDD

VG
      for MOSFETs as in Fig. 7 .65(b)

RG =

R1R2

R1 + R2

vG =

VDDR2

R1 + R2
=

VDD

1 + R1>R2
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Step 10. Calculate the voltage gain Av:

Step 11. If the value of Av in step 10 is not greater than or equal to the desired value of Av, repeat

steps 7 through 10 with progressively higher values of Avo until you obtain the desired value for Av in

step 10. If the gain requirement cannot be obtained, choose a transistor with a higher value of gm.

Av =

vL

vs
=

AvoRiRL

(Ri + Rs)(RL + Ro)

Metal Oxide Semiconductor Field-Effect Transistors 413

KEY POINTS OF SECTION 7.14

■ In general, designing involves decision making and an iterative process. The design steps developed

in this section will be helpful in finding component values to satisfy specifications.

■ Designing an amplifier requires prior knowledge of desired specifications, choice of a MOSFET, and

choice of a Q-point.

■ Once the type of transistor and the Q-point have been chosen, the next step is to choose the biasing

circuit and find its component values.

■ The small-signal parameters, which are calculated from the values of the Q-point, are then used to

find the emitter (or source) resistance needed to obtain the desired voltage gain or input resistance.

Summary

MOSFETs, which are voltage-dependent devices, are of two types: junction MOSFETs and MOSFETs.

MOSFETs are of two types: enhancement and depletion. Each type can be either p-channel or n-channel.

Depending on the value of the drain-to-source voltage, a MOSFET can operate in one of three regions:

ohmic, saturation, or cutoff. In the ohmic region, a MOSFET is operated as a voltage-controlled device.

In the saturation region, a MOSFET is operated as an amplifier. An enhancement MOSFET conducts

only when the gate-to-source voltage exceeds the threshold voltage. The gate current of a MOSFET

is very small (on the order of nA). A MOSFET can be modeled by a voltage-controlled current

source. MOSFETs should be biased properly to set the gate-to-source voltage in appropriate polar-

ity and magnitude. The Q-point should be stable, and a biasing circuit should be designed to mini-

mize the effect of parameter variations. MOSFETs are widely used in very-large-scale integrated

(VLSI) circuits.
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Review Questions

1. What is a DC load line?
2. What is an AC load line?
3. What are the advantages of MOSFETs?
4. What are the types of MOSFETs?
5. What is an NMOS?
6. What is a PMOS?
7. What is the ohmic region of a MOSFET?
8. What are the effects of MOSFET characteristics on the biasing point?
9. What is the transconductance gain gm of a MOSFET?

10. What is the small-signal output resistance ro of a MOSFET?
11. What is the channel modulation voltage of a MOSFET?
12. What is the purpose of a source-bypassed capacitor?
13. What are the performance parameters of an amplifier?
14. What are the characteristics of CS-configuration amplifiers?
15. What are the characteristics of source followers?

Problems

The symbol indicates that a problem is a design problem. The symbol indicates that you can check the solution

to a problem using PSpice/SPICE or Electronics Workbench.

7.2 and 7.4 Enhancement and Depletion MOSFETs

7.1 An NMOS has a channel width of and a channel length of ; the thickness of the sil-

icon dioxides is , the dielectric constant of the silicon dioxide layer is , and the mobility

of the electrons in the inversion layer is (volt-sec). Determine the MOS constants Kn and Kp.

7.2 An NMOS has a substrate impurity doping concentration of cm3, a threshold voltage of

and a channel length of ; and . Determine the channel

modulation voltage VM.

7.3 An NMOS has a substrate impurity doping concentration of cm3, a threshold voltage of

and a channel length of ; Plot the channel modulation voltage VM for

.

7.4 An NMOS has a substrate impurity doping concentration of cm3 and an intrinsic concen-

tration of ; (a) Determine the depletion width xp extending to the

p-region substrate for and (b) plot xp.VDS = 10 V,
T = 25oC.n i =  1 .5 * 1010 cm-3

Na = 2 * 1016

VDS = 5 V to 20 V
VGS = 2.5 V.L = 10 
mVtN = 1 V,

Na = 2 * 1016

VDS = 5 VVGS = 2.5 VL = 10 
mVtN = 1 V,
Na = 2 * 1016

mn = 500 cm2>
eox = 4tox = 10 nm

L = 2 
mW = 40 
m

PD
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7.5 An NMOS has a drain current of at and at . If the

NMOS operates in the saturation region, determine (a) its threshold voltage Vt, (b) the MOS constant Kn,

(c) the drain current ID at , and (d) the minimum drain-to-source voltage to

operate in the saturation region.

7.6 A PMOS has a drain current of at at If the

PMOS operates in the saturation region, determine (a) its threshold voltage Vt, (b) the MOS constant Kn,

(c) the drain current ID at and (d) the minimum drain-to-source voltage VSD(sat) at

to operate in the saturation region.

7.7 A depletion NMOS has a drain current of at , and at

. If the NMOS operates in the saturation region, determine (a) its pinch-off voltage Vp, (b) the

MOS constant Kn, (c) the drain current ID at , and (d) the minimum drain-to-source voltage

at to operate in the saturation region.

7.8 A depletion PMOS has a drain current of at , and at

. If the PMOS operates in the saturation region, determine (a) its pinch-off voltage Vp, (b) the

MOS constant Kn, (c) the drain current ID at , and (d) the minimum drain-to-source voltage

at to operate in the saturation region.

7.9 An NMOS has a substrate impurity doping concentration of cm3 and an intrinsic concen-

tration of ; , and the oxide thickness . The threshold volt-

age is at . Plot Vt for .

7.10 An NMOS has a threshold voltage and a MOS constant . It operates in the

ohmic region and offers a drain-to-source resistance at . Determine the gate-to-

source voltage VGS.

7.11 An NMOS has a threshold voltage and MOS constant . It operates in the ohmic

region and offers a drain-to-source resistance at . Determine the drain-to-source

voltage VDS.

7.7 DC Biasing of MOSFETs

7.12 The NMOS biasing circuit in Fig. P7.12 has , , and The MOS

parameters are , , and . Determine (a) the drain current ID, (b) the gate-

to-source voltage VGS, (c) the drain-to-source voltage VDS, (d) the small-signal transconductance gm, and

(e) the output resistance ro.

7.13 The NMOS biasing circuit in Fig. P7.13 has , and .

The MOS parameters are , and . Determine (a) the drain current ID,

(b) the gate-to-source voltage VGS, (c) the drain-to-source voltage VDS, (d) the small-signal transconduc-

tance gm, and (e) the output resistance ro.

l = 0.01Vt = 1 V,Kn = 0.5 mA>V2
VDD = 12 VRG = 500 kÆ,RSR = 500 Æ,RD = 1.5 kÆ

RG

RD

+VDD 

M1

FIGURE P7.12

l = 0.01Vt = 1 VKn = 0.5 mA>V2
VDD = 12 V.RG = 500 kÆRD = 1.5 kÆ

VGS = 1.5 VRds = 100 Æ

Kn = 0.5 mA>V2Vt = 1 V

VDS = 2 VRds = 50 Æ

Kn = 0.5 mA>V2Vt = 1 V
VSB = 5 V to 30 VVSB = 0 VVto = 1 V
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mT = 25oCNi =  1 .5 * 1010 cm-3
Na = 2 * 1016
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VGS = 2 V
VGS2 = 1.5 V

ID2 = 2.5 mAVGS1 = 2.5 VID1 = 1 mA

VGS = -1.5 VVDS(sat)

VGS = -1.5 V
VGS2 = -1 V

ID2 = 2.5 mAVGS1 = -2.5 VID1 = 1 mA

VGS = -2 V
VGS = -2 V,

VGS2 = -2.5 V.ID2 = 2.5 mAVGS1 = -1.5 V;ID1 = 1 mA

VGS = 2 VVDS(sat)VGS = 2 V
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7.14 The MOS biasing circuit in Fig. P7.14 has , , 

and . The MOS parameters are , and . Determine

(a) the drain current ID, (b) the gate-to-source voltage VGS, (c) the drain-to-source voltage VDS, (d) the

small-signal transconductance gm, and (e) the output resistance ro.

7.15 The pinch-down voltage of an n-channel depletion NMOS is Vp � �5 V, and the saturation current is IDSS �
40 mA. The value of vDS is such that the transistor is operating in the saturation region. The drain current is

iD � 15 mA. Calculate the gate-to-source voltage vGS.

7.16 The pinch-down voltage of a p-channel depletion NMOS is Vp � 5 V, and the saturation current is IDSS �
�40 mA. The value of vDS is such that the transistor is operating in the saturation region. The drain current

is iD � �15 mA. Calculate the gate-to-source voltage vGS.

7.17 An n-channel enhancement MOSFET has Vt � 3.5 V and iD � 8 mA (at vGS � 5.8 V). Find (a) iD when

vGS � 5 V, (b) vGS when iD � 6 mA, (c) the value of vDS at the boundary between the ohmic and saturation

regions if iD � 6 mA, and (d) the ratio W⁄L if �n � 600 cm2⁄ volt-sec, tox � 0.1 
m, and Cox � 3.5 � 10�11

F ⁄cm2. Assume operation in the saturation region.

7.18 A p-channel enhancement MOSFET has Vt � �3.5 V and iD � �8 mA (at vGS � �5.8 V). Find (a) iD
when vGS � �5 V, (b) vGS when iD � �6 mA, (c) the value of vDS at the boundary between the ohmic and

saturation regions when iD � �6 mA, and (d) the ratio W ⁄L if �n � 600 cm2 ⁄ volt-sec, tox � 0.1 
m, and

Cox � 3.5 � 10�11 F ⁄cm2.

7.19 An n-channel depletion MOSFET has Vp � �5 V and iD � 0.5 mA (at vGS � �4 V). Find (a) iD when vGS

� �2 V, (b) vGS when iD � 6 mA, (c) the value of vDS at the boundary between the ohmic and saturation

regions when iD � 6 mA, and (d) the ratio W⁄L if �n � 600 cm2⁄ volt-sec and Cox � 3.5 � 10�11 F ⁄cm2.

Assume operation in the saturation region.

7.20 The n-channel depletion NMOS circuit of Fig. 7.25(a) has RD � 1.5 k�, RSR � 1 k�, R1 � �, R2 � 500 k�,

and VDD � 15 V. Calculate ID, VGS, and VDS if (a) IDSS � 25 mA and iD � 0.5 mA (at vGS � �6.5 V)

and (b) IDSS � 5 mA and iD � 0.5 mA (at vGS � �1.5 V).

FIGURE P7.14
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7.21 The biasing circuit for the n-channel depletion NMOS of Fig. 7.25(a) has R1 � 350 k�, R2 � 100 k�, VDD �
15 V, RD � 1.5 k�, and RSR � 2.3 k�. The transistor parameters are IDSS � 15 mA and Vp � �4.5 V.

Assume operation in the saturation region.

a. Calculate the values of ID, VDS, and VGS at the Q-point.

b. Calculate the minimum value of RSR so that VGS  0.

c. Use PSpice/SPICE to verify your design in part (a).

7.22 An n-channel depletion NMOS amplifier is shown in Fig. P7.22(a). The drain characteristic is shown in

Fig. P7.22(b). The quiescent values are ID � 5 mA, VDS � 10 V, and VGS � �2 V. Calculate the values of

RD and RSR.

7.23 For the n-channel depletion NMOS circuit shown in Fig. P7.23, RD � 2.5 k� and VDD � 18 V. The

parameters of the depletion NMOS are Vp � �1.5 V and IDSS � 5 mA. Calculate the quiescent values

of ID, VDS, and VGS.

7.24 For the n-channel depletion NMOS circuit shown in Fig. P7.24, the quiescent values are ID � 7.5 mA and

VDS � 10 V. The parameters of the MOSFET are IDSS � 10 mA and Vp � �5 V. If the drain characteristic

is described by

calculate (a) the quiescent value of VGS and (b) the values of RSR and RD. Assume VDD � 20 V.

iD = IDSS c1 -

VGS

Vp
d2

+VDD = 18 V

+
−VGG

10 V

R2
25 kΩ

R1
3 kΩ

RD

M1

FIGURE P7.23

FIGURE P7.22
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7.25 The NMOS biasing circuit shown in Fig. 7.25(a) has VDD � 15 V, R1 � 400 k�, R2 � 150 k�, RD � 2.5 k�,

and RSR � 4 k�. The parameters of the NMOS are Vt � 2.5 V and Kp � 1 mA ⁄ V2. Calculate VDS and VGS.

7.26 Design a biasing circuit as shown in Fig. 7.25(a) for an n-channel depletion NMOS. The operating point

must be maintained at ID � 8 mA and VDS � 7.5 V. The DC supply voltage is 15 V. The MOSFET parameters

are IDSS � 15 mA and Vp � �5 V. Assume operation in the saturation region.

7.27 For the biasing circuit for an NMOS shown in Fig. 7.25(a), Vt varies from 1 V to 2.5 V and Kp varies from

200 
A ⁄ V2 to 150 
A ⁄ V2. If the variation of the drain current must be limited to 350 
A � 20%, calculate

the values of RSR, R1, R2, and RD.

7.28 A circuit for an n-channel depletion MOSFET is shown in Fig. P7.28. The transistor parameters are Vp � �5 V

and IDSS � 10 mA. Calculate the quiescent values of ID, VDS, and VGS. Assume R1 � 1 M�, R2 � 60 k�,

and RD � 1 k�.

7.29 A circuit for an n-channel enhancement-type MOSFET is shown in Fig. P7.29. The parameters of the NMOS

are Vt � 4 V and Kn � 1.2 mA ⁄ V2. If the quiescent values are to be set at ID � 10 mA and VDS � 8 V, cal-

culate the values of R1, R2, and RD. Assume VDD � 20 V.

M1

R1

R2

RD

+VDD

FIGURE P7.29

RD
1 kΩ

M1

+VDD = 18 V

R1
1 MΩ

R2
600 kΩ

FIGURE P7.28

+VDD

RD
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FIGURE P7.24
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7.30 Plot the approximate transfer characteristic of the NMOS circuit of Fig. P7.30 for Vi � 0 to 5 V. The circuit

parameters are RD � 25 k�, Kn � 20 
A ⁄ V2 (vO versus vI), and Vt � 2 V.

7.31 The parameters of the NMOS circuit shown in Fig. P7.31 are Kn � 1 mA/V2, Vt � 2 V, and VDD � 12 V.

Determine the values of Vo, ID, and VDS.

7.32 The parameters of the NMOS circuit in Fig. P7.31 are Kn � 1 mA ⁄ V2, Vt � 2 V, and VDD � 12 V. Deter-

mine the value of RSR so that VO � 5 V.

7.33 The parameters of the MOSFET circuit shown in Fig. P7.33 are Kn � 1.5 mA ⁄ V2, Vt � �2 V, RSR � 1.5 k�,

and VDD � 12 V. Determine the values of VO, ID, and VDS.

7.8 – 7.10 MOSFET Amplifiers

7.34 The depletion NMOS amplifier of Fig. P7.34 has Rs 500 �, RL 10 k�, RSR RD 5 k�, RG 100 k�,

IDSS 10 mA, Vp �4 V, ⏐VM⏐ 200 V, and VDD 12 V. Calculate (a) the input resistance Rin �

vs ⁄is, (b) the no-load voltage gain Avo � vo ⁄vg, (c) the output resistance Ro, and (d) the overall voltage gain

Av � vL ⁄vs.

====

=====

FIGURE P7.33
+VDD = 12 V 

M1

+

−

VO
RSR
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7.35 The MOSFET amplifier of Fig. P7.35 has Rs � 500 �, RD � RL � 5 k�, RG1 � 7 M�, RG2 � 5 M�,

Kp � 20 mA ⁄ V2, Vt � 3.5 V, ⏐VM⏐ � 200 V, and VDD � 12 V. Calculate (a) the input resistance Rin � vs ⁄is,
(b) the no-load voltage gain Avo � vo ⁄ vg, (c) the output resistance Ro, and (d) the overall voltage gain

Av � vL ⁄vs.

7.36 The NMOS amplifier of Fig. P7.36 has VDD � 15 V, Rs � 500 �, RL � 10 k�, RSR � 3 k�, RD � 5 k�,

RG1 �700 k�, RG2 �300 k�, VM � �150 V, Vt � 2.4 V, and Kn � 2.042 mA ⁄ V2. Calculate (a) the input

resistance Rin � vs ⁄ is, (b) the no-load voltage gain Avo � vo ⁄vg, (c) the output resistance Ro, and (d) the

overall voltage gain Av � vL ⁄vs.
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FIGURE P7.36
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7.37 The NMOS amplifier of Fig. P7.36 has VDD � 15 V, Rs � 1 k�, RL � 5 k�, RSR � 1 k�, RD � 5 k�,

, VM � �100 V, Vt � 2 V, and Kp � 10 mA ⁄ V2. Calculate (a) the input resis-

tance Rin � vs ⁄is, (b) the no-load voltage gain Avo � vo ⁄vg, (c) the output resistance Ro, and (d) the overall

voltage gain Av � vL ⁄vs.

7.38 The MOSFET amplifier of Fig. P7.38 has Rs � 500 �, R1 � 30 k�, R2 � 50 k�, RD � 10 k�, and

RL � 15 k�. Assume VM � �200 V, Vt � 2 V, and Kn � 30 mA ⁄ V2. Calculate (a) the input resistance

Rin � vs ⁄is, (b) the no-load voltage gain Avo � vo ⁄vg, (c) the output resistance Ro, and (d) the overall voltage

gain Av � vL ⁄vs.

7.39 The parameters of the NMOS amplifier in Fig. P7.39 are , , ,

, , , , , , 

, and . Calculate (a) the input resistance Ri vs is, (b) the no-load voltage gain

Ao vo vg, (c) the output resistance Ro, and (d) the overall voltage gain Av vL vs.

7.40 The parameters of the PMOS amplifier in Fig. P7.40 are , ,

, , , , , and Cal-

culate (a) the input resistance Ri vs is, (b) the no-load voltage gain Ao vo vg, (c) the output resistance

Ro, and (d) the overall voltage gain Av vL vs.>=

>=>=

Vt = -1.5 V.Kn = 1 mA>V2
ƒ VM ƒ L �C1 = C2 = Cs L �RD = 2.5 kÆRSR1 = 500 Æ
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7.41 The parameters of the PMOS amplifier in Fig. P7.41 are , , ,

, , , , , , 

, and . Calculate (a) the input resistance Ri vs is, (b) the no-load voltage gain

Ao vo vg, (c) the output resistance Ro, and (d) the overall voltage gain Av vL vs.

7.42 The parameters of the PMOS amplifier in Fig. P7.42 are , , ,

, , , , , , and

. Calculate (a) the input resistance Ri vs is, (b) the no-load voltage gain Ao vo vg, (c) the

output resistance Ro, and (d) the overall voltage gain Av vL vs.
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7.43 The parameters of the NMOS amplifier in Fig. P7.43 are , , ,

, , , , , , and .

Calculate (a) the input resistance Ri vs is, (b) the no-load voltage gain Ao vo vg, (c) the output

resistance Ro, and (d) the overall voltage gain Av vL vs.

7.44 The source follower of Fig. 7.42(a) has Rs � 1 k�, RL � 1 k�, RSR � 1 k�, R1 � 700 k�, R2 � 300 k�,

IDSS � 20 mA, Vp � �4 V, ⏐VM⏐ � 200 V, and VDD � 12 V. Calculate (a) the input resistance Rin vs is,
(b) the no-load voltage gain Avo vo vg, (c) the output resistance Ro, and (d) the overall voltage gain

Av vL vs.

7.45 The depletion MOS source follower of Fig. P7.45 has Rs � 500 �, RL � 10 k�, RSR � 5 k�, and RG �
10 M�. Assume Vp � �4 V, VM � �100 V, and gmo � 20 mA V. Calculate (a) the input resistance Rin � vs is,
(b) the no-load voltage gain Avo vo vg, (c) the output resistance Ro, and (d) the overall voltage gain

Av vL vs.

7.46 A depletion NMOS CS amplifier is shown in Fig. P7.46. The transistor parameters are Vp � �5 V, IDSS �
50 mA, and VM � �150 V.

a. Calculate the small-signal parameters of the MOSFET.

b. Calculate the input resistance Rin vs is, the output resistance Ro, the no-load voltage gain Avo � vo vg,

and the overall voltage gain Av vL vs.>=
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7.47 A depletion NMOS source follower is shown in Fig. P7.47. The transistor parameters are Vp � �5 V, IDSS �
50 mA, and VM � �150 V.

a. Calculate the small-signal parameters of the MOSFET.

b. Calculate the input resistance Rin vs is, the output resistance Ro, the no-load voltage gain Avo � vo vg,

and the overall voltage gain Av vL vs.

7.48 An NMOS amplifier is shown in Fig. P7.48. The transistor parameters are Vt � 4 V, Kn � 50 mA V2, and

VM � �150 V.

a. Calculate the small-signal parameters of the MOSFET.

b. Calculate the input resistance Rin vs is, the output resistance Ro, the no-load voltage gain Avo vo vg,

and the overall voltage gain Av vL vs.
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7.49 The parameters of the NMOS amplifier in Fig. P7.49 are , , ,

, , , , , and . Calculate 

(a) the input resistance Ri vs is, (b) the no-load voltage gain Ao vo vg, (c) the output resistance Ro, and

(d) the overall voltage gain Av vL vs.

7.50 The parameters of the PMOS amplifier in Fig. P7.50 are , , ,

, , , , , and . Calculate 

(a) the input resistance Ri vs is, (b) the no-load voltage gain Ao vo vg, (c) the output resistance Ro, and

(d) the overall voltage gain Av vL vs.

7.11 Multistage Amplifiers

7.51 The parameters of the MOS amplifier in Fig. P7.51 are , , ,

, , , , , ,

, and . Calculate (a) the input resistance Ri vs is, (b) the no-load voltage gain

Ao vo vg, (c) the output resistance Ro, and (d) the overall voltage gain Av vL vs.
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~

RoRi

FIGURE P7.51

>=>=

>=VtP = -2 VVtN = 1.7 V
Kn = 1 mA>V2

ƒ VM ƒ L �C1 = C2 L �RD1 = RD2 = 2.5 kÆRSR1 = RSR2 = 1 kÆRL = 20 kÆ

R2 = 300 kÆR1 = 700 kÆVDD = 15 V
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RSR

C1
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R1

R2vs

vo

+VDD

+

+

− −
~
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>=

>=>=

Vt = -2 VKn = 1 mA>V2
ƒ VM ƒ L �C1 = C2 L �RSR = 10 kÆRL = 20 kÆ

R2 = 600 kÆR1 = 400 kÆVDD = 15 V

C

C1

RLRSR

R1

R2

Rs
M1

vs vo

+VDD

+ +

−

−

~

RoRiRin

FIGURE P7.49

>=

>=>=

Vt = 1.7 VKn = 1 mA>V2
ƒ VM ƒ L �C1 = C2 L �RSR = 10 kÆRL = 20 kÆ

R2 = 300 kÆR1 = 700 kÆVDD = 15 V
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7.52 The parameters of the MOS amplifier in Fig. P7.52 are , ,

, , , , , , and

. Calculate (a) the input resistance Ri vs is, (b) the no-load voltage gain Ao vo vg, (c) the

output resistance Ro, and (d) the overall voltage gain Av vL vs.

7.53 A cascoded depletion MOS amplifier is shown in Fig. P7.53. The circuit parameters are vs � 2 mV, VDD �

10 V, RG � 20 M�, Rs � 500 �, RSR � 500 �, RD � 1 k�, and RL � 10 k�. The transistor parame-

ters are Vp � �4 V, IDSS � 20 mA, and VM � �150 V. Calculate (a) the input resistance Rin vs is,
(b) the output resistance Ro, (c) the no-load voltage gain Avo vo vg, and (d) the overall voltage gain

Av vL vs.

7.54 The parameters of the CMOS amplifier in Fig. P7.54 are , , ,

, , , , , , and

. Calculate the small-signal no-load voltage gain Avo vo vs.>=VtN = 1 V
VtP = -1.5 VKn = Kp = 0.5 mA>V2VMP = 200 VVMN = -100 VCL L �RG = 500 kÆ

Iref = 0.5 mAVG = 2 VVDD = 5 V

vo

vg
vL~

RoRi RoutRin
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RSR

M1

RD

is Rs

vs RL

+VDD

+
+

−

+

−

+

− −

M2

C1 = ∞ 

C2 = ∞ 

FIGURE P7.53
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+
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~
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+
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>=

>=>=Vt = 1 V
Kn = 1 mA>V2

ƒ VM ƒ L �C1 = C2 = C3 = C4 L �RD = 2.5 kÆRSR = 500 ÆRL = 20 kÆ

R1 = R2 = R3 = 500 kÆVDD = 15 V
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7.55 The parameters of the CMOS amplifier in Fig. P7.55 are , , ,

, , , , , , and

. Calculate the small-signal no-load voltage gain Avo vo vs.

7.56 The parameters of the CMOS amplifier in Fig. P7.56 are , , ,

, , , , , , and

. Calculate the small-signal no-load voltage gain Avo vo vs.>=VtN = 1 V
VtP = -1.5 VKn = Kp = 0.5 mA>V2VMP = 200 VVMN = -100 VCL L �RG = 500 kÆ

Iref = 0.5 mAVG = 2 VVDD = 5 V

+
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−
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+VDD
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−

vO

FIGURE P7.55

>=VtN = 1 V
VtP = -1.5 VKn = Kp = 0.5 mA>V2VMP = 200 VVMN = -100 VCL L �RG = 500 kÆ

Iref = 0.5 mAVG = 2 VVDD = 5 V
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+
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−

M2B M2

M1

iO

vO

+VDD

VG3

CL

vs

RG

VGS

Iref

FIGURE P7.54

Metal Oxide Semiconductor Field-Effect Transistors 427

67722_07_ch07b_p374-432.qxd  2/19/10  5:39 PM  Page 427

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



7.12 DC Level Shifting and MOS Amplifier

7.57 The potential level-shifting circuit shown in Fig. 7.48(a) has , and

. Determine the voltage shift Vsh and the output voltage Vo at .

7.58 The potential level-shifting circuit shown in Fig. 7.48(a) operates at a DC source current , and

the DC voltages are Determine the values of and to produce a voltage shift of

3 V at an output voltage .

7.59 Determine the current source Io needed as shown in Fig. 7.47(b) and to produce a voltage shift of

at an output voltage of Assume 

7.60 The parameters of the MOS level-shifted amplifier in Fig. 7.48(a) are VDD 15 V, �VSS �15 V, ,

, , and . The circuit is biased at a DC voltage of .

The MOS parameters are , , and V.

Assume the bypass capacitance C is large, tending to infinity. (a) Find the small-signal voltage Avo and the

maximum possible gain. (b) Use SPICE to plot the small-signal output voltage for a sinusoidal input signal

of 1 mV at 1 kHz.

7.61 Design an NMOS level-shifting amplifier as shown in Fig. 7.48(a) to produce a voltage gain of V V

at a DC input signal of Use identical NMOS , and 

Assume 

7.62 Design a PMOS level-shifting amplifier as shown in Fig. 7.48(a) to produce a voltage gain of V V

at a DC input signal of . Use identical PMOS , and .

Assume VDD = 15 V.
Vt = -1.5 VKn = 1 mA>V2VMP = 200 V,vs = 1 mV

>Avo = 50

VDD = 15 V.
VtN = 1 V.Kn = 1 mA>V2VM = -200 V,vs = 1 mV.

>Avo = 50

ƒ VM ƒ = 1>l = 200Kp = 2.5 mA>V2Kn = 1.25 mA>V2Vt = 1.5 V,
VG = 1 VRy = 6.5 kÆRx = 20 kÆ,R3 = 5 kÆR2 = 2 kÆ

R1 = 18 kÆ==

vG = 0.vO = -8 V.Vsh = 4 V
R1

vo = -7 V
R2R1VDD = -VSS = 15 V.

Io = 1 mA

vG = 0R2 = 4 kÆ

R1 = 2 kÆ,VDD = -VSS = 15 V

+

−

+

−

M4B

M3B

M2B

M1

M2

M4

M3

iO

iSUP

+VDD

VG4

VG3

VG2

CL

vS
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VGS

Iref

+

−

vO

FIGURE P7.56
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7.13 Frequency Response of MOSFET Amplifiers

7.63 A depletion NMOS is biased at ID � 4 mA, VDS � 4 V, and VGS � �2 V. The parameters of the JFET are

Cgs0 � 3.49 pF, Cgd0 � 5.85 pF, gm � 4.98 mA V, ro � 47 k�, and Vbi � 0.8 V.

a. Calculate the capacitances of the MOSFET model in Fig. 8.48(d).

b. Find the unity-gain bandwidth �T.

c. Use PSpice/SPICE to generate the model parameters and plot the frequency characteristic (�f versus

frequency).

7.64 Repeat Prob. 7.63 for ID � 2 mA, VDS � 4 V, and VGS � �2.5 V.

7.65 An NMOS transistor of type 2N4351 is biased at ID � 6 mA, VDS � 5 V, VGS � 8.6 V, VSB � 1 V, and

VDB � 4 V. The NMOS parameters are Kp � 125 
A ⁄ V2, gm � 4.98 mA ⁄ V, Cgd � 1.5 pF, Csb0 � 0.5 pF,

Cgs0 � 3.7 pF at VDB � 10 V, and Vbi � 0.6 V.

a. Calculate the capacitances of the MOSFET model in Fig. 8.48(d).

b. Find the unity-gain bandwidth �T.

7.66 Design a common-source depletion MOSFET amplifier as shown in Fig. P7.66 to give a midband gain of

20  ⏐Amid⏐  25, Zin(mid) � 50 k�, a low 3-dB frequency of fL  10 kHz, and a high 3-dB frequency of

fH � 100 kHz.

7.67 Design a common-source NMOS amplifier as shown in Fig. P7.67 to give a passband gain of 20

⏐APB⏐  30, Zin(mid) � 100 k�, a low 3-dB frequency of fL  10 kHz, and a high 3-dB frequency of 

fH � 200 kHz.

+VDD
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+

−
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~vs

RL vo
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RSR2 CS
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7.68 Design a common-source NMOS amplifier as shown in Fig. P7.68 to give a midband gain of 30 

⏐APB⏐  35, Zin(mid) � 100 k�, a low 3-dB frequency of fL  20 kHz, and a high 3-dB frequency of

fH � 100 kHz.

7.69 Design a common-drain depletion NMOS amplifier as shown in Fig. P7.69 to give Zin(mid) � 1 M�, a low

3-dB frequency of fL  1 kHz, and a high 3-dB frequency of fH � 50 kHz.

7.70 Design a common-drain depletion NMOS amplifier as shown in Fig. P7.70 to give Zin(mid) � 100 M�, a low

3-dB frequency of fL  1 kHz, and a high 3-dB frequency of fH � 50 kHz.

7.71 A two-stage amplifier is shown in Fig. P7.71. The parameters are Rs � 1 k�, R11 � 500 k�, R21 � 500 k�,

RD1 � 10 k�, R12 � 500 k�, R22 � 500 k�, RD2 � 15 k�, RL � 10 k�, gm1 � 20 mA ⁄ V, gm2 � 50 mA ⁄ V,

+VDD

+

−

+

−

C2

Rs

C1

~vs RL vo

RG RSR1

RSR2

M1

FIGURE P7.70
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7.14 Design of MOSFET Amplifiers

7.72 Design a common-source depletion NMOS amplifier as shown in Fig. 7.65(a). The requirements are ID �
10 mA, Av � �5, and Ri � 50 k�. The FET parameters are Vp � �4 V, IDSS � 20 mA, and VM � �200 V.

Assume Rs � 500 �, VDD � 20 V, and RL � 50 k�.

7.73 Design a common-source NMOS amplifier as shown in Fig. 7.65(b). The requirements are Av � �5, Ri �
50 k�, and ID � 10 mA. The MOSFET parameters are Vt � 2 V, Kn � 40 mA ⁄ V2, and VM � �200 V.

Assume Rs � 0, VDD � 20 V, and RL � 50 k�.

7.74 Design a common-source depletion NMOS amplifier as shown in 7.65(a). The requirements are ID � 20 mA,

Av � �4, and Ri � 50 k�. The MOSFET parameters are Vp � �5 V, IDSS � 40 mA, and VM � �100 V.

Assume Rs � 500 �, VDD � 20 V, and RL � 5 k�.

7.75 Design a common-source NMOS amplifier as shown in Fig. 7.65(b). The requirements are Av � �15,

Ri � 10 M�, and ID � 10 mA. The MOSFET parameters are Vt � 4 V, Kn � 50 mA ⁄ V2, and VM � �100 V.

Assume Rs � 1 k�, VDD � 20 V, and RL � 5 k�.

7.76 Repeat Prob. 7.75 for the configuration shown in Fig. 7.65(c).

7.77 Design a source follower as shown in Fig. 7.42(a). The requirements are Ri � 50 k� and ID � 10 mA. The

MOSFET parameters are Vp � �3 V, IDSS � 40 mA, and VM � �200 V. Assume Rs � 500 �, VDD � 20 V,

and RL � 10 k�.

7.78 Design a source follower as shown in Fig. 7.42(a) to yield Ri � 50 k� and ID � 10 mA. The MOSFET

parameters are Vp � �4 V, IDSS � 20 mA, and VM � �200 V. Assume Rs � 0, VDD � 20 V, and

RL � 10 k�.

7.79 Design a cascoded amplifier as shown in Fig. P7.79 to give a voltage gain of Av � vL ⁄vs � �5. The MOSFET

parameters are Vp � �4 V, IDSS � 10 mA, and VM � �200 V. Assume VDD � 15 V and Rs � 250 �.
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C1 � 1 
F, C2 � 1 
F, C3 � 10 
F, Cgd1 � Cgd2 � 2 pF, and Cgs1 � Cgs2 � 5 pF. Calculate the low 3-dB

frequency fL and the high cutoff frequency fH.
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7.80 Design a CS amplifier with a MOS current source by determining the value of to obtain a biasing cur-

rent of and the small-signal voltage gain of the CS amplifier in Fig. 7.25(c). The DC supply

voltage is VDD 15 V. The MOS parameters are , ,

and V. Use SPICE to plot the small-signal output voltage for a sinusoidal input signal

of 1 mV at 1 kHz.

7.81 Design a common-drain amplifier with a MOS current source as shown in Fig. 7.29(b) to bias the source follower

in Fig. 7.39(a) at a drain current of The DC supply voltage is VDD 15 V, and .

The MOS parameters are , and V.

Find the small-signal voltage Avo and the output resistance Ro. Use SPICE to plot the small-signal output

voltage for a sinusoidal input signal of 1 mV at 1 kHz.

7.82 Design a multistage NMOS amplifier to meet the following specifications: voltage gain |Av| vL vs

600 5% (with load), input resistance , output resistance , load resis-

tance , source resistance , DC supply VDD 15 V, input signal vs 1 mV to 5 mV

(peak sinusoidal), 1 kHz. Use identical NMOS , and . Assume

(Hints: The first CS stage should meet the input resistance requirement; the third CD stage

should meet the output resistance requirement; and the middle CS stage should attain the remaining gain

requirement. Set the biasing drain current at ID ID(max) 3 of the NMOS.)

7.83 Design a multistage PMOS amplifier to meet the following specifications: voltage gain |Av| vL vs

600 5% (with load), input resistance , output resistance , load resis-

tance , source resistance , DC supply VDD 15 V, input signal vs 1 mV to 5 mV

(peak sinusoidal), 1 kHz, type 2N2222. (Hints: The first CS stage should meet the input resistance require-

ment; the third CD stage should meet the output resistance requirement; and the middle CS stage should

attain the remaining gain requirement. Set the drain biasing current at ID ID(max) 3 of the PMOS.)

7.84 Design a multistage depletion NMOS amplifier to meet the following specifications: voltage gain |Av|

vL vs 600 5% (with load), input resistance, , output resistance ,

load resistance , source resistance , DC supply VDD 15 V, input signal vs 1 mV

to 5 mV (peak sinusoidal), 1 kHz. Use identical depletion NMOS , and

. Assume . (Hints: The first CS stage should meet the input resistance require-

ment; the third CD stage should meet the output resistance requirement; and the middle CS stage should

attain the remaining gain requirement. Set the drain biasing current at ID ID(max) 3 of the NMOS.)>=

VDD = 15 VVp = -3.5 V
Kn = 1.5 mA>V2VM = -200 V,

==Rs = 1 kÆRL = 25 kÆ

Ro …  300 ÆRi =  vs>is Ú  25 kÆ;=>
=

>=

==Rs = 1 kÆRL = 25 kÆ

Ro … 300 ÆRi = vs>is Ú 25 kÆ;

=>=

>=

VDD = 15 V.
VtN = 1 VKn = 1 mA>V2VM = -200 V,

==Rs = 1 kÆRL = 25 kÆ

Ro … 300 ÆRi = vs>is Ú 25 kÆ;

=>=

ƒ VM ƒ = 1>l = 200Kp = 2.5 mA>V2,Kn = 1.25 mA>V2Vt = 1.5 V,
R1 = 10 kÆ=ID = 3.25 mA.

ƒ VM ƒ = 1>l = 200
Kp = 2.5 mA>V2Kn = 1.25 mA>V2VtN = -VtP = 1 V,=
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Learning Outcomes
After completing this chapter, students should be able to do

the following: 

• Describe the operation of bipolar junction transistors

(BJTs).

• List the types of bipolar transistors and their 

characteristics.

• List the circuit configurations of transistor amplifiers

and their relative advantages and disadvantages.

• Analyze and design bipolar transistor biasing circuits.

• Determine the small-signal model parameters of

bipolar transistors.

• Analyze and design bipolar transistor amplifiers.

• Design a BJT amplifier to meet certain specifications.

• Determine the low and high cutoff frequencies of

bipolar transistor amplifiers.

Symbols and Their Meanings
Symbol Meaning

Small-signal AC and instantaneous 

DC output voltages

Small-signal, instantaneous DC, and qui-

escent DC base voltages

vb, vB, VB

vo(t), vO(t)

CHAPTER 8
BIPOLAR JUNCTION

TRANSISTORS 
AND AMPLIFIERS
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8.1 Introduction

In Chapter 2, we looked at an amplifier’s characteristics from an input-output perspective and found the

specifications of amplifiers that satisfied certain input and output requirements. Internally, amplifiers use

one or more bipolar transistors as amplifying devices, and these transistors are biased from a single DC

supply to operate properly at a desired Q-point. Using bipolar transistors, we can build amplifiers that give

a voltage (or current) gain, a high input impedance, or a high (or low) output impedance. The terminal

behavior of an amplifier depends on the types of devices used within the amplifier.

Bipolar transistors are active devices with highly nonlinear characteristics. Thus, to analyze and de-

sign a bipolar transistor circuit, we need models of transistors. Creating accurate models requires detailed

knowledge of the physical operation of transistors and their parameters as well as a powerful analytical

technique. A circuit can be analyzed easily using simple models, but there is generally a trade-off between

accuracy and complexity. A simple model, however, is always useful to obtain the approximate values of

circuit elements for use in a design exercise and the approximate performance of the elements for circuit

evaluation. The details of bipolar transistor operation, characteristics, biasing, and modeling are outside

the scope of this text [1–3]. In this chapter, we consider the operation and external characteristics of bipo-

lar junction transistors using simple linear models.

8.2 Bipolar Junction Transistors

The bipolar junction transistor (BJT), developed in the 1960s, was the first device for amplification of signals.

BJTs continue to play a key role in microelectronics, especially in analog electronics. Integrated circuit–

fabrication techniques have led to small, high-speed devices. A BJT consists of a silicon (or germanium)

crystal to which impurities have been added such that a layer of p-type (or n-type) silicon is sandwiched

between two layers of n-type (or p-type) silicon. Therefore, there are two types of transistors: npn and pnp.

Microelectronic Circuits: Analysis and Design434

Symbol Meaning
Small-signal AC, instantaneous DC, and quiescent DC collector–emitter 

voltages

Small-signal AC, instantaneous DC, and quiescent DC base–emitter voltages

Small-signal AC, instantaneous DC, and quiescent DC-collector currents

Small-signal collector–emitter conductance and resistance, and output resistance of 

a BJT

Transconductance of a BJT and an amplifier

No-load voltage gain and transconductance of an amplifier

Modulation length and Early voltage of a BJT

Small-signal and DC forward-current gain and current ratio of a BJT

Input and output resistances of an amplifier and output resistance of a transistorRi, Ro, ro

bf, bF, aF

l, VA

Avo, Gmo

gm, Gm

gce, rce, ro

ic, iC, IC

vbe, vBE, VBE

vce, vCE, VCE

67722_08_ch08a_p433-532.qxd  2/19/10  6:05 PM  Page 434

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



The basic structures of npn and pnp transistors are shown in Fig. 8.1[(a) and (b)]. A BJT may be viewed

as two pn junctions connected back to back. It is called bipolar because two polarity carriers (holes and

electrons) carry charge in the device. A BJT is often referred to simply as a transistor. It has three termi-

nals, known as the emitter (E), the base (B), and the collector (C). The symbols are shown in Fig. 8.1[(c)

and (d)]. The direction of the arrowhead by the emitter determines whether the transistor is an npn or a pnp
transistor, as illustrated in Fig. 8.1[(c) and (d)].

The block diagrams of Fig. 8.1 are highly simplified but useful to understand the concepts of ba-

sic transistor theory. The internal structure of actual bipolar transistors is more complex due to the fact

that terminal connections are made at the surface, heavily doped n�-buried layers must be included to

minimize semiconductor resistances, and collector terminals of individual transistors must be isolated

from each other to fabricate more than one bipolar transistor on a single piece of semiconductor mate-

rial. Figure 8.2 shows a cross section of a conventional npn bipolar transistor fabricated in an inte-

grated circuit configuration. In the epitaxial growth, a thin, single-crystal layer of material is grown on

the surface of a single-crystal substrate, which acts as the seed, and the process takes place far below

the melting temperature. The emitter and the collector regions are not symmetrical. The impurity-doping

concentrations in the emitter and collector are different, and the geometry of these regions can also differ

significantly.
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The voltages between two terminals and the actual direction of the current-flow of transistor currents

are shown in Fig. 8.1[(c) and (d)]. The emitter current IE is the sum of the base current IB and the collector

current IC such that IE � IB � IC. However, according to the Institute of Electrical and Electronic Engi-

neers (IEEE) standard, the sum of the currents must be zero; that is, IE � IB � IC � 0 or �IE � IB � IC.

We will use the notation of actual current direction rather than the IEEE notation so that all currents have

positive values. IC, IB, and IE are positive for npn-type transistors, and they are negative for pnp-type

transistors.
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KEY POINTS OF SECTION 8.2

■ The emitter and the collector regions are not symmetrical because the impurity-doping
concentrations in the emitter and collector are different and the geometry of these regions
can also differ significantly.

■ We use the notation of actual current direction rather than the IEEE notation so that all
currents have positive values. That is, IC, IB, and IE are positive for npn-type transistors,
and they are negative for pnp-type transistors.

8.3 Principles of BJT Operation

There are two pn junctions, which must be biased with external voltages to cause any current flow

through any of the junctions, as discussed in Secs. 4.4 and 4.5. Recall from our discussion on semicon-

ductor diodes that the current flows through a forward-biased pn junction due to the majority carriers

and the current flows through a reverse-biased pn junction due to the minority carriers. The npn and pnp
transistors are complementary devices. The principles of operation using the npn transistor are explained

next, but the same basic principles and equations also apply to the pnp device. An npn transistor as

shown in Fig. 8.3(a) is connected to two DC-voltage supplies vBE and vCB in order to cause a current

flow. These are known as the biasing voltages. The transistor can operate in any of the four modes as

shown in Fig. 8.3(b), depending on the biasing conditions: saturation, normal active, cutoff, and in-

verted. The potential distribution of the base–emitter (B-E) and the collector–base (C-B) junctions with

zero-biasing conditions of vBE � 0 and vCB � 0 is shown in Fig. 8.3(c) where Vb1 � Vbi(BE) and Vb2 �
Vbi(CB) are the built-in potentials of the B-E and C-B junctions, respectively. With zero-biasing conditions

vBE � 0 and vCB � 0, there will be no potentials to overcome the potential barriers, and there will thus

be no current flow through the transistors.

8.3.1 Forward Mode of Operation

The B-E pn junction is forward biased, and the base–collector (B-C) pn junction is reverse biased in the

normal, active bias configuration as shown in Fig. 8.4(a). This configuration is called the forward-active
operating mode. Using the pn junction theory developed in Sec. 6.5, the description of the device opera-

tion is as follows:
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(a)  DC biasing of npn transistors

(c)  Junction potentials at zero-biased equilibrium conditions

Vb2

vCB = 0
vBE = 0

Emitter

Potential

Base Collector

0

Case 1

Distance, x

Vb1

FIGURE 8.3 Biasing conditions for active-mode operation

Cause

The B-E junction is forward biased so electrons

from the emitter will diffuse into the base region

as shown in Fig. 8.4(a). The flow of electrons in

the emitter is one major component of the emitter

current.

Effects

Since the number of injected electrons involved is

very much higher, an excess of electrons will be in

the base region. The concentration of these minority

carrier electrons is a function of the B-E voltage. 

Since by design, the impurity concentration

in the base is very low, the number of holes in the

base is very much smaller than that of electrons in

the emitter, and the width of the base region is

also made very small. 

(continued)
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Cause

The B-C junction is reverse biased, which causes a

large gradient in the electron concentration in the

base, so the minority carrier electrons diffuse

across the base region. This is shown in Fig. 8.4(b).

There are some recombinations of minority carrier

electrons with majority carrier holes in the neutral

base region.

The reverse-biased B-C junction current also exists.

Effects

Therefore, most of the electrons injected into the

base region are swept across the very thin base re-

gion by the large positive C-B potential vCB and

are collected by the collector. The number of elec-

trons in the collector is a function of the number of

electrons injected into the base. 

The lost majority carrier holes in the base must be

replaced. This requires a second component of the

base current as shown in Fig. 8.4(a).

It causes a small reverse-biased current from the

base to the collector ICBO due to the minority carrier

electrons in the base and holes in the collector.

vCB

iB

iCiE

−
+

vBE
−
+

CE

B

Electrons
recombine

Depletion
regions

Hole flow

Emitter
n

Base
p

Collector
n

Electron-hole
pairs flow

ICBO

(a)  Internal current flow for forward-mode operation

(b)  Potential distribution for forward-mode conditions

Vb1

vBE = 0
vCB > 0Vb2 + VCB

Emitter Base Collector

0

Potential

x

Case 2

Injected
electrons

Collected electrons

FIGURE 8.4 Biasing and current flow for forward-mode conditions
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Collector Current

The directions for the different components of the electron and hole currents are shown in Fig. 8.5. Due

to the transistor action, the current at the collector terminal iC is a function of the voltages vBE and vCB

across the other two terminals. The total collector current, which is controlled by the B-E voltage, is the

electron diffusion current IE,n minus the base electron recombination current IB,n and can be described by

an exponential function from Eq. (6.69) as given by

(8.1)

where IS is the saturation current, whose value ranges from 10�12 A to 10�16 A, depending on the collec-

tor saturation current density and the doping profiles and levels. VT is the thermal voltage and equals kT/q,

which is 25.8 mV at room temperature.

Emitter Current

The emitter current, as shown in Fig. 8.5, is due to the flow of electrons injected from the emitter into the

base. This current, then, is ideally equal to the collector current given by Eq. (8.1). Since the B-E junction

is forward biased, majority carrier holes in the base are injected across the B-E junction into the emitter.

These injected holes produce a pn junction current IE,p, also as indicated in Fig. 8.5. This current is only a

B-E junction current, so this component of emitter current is not part of the collector current. The total

emitter current is the sum of the electron diffusion current IE,n and the hole diffusion current. Note that

there will be a B-E depletion layer recombination current IB,n which is negligible. The total emitter cur-

rent, which is also controlled by the base–emitter voltage, can be described by

(8.2)

where ISE is the saturation current that depends on the emitter saturation current density and is related to

the doping profiles and levels.

iE = IE,n + IE,p + IB,n = IE,n + IE,p = ISE evBE>VT

iC = IC,n = IE,n - IB,n = ISevBE>VT
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Emitter Base Collector

IE,n

IE,p

vBE

IE,n = Emitter current flow due to electrons
IC,n = Collector current flow due to electron
          recombination in the base

IE,p = Emitter current flow due to holes
IB,n = Base current flow due to electrons
ICBO = Reverse saturation current from collector to base

a F iE + iCBO

IC,n

iC

ICBO
IB,n

IE,n − aFiEiE

iB
vCB

n np

_ + _ +

FIGURE 8.5 Directions of electron and hole currents
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Base Current 

The base current is the sum of the hole diffusion current IE,p and the base recombination current IB,n:

(8.3)

where ISB is the base saturation current.

Forward-Current Ratio 

The forward-current ratio (or the transport factor), �F, is defined as the ratio of the collector to the emitter

current. Since all current components are functions of exp ( ), the ratio of collector current to emit-

ter current is a constant. We can write

(8.4)

where is the common-base forward-current ratio, , but it should be as close to unity as possible.

The collector current consists of two terms: (1) the dominant term being a fraction of the emitter current

iE, which is written as �FiE, and (2) the second term being the reverse-biased saturation current ICBO of

the C-B junction diode. That is,

(8.5)

where ICBO is the reverse saturation current from the collector to the base.

Forward-Current Gain 

The forward-current gain is defined as the ratio of the collector to the base current. Since all current

components are functions of exp ( ), the ratio of collector current to the base current is also a con-

stant. Since the base current equals the difference between the emitter and collector current, we can write

the current gain terms of the current ratio as given by 

(8.6)

8.3.2 Cutoff, Saturation, and Inverse-Active 
Modes of Operation

In the cutoff mode, the B-E junction is either reverse biased, or zero biased, and the B-C junction is also

reverse biased. That is, VBE has negative voltage or zero, and VCB has a positive voltage. For reverse-

biased junctions, the minority carrier concentrations are ideally zero at each depletion edge. The potential

barrier heights of both the B-E and B-C junctions are increased, so there is essentially no charge flow.

In the saturation mode, both junctions are forward biased. The B-E potential barrier is smaller than

the potential barrier of the B-C junction. There is a gradient in the minority carrier concentration in the

base to induce the collector current. Since both junctions are forward biased, the minority carrier con-

centrations are greater than the thermal equilibrium values at the depletion region edges. There will be

a net flow of electrons from the emitter to the collector. 

bF =

iC

iB
=

aF

1 - aF

aFbF

vBE>VT

bF

iC = aFiE + ICBO

aF 6 1aF

iC

iE
K aF

vBE>VT

iB = iB1 + iB2 = IE,p + IB,n = ISB evBE>VT
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In the inverse-active mode, the B-E junction is reverse biased, and the B-C junction is forward bi-

ased. It is a mirror image of the forward-active mode. The potential barrier height of the B-E junction

will increase while the potential barrier height of the B-C junction will decrease. Electrons from the col-

lector will diffuse across the B-C junction into the base and then diffuse into the emitter. The bipolar

transistor is not a symmetrical device and the characteristics will therefore be different from those of the

active-mode operation. The B-C area is normally much larger than the B-E area, and as a result, not all

of the injected electrons will be collected by the emitter. The relative doping concentrations in the base

and collector are also different compared with those of the base and emitter. Therefore, we expect a sig-

nificantly different characteristic between the forward-active and inverse-active modes of operation. The

transistor is not normally operated in this mode.

8.3.3 Base Narrowing

We have assumed so far that the effective base width is essentially independent of the biasing voltages VBE

and VCB of the emitter and collector junctions. The collector voltage affects the width of the space charge

or depletion regions as shown in Fig. 8.6(a) for an npn transistor. Since the base region is usually lightly

doped, the depletion region at the reverse-biased collector junction can extend significantly into the base

region. As the collector voltage is increased, the space charge layer can take up more of the metallurgical

base width wB, and the effective base width is decreased. This effect is called base narrowing, or base-
width modulation, and is known as the Early effect after J. M. Early, who first interpreted it.

w¿B
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vBE

iE
w′E

wE wBwB − xp,BC wB + xn,BC wB + wC−xn,BE xp,BE

iB

iC

vBC
_ + _+

Emitter Base Collector

n ≅ NE p ≅ NB n ≅ NC

0

(a)  Junction depletion widths

(b)  Early voltage

x

vBE

iC

vCE
VA

w′B w′C

FIGURE 8.6 Effects of base junction narrowing
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The decrease in the effective base width causes the collector current to increase as well as

the current gain . As a result, the collector current increases with the collector bias voltage .

Figure 8.6(b) shows the variations of the collector current against the collector–emitter voltage

for various values of the B-E voltage . The collector current increases with an in-

creased collector–emitter (C-E) voltage and an increased B-E voltage (or increased base current). The

Early effect produces a nonzero slope of the iC versus vCE characteristics and gives a finite output conduc-

tance. For an ideal characteristic with collector current independent of the collector voltage , the slope

of the line will be zero; thus, the output conductance will be zero. The slope introduced by the Early 

effect is almost linear with and characteristics. If the collector current characteristics are extrap-

olated to zero collector current, the curves intercept the voltage axis at a point known as the Early volt-
age. The Early voltage is positive for an npn transistor and negative for a pnp transistor. The typical

values of Early voltage are in the range of 100 V to 300 V. From Fig 8.6(b), we can write the output

conductance as

(8.7)

where ro is the output resistance of the transistor. If we include the finite slope of the iC versus vCE char-

acteristics due to the Early effect, the collector current in Eq. (8.1) can be modified to

(8.8)

If wE, wB, and wC are the metallurgical widths of the emitter, base, and collector regions, respectively, we

can calculate their corresponding effective widths , , and as follows:

(8.9)

(8.10)

(8.11)

Applying Eq. (6.54), the space charge width extending to the base region due to VBE is given by

(8.12)

Applying Eq. (6.55), the space charge width extending to the emitter region due to VBE is given by

(8.13)

Applying Eq. (6.45), the space charge width extending to the collector region due to VCB is given by

(8.14)

Applying Eq. (6.46), the space charge width extending to the base region due to VCB is given by

(8.15)

Applying Eq. (6.23), the built-in potential of the B-E junction is given by 

(8.16)Vbi(BE) = VT  ln aNBNE

n2
i
b

xp(CB) =

B

2es(Vbi(BC) + VCB)

q
 
NB

NC
 a 1

NB + NC
b

xn(BC) =

B

2es(Vbi(BC) + VCB)

q
 
NC

NB
 a 1

NB + NC
b

xp(EB) =

B

2es(Vbi(BE) - VBE)

q
 
NB

NE
 a 1

NB + NE
b

xn(BE) =

B

2es (Vbi(BE) - VBE)

q
 
NE

NB
 a 1

NB + NE
b

w¿C = wC - xn(BC)

w¿B = wB - xp(BE) - xp(BC)

w¿E = wE - xn(BE)

w¿Cw¿Bw¿E

iC = ISC evBE>VTa1 +

VCE

VA
b

go =

1
ro

=

diC

dvCE
=

IC

VCE + VA

VA

vCEiC

vCE

VBEVCE (=  VCB +  VBE)
iC

VCBiCbF

iCw¿B
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Applying Eq. (6.23), the built-in potential of the B-C junction is given by

(8.17)

NE, NB, and NC are the emitter, base, and collector doping, respectively, in negative cubic centimeters.

The total depletion, or space charge width, wd(BC) of the B-C junction is the sum of two depletion

components given by

(8.18)

Using Eqs. (8.14) and (8.15), the width of the collector junction depletion region can be found from

(8.19)

Since VCB �� Vbi(BC), Eq. (8.19) can be simplified to

(8.20)

which shows that the depletion width is proportional to . If the reverse-bias voltage on the collector

junction is increased far enough, it is possible to decrease the base width to the extent such that the ef-

fective base width becomes almost nonexistent. This is known as the punch-through condition in which

the holes are swept directly from the emitter region to the collector and transistor action is lost. Punch-

through is a breakdown effect that is generally avoided in circuit design.

w¿B

wB

1VCB

wd(BC) =

B

2es
q

 aNB + NC

NBNC
b2VCB

=

B

2es (Vbi(BC) + VCB)

q
 aNB + NC

NBNC
b

wd(BC) =  
B

2es(Vbi(BC) + VCB)

q
 
NB

NC
 a 1

NB + NC
b +

B

2es (Vbi(BC) + VCB)

q
 
NC

NB
 a 1

NB + NC
b

wd(BC) = xp(CB) + xn(BC)

Vbi(BC) = VT  ln aNBNC

n2
i
b

Bipolar Junction Transistors and Amplifiers 443

Finding the depletion region width Calculate the width of the B-C depletion region if the C-B voltages are

VCB � 2 V, 6 V, 12 V. The physical parameters are , , ,

, , , , and .

SOLUTION

Substituting the values in Eq. (8.17), we get the built-in potential as 

Substituting the values in Eq. (8.19), we get the width of the depletion region with as 

For , we get For , we get 

10 -4 cm = 2.027 �m.
wd(BC) = 2.027 *VCB = 12 Vwd(BC) = 1.472 * 10 -4 cm = 1.472 �m.VCB = 6 V

=  9.338 *  10-5 cm = 0.9338 �m

wd(BC) =

B

2 * 11.7 * 8.85 * 10-14(0.695 + 2) V

1.6 * 10-19
 a2 * 1016 cm-3

+ 5 * 1015 cm-3

2 * 1016
* 5 * 1015 cm-3

b
VCB = 2 V

Vbi(BC) = VT  ln aNBNC

n2
i

b = 25.8 * 10-3 V ln c2 * 1016 cm-3
* 5 * 1015 cm-3

(1.5 * 1010 cm-3)2
d = 0.695 V

n i = 1.5 * 1010 cm-3q = 1.6 * 10-19js = 11.7 * 8.85 * 10-14wB = 0.7 �mT = 25°C
VT = 25.8 mVNB = 5 * 1015 cm-3NC = 2 * 1016 cm-3

EXAMPLE 8.1
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8.3.4 Physical Parameters of Saturation Current IS
and Current Gain 

Figure 8.7(a) shows the minority carrier concentrations through the npn transistor. The potential barrier be-

tween the emitter and the base is reduced due to the forward-biased condition discussed in Sec. 6.5, so

electrons from the emitter diffuse across the B-E space charge region. The electrons diffuse across the base

and are swept into the collector by the electric field in the B-C space charge region. The majority of these

electrons reach the collector and create the major component of the collector current. Figure 8.7(b) shows

�F
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FIGURE 8.7 Minority carrier distribution and current flows
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the flow of the B-E currents. From Eq. (6.62), the concentration of the minority carrier electrons at the edge

of the space charge in the p-region is given by

(8.21)

From Eq. (6.63), the concentration of the minority carrier holes at the edge of the space charge in

the n-region is given by 

(8.22)

where is the thermal-equilibrium concentration of the minority carrier electrons in the 

p-region base and is the thermal-equilibrium concentration of the minority carrier holes in

the n-region emitter.

Collector Saturation Current ISC

If we assume linear electron distribution of the electrons in the base, we find the electron diffusion current

IE,n (in the direction of x), which is the major component of the emitter current, as

(8.23)

where ABE is the cross-sectional area of the B-E junction, DB is the electron diffusivity in the base, nBO is

the thermal-equilibrium electron concentration in the base, VT is the thermal voltage, and q is the mag-

nitude of the electron charge. The negative slope of the minority carrier concentration causes a negative

current; that is, the actual current flows from right to left in the negative direction of x. By neglecting

the base-electron recombination current IB,n in Eq. (8.1) and equating Eq. (8.23) with Eq. (8.1), we can

write the collector saturation current, known simply as the saturation current, as

(8.24)

where ni is the intrinsic carrier density and is the doping concentration in the base. It is important to

note that the saturation current is inversely proportional to the base width xB and directly proportional

to the area of the emitter–base (E-B) junction. Because is proportional to , it approximately dou-

bles for every rise in temperature. Since is a direct function of the emitter area, transistors having

different emitter areas will carry different emitter currents in relation to the emitter sizes for the same

amount of applied . For example, let us consider two transistors that are identical but one of them hav-

ing the E-B junction area, say, twice that of the other. The transistor with the larger junction area will have

the saturation current twice that of the smaller one. Therefore, for the same value of , the larger device

will have a collector current twice that of the smaller device. This concept is known as emitter scaling,
which is frequently employed in integrated circuit design.

Base Saturation Current ISB

The base current will have two components: (1) the hole diffusion current IE,p � iB1from the base to the

emitter and (2) the base recombination current IB,n � iB2 in order to replace the holes lost from the base

vBE

vBE

IS5°C
n2

iISABE

IS

NB

IS = ISC =

qDBABE

xB
 npo =

qDBABE

xB
 a n2

i

NB
b

IE,n = qDBABE 
dnB(x)

dx
= qDBABE 

nB(0) - 0

0 - xB
= -

qDBABE

xB
 nBOevBE>VT

pno = n2
i >NE

npo = n2
i >NB

pn(x = 0) = pnoevBE>VT

np(x = 0) = npoevBE>VT
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through the recombination. If we neglect the base recombination current, the base recombination current

IB,n in Eq. (8.3), the base current approximates to the hole diffusion current IE,p as given by

(8.25)

where DE is the hole diffusivity constant in the emitter, LE is the hole diffusion length in the emitter, and

NE is the doping concentration of the emitter.

The emitter to the base recombination current IB,n is due to holes that have to be supplied by the ex-

ternal base circuit, to replace the holes lost from the base through the recombination. If we define as

the average time for a minority electron in the base to recombine with a majority hole in the base and

is the minority carrier charge stored in the base that recombines with holes, we find the base current

IB,n to replenish the holes from the external circuit as given by 

(8.26)

where is also known as the minority carrier lifetime. From Fig. 8.7(b), we can find , which is approx-

imately the area of the triangle under the straight-line charge distribution, as given by 

(8.27)

Substituting for nB(0) from Eq. (8.21) and into Eq. (8.27), we get 

(8.28)

which, after substituting in Eq. (8.26), gives 

(8.29)

From Eqs. (8.25) and (8.29), we can find the total base current as given by 

(8.30)

which gives the base saturation current ISB as given by

Using IS from Eq. (8.24), we can find the relation between ISB and as

(8.31)

Current Gain �F

Since and , Eq. (8.31) gives the current gain 
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Therefore, the value of should be a constant for a particular transistor and depends on the physical pa-

rameters of a particular transistor. Its value is highly influenced by two factors: (1) the width of the base

region, xB, and (2) the relative dopings of the base region and the emitter region, . To obtain a high

value of , the transistors should be designed by making the base thin (xB small) and lightly doped and

by making the emitter heavily doped ( small).NB>NE

bF

NB>NE

bF

Bipolar Junction Transistors and Amplifiers 447

KEY POINTS OF SECTION 8.3

■ A BJT can operate in any of the four operating modes depending on the biasing conditions: satura-

tion, normal active, cutoff, and inverted. For an amplification, the B-E junction is forward biased and

the C-B junction is reverse biased, while for operation in the saturation region, both B-E and C-B

junctions are forward biased.

■ The major physical parameters of a BJT are the forward current gain, the forward current ratio, the

saturation current, and the Early voltage.

■ The collector voltage affects the width of the space charge or depletion regions and the width of the

depletion region depends on the C-B voltage.

vBE

vCE

VBB

VCC

(a)  npn biasing

iB

iE iE

iC
RC

RB RB

vEB

vEC

VBB

VCC

(b)  pnp biasing

iB

iC
RC

+
+

+ +

+

+

−
−

−
−

−

−

+

+

−
−

FIGURE 8.8 Biasing of transistors

8.4 Input and Output Characteristics

To properly initiate current flow, a transistor must be biased. Figure 8.8 illustrates an example of biasing

using two DC supplies, VCC and VBB. This arrangement is not used in practice; it is shown only to illustrate

the transistor characteristics. A practical biasing circuit uses only one DC supply for transistor biasing; this

arrangement is discussed later in this section. RC serves as a load resistance.

However, the arrangement shown in Fig. 8.8[(a) or (b)] is useful in the development of the concept

of transistor models and signal amplification.

Each of the three terminals of a transistor may be classified as an input terminal, an output termi-

nal, or a common terminal. There are three possible configurations: (1) common emitter (CE), in which

the emitter is the common terminal; (2) common collector (CC) or emitter follower, in which the col-

lector is the common terminal; and (3) common base (CB), in which the base is the common terminal.
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The CB configuration is not as commonly used as the other two. A transistor can be described by two

characteristics: an input characteristic and an output characteristic. The input characteristic is similar to

that of a forward-biased diode if the emitter is the common terminal; the input characteristic for npn and

pnp transistors is shown in Fig. 8.9(a), which can be described mathematically by Eq. (8.33) as follows:

(8.33)

Applying Kirchhoff’s voltage law (KVL) as the base loop, we write 

(8.34)

which can be solved for the base current iB as given by

(8.35)

Equation (8.35), which describes the base load line for the input characteristic as shown in Fig. 8.9(a),

gives at and at . The intersection of the base load line with the

input characteristic gives the base operating point defined by IB and VBE. Equations (8.33) and (8.35) can

be solved to find the DC biasing B-E voltage VBE and also the DC base current IB for known values of

VBB and RB.

A typical output characteristic for a BJT is shown in Fig. 8.9(b). vCE and iC are positive for npn tran-

sistors and negative for pnp transistors. If the base current iB is kept constant, then the collector current

iC will increase with the C-E voltage vCE until the collector current saturates—that is, reaches a level at

which any increase in vCE causes no significant change in the collector current. The output characteris-

tic may be divided into three regions: an active region, a saturation region, and a cutoff region. The tran-

sistor can be used as a switch in the saturation region because vCE is low, typically 0.3 V. In both the active

and the saturation region, the B-E junction is forward biased and vBE � 0.7. In the active region, 0 �
vBE � vCE and vCB(�vCE � vBE) � 0; that is, the B-E junction is forward biased, and the C-B junction

is reverse biased. All transistors exhibit a high output impedance (or resistance), described by Eq. (8.7).

Operation in the active region can give an amplification of signals with a minimum amount of distor-

tion, because the output characteristic is approximately linear.

iB = 0vBE = VBBiB = VBB>RBvBE = 0

iB =

VBB - vBE

RB 

VBB = RBiB + vBE

iB = a IS

bF
b  evBE>VT
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iB

   vBE (for npn)
−vBE (for pnp)

IB

IB

VBB
RB

IC

VCC
RC

Input
characteristic

Load line, −1/RB

(b)  Output characteristic(a)  Input characteristic

Active
region

Saturation
region

Q-point

Cutoff
region

iC

   vCE (for npn)
−vCE (for pnp)VBE

0
VBB Vsat

0
VCCVCE
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FIGURE 8.9 Input and output characteristics
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A transistor is a current-controlled device. The collector current iC is related to the base current iB
by a forward-current amplification factor �F, which is defined as

(8.36)

Once base current iB is determined, the collector current iC and the emitter current iE can be found

as follows:

(8.37)

(8.38)

Using KVL around the loop formed by VCC, RC, and the collector-emitter, we can relate the collector

current iC to vCE by

which gives the dependence of the collector current on the load resistance RC and which can be rearranged

to yield the following relation, known as the load-line equation:

(8.39)

Equation (8.39) gives vCE � 0 at iC � VCC ⁄ RC and vCE � VCC at iC � 0. The intersection of the load line

with the output characteristic gives the operating point (or Q-point), which is defined by three parameters:

IB, IC, and VCE. Thus, for a given value of iB, the value of iC can be found, and then the load line gives the

value of vCE, as shown in Fig. 8.9(b). 

iC =

VCC

RC
-

VCE

RC

VCC = vCE + iCRC

iE = iB + iC = iB + bFiB = (1 + bF)iB

iC = bFiB

bF =

iC

iB

2
vCE =constant
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KEY POINTS OF SECTION 8.4

■ Each of the three terminals of a transistor may be classified as an input terminal, an out-
put terminal, or a common terminal. There are three possible configurations: (1) common
emitter (CE), in which the emitter is the common terminal; (2) common collector (CC) or
emitter follower, in which the collector is the common terminal; and (3) common base
(CB), in which the base is the common terminal.

■ The output characteristic of a BJT can be divided into three regions: (1) a cutoff region
in which the transistor is off, (2) an active region in which the transistor exhibits a high
output resistance and has a current amplification, and (3) a saturation region in which the
transistor offers a low resistance. 

8.5 BJT Circuit Models

The purpose of an amplifier is to convert an input signal of small amplitude into an output signal of dif-

ferent amplitude while minimizing any distortion introduced by the amplifier. If the input is a sine wave,

the output should also be a sine wave. If an AC small-signal vbe is superimposed on the DC biasing volt-

age VBE at the base of the transistor, the base current IB will change by a small amount ib, thereby causing
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an amplified change ic (�ib times the current gain) in the collector current IC. This change will cause the

operating point to move up and down along the load line around the Q-point. Too large an AC signal, how-

ever, will drive the transistor both into the saturation region (to the left of the vCE-axis) and into the cutoff

region (to the right of the vCE-axis). Therefore, the design and analysis of an amplifier involves two sig-

nals: a DC signal and an AC signal. The DC analysis finds the Q-point defined by IC, IB, and VCE. For an

AC analysis, a small-signal AC model of a BJT around the Q-point is required.

8.5.1 Linear DC Model

Linear DC models are used for determining the operating point (or Q-point) of a BJT. The B-E junction,

which is forward biased in the active region, can be represented by a forward-biased diode, as shown in

Fig. 8.10(a). The C-B junction, which is reverse biased, can be represented by an open circuit. The base

current varies with the base-to-emitter voltage, as shown in the input characteristic in Fig. 8.9(a). The in-

put characteristic is replaced by a piecewise linear model with resistance RBE in series with a voltage

source VBE whose value ranges from 0.5 V to 0.8 V, as shown in Fig. 8.10(b). The finite slope of the out-

put characteristic can be represented by adding an output resistor ro between the collector and emitter ter-

minals. For most applications, this model can be approximated by Fig. 8.10(c) by assuming RBE � 0 and

ro � �. It is commonly used for obtaining quick results.

8.5.2 Small-Signal AC Model

Linear DC models are used for determining the Q-point; however, an AC model is used for determining

the voltage or power gain when the transistor is operated as an amplifier in the active region. If we apply

a small sinusoidal input voltage vbe � Vm sin �t while operating in the active region, the base potential

will be vBE � VBE � vbe, and the corresponding base current will be iB � IB � ib. The corresponding col-

lector current will be iC � IC � ic, as shown in Fig. 8.11(a). The small-signal AC resistance r	 seen by vbe

will be the inverse slope of the iB � vBE characteristic at the Q-point (IB, VBE), as shown in Fig. 8.11(b).

That is, we can obtain r	 by differentiating iB:

(8.40)
1
r	

=

ib

vbe
=

diB

dvBE

2
at Q-point

=

IB

VT
=

IB

25.8 mV
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E

bFiB

(c)  Simple model(b)  DC model(a)  Diode model

VBE

iB
B
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C

E

bFiB
+
−+

−

FIGURE 8.10 Linear DC models of bipolar transistors
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If the base current iB swings between IB � ib(peak) and IB � ib(peak), the collector current iC will swing be-

tween IC � ic(peak) and IC � ic(peak). The C-E voltage vCE will vary accordingly from VCE � vce(peak) to

VCE � vce(peak), as illustrated also in Fig. 8.11(b). The small-signal collector current ic will depend on the

small-signal AC current gain �f, defined by

(8.41)

which may be considered approximately equal to the DC current gain �F for most applications. That is,

�F � �f. We will make this assumption throughout.

The collector current can be related to the B-E voltage by transconductance gm, defined by

(8.42)

where the derivative is evaluated at the Q-point. The output characteristic in the active region exhibits a fi-

nite slope representing an output resistance defined by Eq. (8.7)

for VA �� VCE (8.43)

where VA is a constant called the Early voltage whose value ranges from 100 V to 200 V, depending on

the transistor [4]. The value of ro is large (on the order of 50 k
) and can be neglected for most analyses.

Any increase in VCE will increase the width of the collector depletion layer; consequently, the effective

base width will be reduced, causing a reduction in IB. The decrease in IB due to an increase in VCE can be

modeled by a C-B resistance r�. The value of r� can be approximated by r� � 10ro�f, which is very large

compared to r	 and ro and is not normally included in the transistor model, especially for hand calculations.

Thus, the small-signal behavior of a transistor can be modeled by an input resistance r	, a base

current–dependent collector current ic � �fib along with an output resistance ro, and a C-B resistance r�.

Since the C-B junction is reverse biased, can be neglected by assuming . This model,

shown in Fig. 8.12(a), can be approximated by Fig. 8.12(b). The transconductance representations are

r� = �r�

1
ro

=

ic

vce
=

diC

dvCE

2
at Q-point 

=

IC

VA + VCE
=

IC

VA

gm =

ic

vbe
=

bFdiB

dvBE

2
at Q-point

=

bfIB

VT
=

IC

VT
=

bf

r	

bf =

ic

ib
=

¢iC

¢iB

2
at Q-point
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(a)  Small-signal model with DC signal (b)  Input and output waveforms
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FIGURE 8.11 BJT with a small-signal input voltage
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shown in Fig. 8.12[(c) and (d)]. If Norton’s current source is converted to Thevenin’s voltage source,

Fig. 8.12(c) can be represented by Fig. 8.12(e), where �g � gmro. Note that the units of the model para-

meters in Fig. 8.12(a) are different. 

� NOTE r	 is the small-signal base–emitter resistance rbe. It uses the subscript � because it is the input resistance
of the model, which looks like the symbol � and is also known as the � model. 

8.5.3 Small-Signal Hybrid Model

The manufacturers of BJTs usually specify the common-emitter hybrid parameters corresponding to the

hybrid model shown in Fig. 8.12(f). The parameters are as follows: (See also Appendix C.)

hie (�r	) is the short-circuit input resistance (or simply the input resistance).

hfe (��f) is the short-circuit forward-transfer current ratio (or small-signal current gain).

hre is the open-circuit reverse-voltage ratio (or voltage-feedback ratio), which takes into account the ef-

fect of vCE on iB. This ratio is very small; its value is typically 0.5 � 10�4. r� represents the effect of hre.

hoe (�1/ro) is the open-circuit output admittance (or simply the output admittance) of the C-E junction.

It is also very small; its value is typically 10�6 O.

Often hre and hoe can be omitted from a circuit model without significant loss of accuracy, especially in

hand calculations. The subscript e on the h parameters indicates that these hybrid parameters are derived

for a common-emitter configuration.

8.5.4 PSpice/SPICE Model

PSpice/SPICE generates a complex BJT model, provided a number of physical parameters are given. The

symbol for a BJT is Q, and it is described by the statement [5]

Q<name>  NC  NB  NE  QMOD

Microelectronic Circuits: Analysis and Design452
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B
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C
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FIGURE 8.12 Small-signal AC model of a BJT

67722_08_ch08a_p433-532.qxd  2/19/10  6:05 PM  Page 452

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



where NC, NB, and NE are the collector, base, and emitter nodes, respectively. QMOD is the model name,

which can be up to eight characters long. The model statement for an npn transistor has the general form

.MODEL  QMOD  NPN (P1=A1 P2=A2 P3=A3 .......PN=AN)

The model statement for a pnp transistor has the general form

.MODEL  QMOD  PNP (P1=A1 P2=A2 P3=A3 .......PN=AN)

In these model statements, NPN and PNP are the type symbols for npn and pnp transistors, respectively.

P1, P2, . . . , PN and A1, A2, . . . , AN are the parameters and their values, respectively.

As an example, let us derive two parameters, IS and �F, for transistor Q2N2222. Reading from the

plot of vBE versus iC on the data sheet for Q2N2222, we get vBE � 0.7 V at iC � 20 mA. Inserting these

values into Eq. (8.1) yields

which gives IS � 3.295 � 10�14 A. The DC gain �F for iC � 150 mA can vary between 100 and 300. This

variation is not defined, however, and can change randomly from one transistor to another of the same type.

As a working approximation, the geometric mean value is usually used; that is, �F � �1�0�0� �� 3�0�0� � 173.

Since the value for Early voltage is not given, let us assume that VA � 200 V. With these values of IS, �F,

and VA, the transistor Q2N2222 can be specified in PSpice/SPICE by the following statements:

Q1  NC  NB  NE  QMOD

.MODEL  Q2N2222  NPN (IS=3.295E-14  BF=173  VA=200)

� NOTE The full data sheets for BJTs (e.g., npn-type 2N2222 and pnp-type 2N2907A) can be found at
http://www.alldatasheet.com/ or by searching BJT datasheet at http://www.google.com.

8.5.5 Small-Signal Analysis

Once the Q-point is established and the small-signal parameters are determined, we can find the small-sig-

nal parameters of the amplifier in Fig. 8.11(a) in response to a small-signal voltage vbe. For a small AC sig-

nal, the DC supply offers zero impedance; VCC and VBB can be short-circuited; that is, one side of RC is

connected to the ground. The small-signal AC equivalent circuit of the amplifier is shown in Fig. 8.13(a).

Replacing the transistor Q1 by its transconductance model of Fig. 8.12(c), the small-signal AC equivalent

circuit is shown in Fig. 8.13(b). The following steps are involved in analyzing an amplifier circuit:

1. Analyzing the DC biasing of the transistor circuit

2. Determining the small-signal parameters gm, r	, and ro of the transistor model in Fig. 8.12(c)

3. Determining the AC equivalent circuit of the amplifier

4. Performing the small-signal analysis for finding Ri, Avo, and Ro

From Fig. 8.13(b), the small-signal input resistance can be found from 

Thevenin’s equivalent output resistance, looking from the output side for the condition , and gmvbe

behaving as open circuited, can be found by inspection as

(8.44) Ro = ro 7  RC

vbe = 0

Ri =

vbe

ib
= r	

20 mA =  IS exp a 0.7 V

25.8 mV
b
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� NOTE For the sake of simplicity, we often use the small-signal parameters r	, ro, and gm instead of r	1, ro1,
and gm1 for transistor Q1

The transconductance of the amplifier, which is the same as the transconductance of the transistor, is 

(8.45) 

We can write the small-signal output voltage as

(8.46)

which gives the small-signal voltage gain as

(8.47)

Substituting , Eq. (8.47) becomes

(8.48)

Therefore, for a large voltage gain, the ICRC product must also be made large. This requires both a large

DC supply voltage VCC and a large value of resistance RC.

(for VA 77 RCIC)Avo = - a IC

VT
b a VARC

VA + ICRC
b L

ICRC

VT

ro = VA>IC

Avo =

vo

vbe
= -gm(ro 7  RC) = - a IC

VT
b a roRC

ro + RC
b

vo = - io (ro 7  RC) = -gm(ro 7  RC)vbe

vo

Gmo =

io

vbe
= gm
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(c)  Equivalent voltage amplifier (d)  Equivalent transconductance amplifier

(a)  AC circuit (b)  Small-signal equivalent circuit
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FIGURE 8.13 Small-signal AC equivalent circuits of the amplifier in Fig. 8.11(a)
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Bipolar Junction Transistors and Amplifiers 455

Finding the small-signal parameters of an amplifier The amplifiers in Fig. 8.11(a) are ,

, and . The transistor parameters are , V, , and

A.

(a) Find the DC-biasing point IB, IC, and VCE.

(b) Find the small-signal transistor model parameters , , and .

(c) Find the small-signal amplifier parameters Ri, Ro, and Avo.

SOLUTION

(a) From Eq. (8.1), , 

and 

(b) From Eq. (8.40), 

From Eq. (8.42), 

From Eq. (8.43), 

From Eq. (8.7), 

(c) , , 

-386 mA>V * (20.56 kÆ 7  1 k) = -368.5 V>V.
Avo = -gm(ro 7  RC) =Gmo = gm = 386 mA>V, andRo = ro 7  RC = 952.5 ÆRi = r	 = 258.8 Æ

ro = (VCE + VA)>IC = (5.03 + 200) V>9.97 mA = 20.56 kÆ.

ro = VA>IC = 200 V>9.97 mA = 20.06 kÆ.

gm = IC>VT = 9.97 mA>25.8 mV = 386 mA>V.

r	 = VT>IB = 25.8 mV>99.7 �A = 258.8 Æ.

VCE = VCC - RCIC = 15 V - 9.97 mA * 1 kÆ = 5.03 V.IB = IC>bF = 9.97 mA>100 = 99.7 �A,
IC = IS exp (vBE>V T) = 3.3 * 10-14

* exp [0.682>(25.8 * 10-3)] = 9.97 mA

gmror	

IS = 3.3 * 10-14
VT = 25.8 mVVA = 200bF = 100RC = 1 kÆVCC = 15 V

VBE = 0.68 V

EXAMPLE 8.2

KEY POINTS OF SECTION 8.5

■ For analysis of a BJT amplifier, the transistor must be represented by its DC and small-signal AC

models. Therefore, two types of analysis are performed: AC analysis and DC analysis.

■ Linear DC models are used for determining the Q-point; however, an AC model is used for deter-

mining the voltage or power gain when the transistor is operated as an ampllifier in the active region.

The parameters of the small-signal models depend on the DC-biasing point.

■ The manufacturers of BJTs usually specify the common-emitter hybrid parameters corresponding to

the hybrid model whose parameters can be determined from the other small-signal model parameters.

8.6 The BJT Switch

The BJT can be operated as a switch that will have the characteristic of a low on-state voltage at the max-

imum current so that the switch is subjected to the minimum power loss. This condition requires that the

transistor is operated in the saturation region and the B-C junction is reverse biased such that VCE is a low

. Figure 8.8[(a) or (b)] shows the circuit arrangement forVCE = VCB + VBE = -VBC + VBE = VCE(sat)
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operating the BJT as a switch. Since  , and also using from the col-

lector loop, we get

(8.49)

which means that vCE must be less than vBE, , for operating the BJT as a switch. This condition

can be satisfied by varying the product RCiC. The value of vBE that will make can be determined

from the following condition:

(8.50)

The maximum value of the collector current IC(max) is specified by the manufacturer data sheet, which lim-

its the minimum value of collector resistance RC. Assuming that VCE(sat) is the C-E saturation voltage, we

can find the corresponding collector saturation current as given by 

(8.51)

which sets the limits of the collect or current and the corresponding collector resis-

tance .

Using KVL in the base loop, we get the base current as 

(8.52)

which must be larger than the minimum base current IB(min) to drive the transistor into saturation; that is, 

(8.53)

To operate the transistor in the saturation region, the base current must be sufficient enough to maintain

the collector saturation current. That is, iB must be greater than the value corresponding collector

current IC(sat); that is,

(8.54)

Too much base current will drive the transistor hard into saturation, giving a low value of VCE(sat), but it

will take a longer time to switch from the on-state to the off-state due to a larger amount of charge storage

in the depletion regions. On the other hand, too little of base current may not be enough to keep the tran-

sistor into saturation to obtain a low C-E voltage; it needs to make a right judgment. It is recommended to

use a 125% overdrive factor (ODF); that is,

(8.55)

or

(8.56)

Therefore, the condition for the maximum value of the base current in Eq. (8.53) is

(8.57)

which gives limits to the base current and the corresponding base

resistance .RB(max) Ú RB … RB(min)

IB(min)(= IC(max)>bF) … iB … IB(max)

IB(min) = IB(sat) =

VBB - vBE

RB(max)

VBB - vBE

RB
 bF =

VCC - VCE(sat)

RC
* ODF

IB(max) =

ODF IC(sat)

bF

VBB - vBE

RB
7

VCC - VCE(sat)

bF RC

IC(sat)>bF

IB(min) 7 IB =

VBB - vBE

RB

iB =

VBB - vBE

RB

RC(max) … RC … RC(min)

IC(sat) … iC … IC(max)

IC(sat) =

VCC - VCE(sat)

RC

VCC - vBE = RCiC = RCISevBE>VT

vCB M  0
vCE 6 vBE

vCB = vCE - vBE = VCC - RCiC - vBE

vCE = VCC - RCiCvCE = vCB + vBE
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8.7 DC Biasing of Bipolar Junction Transistors

If a transistor is used for the amplification of voltage (or current), it is necessary to bias the device. The main

reasons for biasing are to turn the device on and, in particular, to place the operating point in the region of

its characteristic where the device operates most linearly so that any change in the input signal causes a

proportional change in the output signal. In practice, a fixed DC supply is normally used, and the circuit

elements are selected so as to bias the C-B and E-B junctions in appropriate magnitude and polarity.

The determination of the DC-biasing point described by (IB, IC, VCE) is the first step in the analysis

of the transistor circuit. Once the values of IB and IC are found, we can find gm, r	, and ro; that is,

, and . Since the B-E junction behaves like a diode, the transistor

needs a B-E voltage of V to conduct. If we apply more than 0.7 V, the transistor will be damaged

due to excessive current. Resistors are used to limit the transistor currents as shown in Fig. 8.14(a) with

base resistor RB and collector resistor RC, Fig. 8.14(b) with emitter resistor RE, and Fig. 8.14(c) with col-

lector resistor RC and emitter resistor RB. Although there are many types of biasing circuits, we will con-

sider the following types, which are most commonly used:

Active current–source biasing 

Single–base resistor biasing 

Emitter resistance–feedback biasing 

Emitter-follower biasing 

Two–base resistor biasing

VBE M  0.7
roMVA>ICgm = IC>VT, r	 = 25.8 mV>IB
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KEY POINTS OF SECTION 8.6

■ A BJT can be operated as a switch that will have the characteristic of a low onstate volt-
age at the maximum current so that the switch is subjected to the minimum power loss.

■ The transistor is operated in the saturation region and the B-C junction is reverse biased.
To operate the transistor in the saturation region, the base current must be sufficent to
maintain the collector saturation current.

(a)  Base and collector resistors RB and RC (b)  Emitter resistor RE (c)  Collector and emitter resistors RC and RB

+VCC

vB      RB

RC

E
B

C
Q1

+VCC

vB      RB

RE RE

E

B

C

Q1

+VCC

vB       RB

RC

E

B

C
Q1

FIGURE 8.14 Resistors for limiting transistor currents
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� NOTE In the derivations of the currents for these biasing circuits, we will assume the following relations
between the transistor currents: 

8.7.1 Active Current–Source Biasing

According to Eq. (8.48), the voltage gain can be increased by having a large value of the collector resis-

tance RC in the amplifier of Fig. 8.11(a). RC can be replaced by a current source, which normally has a

high output resistance, thereby producing a high voltage gain, as shown in Fig. 8.15(a). To allow for a wide

output voltage swing, an amplifier is often connected to two DC supplies as shown in Fig. 5.15(b). The

current IC of the active load flows out of the current source circuit into Q1, and this type of source is referred

to as a sourcing current source. The source current in Fig. 8.15(b) flows from Q1 into the current source, and

this type of constant current source is often referred to as a current sinking source. An ideal current source

should have a constant current and a very large output resistance ro, tending to infinity. Since a current

source has a large output resistance ro, the voltage gain of the amplifier will also be large. Current sources

are used for biasing transistors in integrated circuits. There are several types of BJT current sources, and

these are covered in detail in Sec. 9.6. 

The current source for the biasing transistors in Fig. 8.15(a) can be generated by two transistors and

a resistor, as shown in Fig. 8.16(a). If a diode characteristic is required in integrated circuits, a transis-

tor is generally operated as a diode so as to avoid another manufacturing process. The B-C junction of

a transistor is shorted so that its B-E junction exhibits a diode characteristic. Then this transistor is said

to be diode connected. Transistor Q3 in Fig. 8.16(a) is diode connected, and its C-B voltage is forced to

zero. Q3 still operates internally as a transistor in the active region, but it exhibits the characteristic of a

diode. Let us assume that Q2 and Q3 are two identical transistors, whose leakage currents are negligible

and whose output resistances are large. Since the two transistors have the same B-E voltages (VBE2 �
VBE3), the collector and base currents will be equal. That is,

Applying Kirchhoff’s current law (KCL) at the collector of Q3, we get the reference current:

Iref = IC3 + IB2 + IB3 = IC3 + 2IB3

IC2 = IC3 and IB2 = IB3

ic = bFiB, iE = (1 + bF)iB, and iC = aFiE.
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~

+ VCC + VCC

− VCC

+

−

+

−

+

−

+

−

RL
vi

vi

Q1

IC

IC ≈ IE

ro

RL vo
ro

(a)  CE amplifier (b)  Emitter follower with two DC supplies

vo

Q1

FIGURE 8.15 Amplifier with a biasing current source
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Since IC3 � �FIB3,

which gives the collector current IC3 as

(8.58)

If �F �� 2, which is usually the case, Eq. (8.58) can be approximated by

(8.59)

Thus, for two identical transistors, the reference and output currents are equal. In practice, however, the tran-

sistors may not be identical, and the two collector currents will have a constant ratio. The small-signal AC

equivalent circuit is shown in Fig. 8.16(b). The equivalent circuit for finding ro is shown in Fig. 8.16(c),

where the output resistance ro is the same as ro2:

(8.60)

8.7.2 Single–Base Resistor Biasing 

This type of biasing circuit, shown in Fig. 8.17, is the same as that in Fig. 8.14(a). Using KVL around the

B-E loop, we can find the base current iB, the collector current iC, and C-E voltage vCE, for known value

of VBE that is typically 0.7 V, as given by 

(8.61)

(8.62)vCE = VCC - RC iC = VCC - bFRCiB

iC = bFiB =

bF(VCC - vBE)

RB

iB =

VCC - vBE

RB

ro =

vx

ix
= ro2 =

VA

IC2
 (for VA = VA2 = VA3)

IC3 L Iref =

VCC - VBE3

R
= IC2

IC3 = IC2 

Iref

1 + 2>bF

Iref = IC3 + 2IB3 = IC3 +

2IC3

bF
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+VCC

Iref

iC3
iB3

IC

ixiB2

rπ3 rπ2
ro ro2

gm2vbe2

gm3vbe3

R
R

Q3

A

B

A

B

Q2

(a)  Current source (b)  Small-signal equivalent (c)  Equivalent for finding ro

vBE3

vbe3 vbe2
vBE2

IC = IC2

IC = Iref ~ vx+ +

− −

+

−

+

−

+

−

FIGURE 8.16 Transistor current source
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This is a simple arrangement, but iC and vCE are dependent directly on �F, which can vary over a wide

range for transistors of the same type.

8.7.3 Emitter Resistance–Feedback Biasing

This type of biasing circuit is shown in Fig. 8.18. Using KVL around the B-E loop, we can write

which gives the base current, for known value of VBE, as

(8.63)

(8.64)

(8.65)

For and Eq. (8.64) can be approximated to

iC L

VCC - vBE

RE

bF �� 1,RE(1 + bF) 77 RB

vCE = VCC - RCiC - REiE = VCC - RCbFiB - (1 + bF)RFiB

iC = bFiB =

bF (VCC - vBE)

RB + RE(1 + bF)

iB =

VCC - vBE

RB + RE(1 + bF)

[Use iE = (1 + bF)iB.]VCC = RBiB + vBE + REiE = RBiB + vBE + RE(1 + bF)iB
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vBE vCE

iE

iC

iB

Q1

+VCC

RC
RB

+

+

−

−

FIGURE 8.17 Single–base resistor biasing

iB
iEVBE

+VCC

RE

RB 

vCE 

RC

iC
+

+ −

−

FIGURE 8.18 Emitter resistance–feedback biasing
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This is also a simple circuit. By proper biasing design, iC and vCE can be made almost independent of �F,

which can vary over a wide range for transistors of the same type. It is important to note the emitter resis-

tance RE appears in series with RB in the base circuit as with a multiplying factor of .

Similarly, the base resistance RB will appear in series with RE in the emitter circuit as with

a multiplying factor of .

8.7.4 Emitter-Follower Biasing

This type of biasing circuit is shown in Fig. 8.19. This circuit is known as the emitter follower because the

output voltage at the emitter terminal is . If the base voltage changes by , then

the output voltage will also change by the same amount . Using KVL around the B-E loop, we

can find the base current iB, the collector current iC, and the C-E voltage vCE as given by

(8.66)

(8.67)

(8.68)

8.7.5 Two–Base Resistor Biasing

This type of biasing circuit is shown in Fig. 8.20(a). The analysis can be simplified by replacing R1 and

R2 with Thevenin’s equivalent voltage VTh and resistance RTh as shown in Fig. 8.20(b). The replacement

gives

(8.69)

(8.70)RTh =

R1 R2

R1 + R2

VTh =

R2

R1 + R2
 VCC

vCE = VCC - REiE = VCC - (1 + bF)RFiB

iC = bFiB =

bF(VCC - vBE)

RB + RE(1 + bF)

iB =

VCC - vBE

RB + RE(1 + bF)

¢vO = ¢vB

¢vBvO = vB - vBE(M0.7 V)

1>(1 + bF)
RE>(1 + bF)

(1 + bF)(1 + bF)RE
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iB

+VCC

+ +
+

−

−

−
Q1

RE

RB 

vCE 

+

−

vo
VB

vBE

iC

iE

FIGURE 8.19 Emitter-follower biasing
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Equations (8.69) and (8.70) can be solved for R1 as

(8.71)

Substituting R1 from Eq. (8.71) into Eq. (8.70), we get

(8.72)

The biasing analysis is similar to Fig. 8.18 if we substitute RTh for RB and the base is connected to VTh

instead of VCC. Using KVL around the B-E loop, we can find the base current iB, the collector current iC,

and the C-E voltage vCE as given by

(8.73)

(8.74)

(8.75)

and , Eq. (8.74) can be approximated to

(8.76) 

The voltage at the base vB is fixed by potential divider consisting of R1 and R2. Since the B-E voltage is

the difference between the base and emitter voltages, , any changes in the base voltage vB

and the emitter voltage vE due to variations of transistor parameters cause minimum changes in

and thereby the transistor currents.vBE = vB - vE

vBE = vB - vE

iC L

VTh - VBE

RE

bF 7 7 1RE(1 + bF) 77 RTh

vCE = VCC - RCiC - REiE = VCC - RCbFiB - (1 + bF)RFiB

iC = bFiB =

bF(VTh - VBE)

RTh + RE(1 + bF)

iB =

VTh - VBE

RTh + RE(1 + bF)

R2 =

RTh VCC

VCC - VTh

R1 =

RTh VCC

VTh
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RTh

~
vBE

RE

vCEvCEvB

VTh

+VCC

+

−

vE

+

−

+
+

−

+

−

+
−

−

VCC

(b)  Thevenin’s equivalent

iB

iB

iC

iC

RC
R1

R2

RC

RE

(a)  Biasing circuit

I
II

FIGURE 8.20 DC-biasing circuit
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8.7.6 Biasing Circuit Design

Using the relationship , we can rewrite Eqs. (8.65) or (8.75) in terms of iC as given by

(8.77)

The value of ranges from 0.9 to 0.99 and is related to by

(8.78)

In practice, and . Thus, Eq. (8.77) can be approximated to

(8.79)

which is the equation of a straight line and represents the load line, as shown in Fig. 8.21.

Since an AC voltage is normally superimposed on the operating base-to-emitter voltage VBE in or-

der to operate the transistor as an amplifier, the Q-point is subjected to a swing in either direction. There-

fore, the Q-point should be positioned so that it can provide enough range to accommodate the maxi-

mum voltage swing and it is least sensitive to variations in the DC gain �F.

The given parameters are and of a transistor, (typically), and VCC. Select

suitable values of the DC biasing collector current ICQ and the C-E voltage VCEQ so that iC and vCE

can have the maximum swings in both positive and negative directions, and

. There, must be less than , and the DC supply VCC should equally

be shared equally by all elements in the C-E loop. The guidelines for determining the biasing resistances

of different circuits are summarized in Table 8.1.

IC(max)>2ICQvCE = VCEQ ; vce(peak)

iC = ICQ ; ic(peak)

VBE = 0.7 VIC(max)bF

vCE = VCC - (RC + RE)iC

aF M 1bF 7 7 1

aF =

iE

iC
=

bF

1 + bF

bFaF

vCE = VCC - RCiC - REiE = VCC - aRC + +

RE

aF
b iC

iE = iC>aF
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iB
IC

Q-point (IB, IC, VCE) 

iC

vCE (for npn)

Vsat0 VCCVCE

VCC

RC + RE

1
RC + RE

Slope = −

−vCE (for pnp)

FIGURE 8.21 Load line and Q-point
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� NOTE Manufacturers usually specify three values for a parameter: minimum, nominal, and maximum. For
example, the beta (�F) of Q2N2222 has three values: minimum �F � 100, nominal �F � 173, and maximum �F �
300. It is the designer’s task to choose the appropriate value of the transistor parameter(s) to find the component
values. The minimum value of �F is normally used to yield the worst-case design of the biasing circuit—that is, to
obtain the desired Q-point at the worst value of �F.

Microelectronic Circuits: Analysis and Design464

TABLE 8.1 Summary of biasing design guidelines

Biasing Parameters Figure 8.17 Figure 8.18 Figure 8.19 Figure 8.20

0

0

R2 =

RThVCC

VCC - VTh
R2

R1 =

RThVCC

VTh
R1

0.1 * (1 + bF)RER Th

VCC - VBE - VEQ

IBQ

VCC - VBE - VEQ

IBQ

VCC - VBE

IBQ
RB

VCC

3ICQaF

VCC

2ICQaF
 

VCC

3ICQaF
RE

VCC

3ICQ

VCC

3ICQ

VCC

2ICQ
RC

IC(max)

3

IC(max)

3

IC(max)

3

IC(max)

3
ICQ

VCC

3

VCC

2

VCC

3

VCC

2
VEQ

VCC

3

VCC

2

VCC

3

VCC

2
VCEQ

Designing a BJT biasing circuit

(a) Design a transistor biasing circuit as shown in Fig. 8.20(a). Use transistor Q2N2222, for which minimum

�F � 100, nominal �F � 173, IS � 3.295 � 10�14 A, and VA � 200 V. The operating collector current is

to be set at IC � 10 mA. The DC power supply is VCC � 15 V. Assume VBE � 0.7 V.

(b) Calculate the small-signal parameters r	, gm, and ro of the transistor.

(c) Use PSpice/SPICE to verify your results in parts (a) and (b).

SOLUTION

We will design for the worst-case value of �F (i.e., minimum �F � 100). IC � 10 mA, IB � 10 mA ⁄ 100 �
0.1 mA, and VCC � 15 V. 

EXAMPLE 8.3

D
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(a) Step 1. Calculate the values of �F and IE. From Eq. (8.78),

From Eq. (8.4),

Step 2. Calculate the value of VE. From Table 8.1 (Fig. 8.20),

Step 3. Calculate the value of RE and its power rating:

The power rating of RE is

Step 4. Calculate the value of VCE. From Table 8.1 (Fig. 8.20),

Step 5. Calculate the value of RC and its power rating.

The power rating of RC is

Step 6. Calculate the values of RTh and VTh. From Table 8.1 (Fig. 8.20),

From Fig. 8.20(b),

Step 7. Calculate the value of R1 and its power rating. From Eq. (8.71),

The power rating of R1 is

Step 8. Calculate the value of R2 and its power rating. From Eq. (8.72),

R2 =

RThVCC

VCC - VTh
=

5 k * 15

15 - 6.2
= 8.52 kÆ

PR1 =

(VCC - VTh)2

R1
=

(15 - 6.2)2

12.1 k
= 6.4 mW

R1 =

RThVCC

VTh
=

5 k * 15

6.2
= 12.1 kÆ

VTh = VE + VBE + RThIB = VE + 0.7 V + 5 kÆ * 0.1 mA = 5 + 0.7 + 0.5 = 6.2 V

RTh =

(1 + bF)RE

10
=

(1 + 100) * 495

10
= 5 kÆ

PRC = I 2
CRC = (10 * 10-3)2

* 500 = 50 mW

RC =

5

IC
=

5

10 mA
= 500 Æ

ICRC = VCC - VE - VCE = 15 - 5 - 5 = 5 V

VCE =

VCC

3
=

15

3
= 5 V

PRE = I 2
ERE = (10.1 * 10-3)2

* 495 = 50.49 mW

RE =

VE

IE
=

5 V

10.1 mA
=  495 Æ

VE =

VCC

3
=

15

3
= 5 V

IE =

IC

aF
=

IC

0.99
=

10 mA

0.99
= 10.1 mA

aF =

bF

(1 + bF)
=

100

(1 + 100)
= 0.99
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The power rating of R2 is

(b) From Eq. (8.40),

From Eq. (8.42),

From Eq. (8.43),

(c) The DC-biasing circuit for PSpice simulation is shown in Fig. 8.22.

The results of the .OP command (for EX8-3.SCH) are automatically printed on the output file. (The values ob-

tained from hand calculations are shown in parentheses.)

**** SMALL SIGNAL BIAS SOLUTION  TEMPERATURE = 27.000 DEG C

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE

(1) 5.2519 (2) 15.0000 (3) 10.4270 (4) 4.5710

IB=8.91E-05

IC=9.15E-03 (10 mA)

VBE=6.81E-01 (0.7 V)

VBC=-5.18E+00

VCE=5.86E+00 (5 V)

BETADC=1.03E+02 (100)

GM=3.54E-01 (0.3876)

RPI=2.90E+02 (258 
)

RO=2.24E+04 (20 k
)

NOTE: All PSpice results given here are from running the simulation with the schematic (.SCH) files.

If you run the simulation with the netlist circuit (.CIR) files, you may get different results, as the student’s

version of PSpice has a limited number of active devices and models.

ro =

VCE + VA

IC
=

(5 + 200) V

10 mA
= 20.5 kÆ

gm =

IC

VT
=

10 mA

25.8 mV
 =  387.6 mA>V

r	 =

25.8 mV

IB
=

bF * 25.8 mV

IC
=

100 * 25.8 mV

10 mA
= 258 Æ

PR2 =

V2
Th

R2
=

6.22

8.52 k
= 4.51 mW

R1
12.1 kΩ

R2
8.52 kΩ

RC
500 Ω

+

−

RE
495 Ω 

VCC
15 V

Q1
Q2N2222

0

1

2

3

4

FIGURE 8.22 DC-biasing circuit for PSpice simulation
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8.8 Common-Emitter Amplifiers

Once the Q-point has been established by a biasing circuit, an input voltage can be applied through

coupling capacitors, as shown in Fig. 8.23. C1 and C2 isolate the DC signals of the biasing circuit from

the input signal vs and the load resistance RL, respectively. If the input signal vs were connected di-

rectly to the base without C1, the source resistance Rs would form a parallel circuit with R2, and the

base potential VB would be disturbed. Similarly, the collector potential VC would depend on RL if C2

were removed.
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~ R2

Rs
C1

vs

t 

iB
ib

t 

vc(peak)

vB = VB + vb

vbvs

vb

R1 IB
RC

RE

Q1

iC
C2

+VCC

vB

t 

VB

iB = IB + ib

+

+

−

−

+

−

0

0

0

RL
vo

vC

t 0

iC

t 

IC

0

ic

vC

t 

VC

0

vc(peak)

vo

is

FIGURE 8.23 Common-emitter amplifier circuit

KEY POINTS OF SECTION 8.7

■ The main reasons for biasing are to turn the device on and, in particular, to place the
operating point in the region of its characteristic where the device operates most lin-
early, so that any change in the input signal causes proportional changes in the output
signal.

■ In practice, a fixed DC supply is normally used, and the circuit elements are selected so
as to bias the C-B and E-B junctions in appropriate magnitude and polarity.

■ There are many types of biasing circuits; the most commonly used ones are active current–
source biasing and two–base resistor biasing in order to ensure stable Q-point of the tran-
sistor parameters and the biasing resistors.
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Let us assume that the capacitors have large values so that they are virtually shorted at the frequency

of the input signal vs. With a sinusoidal input voltage vs � Vm sin �t, the base potential will be vB �
VB � vb. If the base current iB swings between IB � ib(peak) and IB � ib(peak), the collector current iC
will swing between IC � ic(peak) and IC � ic(peak). The C-E voltage vCE will vary accordingly from VCE �
vce(peak) to VCE � vce(peak), and the collector voltage vC will vary from VC � RC(IC � ic(peak)) to VC �
RC(IC � ic(peak)). These waveforms are depicted in Fig. 8.23. Since C2 will block any DC signal, the

output voltage will vary from �(RC � RL)ic(max) to (RC � RL)ic(min).

8.8.1 Active-Biased Common-Emitter Amplifier

A CE amplifier with a current source is shown in Fig. 8.24(a). The current source consists of pnp transis-

tors to generate a sourcing current source, and its output resistance acts as the load of transistor Q1. Since

the collector load element is a pnp transistor instead of a resistor, it is said to be active. Since a DC supply

offers zero impedance to an AC signal, VCC behaves as short-circuited; that is, one side of both Q2, Q3, and

RB is connected to the ground. Replacing the transistors by their small-signal models gives the AC equiv-

alent circuit shown in Fig. 8.24(b). The small-signal analysis is similar to the basic amplifier circuit in

Fig. 8.13(b) if we replace RC by ro2 and by in parallel with RB. For identical transistors of

matched characteristics, we can assume , , and . The

small-signal input resistance can be found from

(8.80)

The output resistance Ro seen looking into the output is the parallel combination of the two transistor out-

put resistances. That is,

(8.81)

For veb2 � 0, gmveb2 is open circuited. The output voltage vo is

vo = -gm1(ro2 7  ro1)vbe1

Ro = ro2 7  ro1

Ri =

vb

is
= r	1 7  RB

gm1 = gm2 = gmro1 = ro2 = roVA1 = VA2 = VA

r	1r	
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+VCC

+VCC

+

−

+
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−
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−
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−
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rπ1
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Q3 Q2
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R

(b)  Small-signal equivalent(a)  Current source

vb
is

Ri =
vs
is

Rin = 

vbe1

veb2

vo

vEB3

iC1

~vb

C1

R

+

−−

vo

vB

+

−

+

−
vb

Q1

vS

FIGURE 8.24 Common-emitter amplifier with a current source
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which gives the no-load voltage gain Avo as

(8.82)

which, after substituting and , can be simplified to

(8.83)

It is interesting to note that the no-load voltage gain is independent of the DC biasing collector current, but

it depends directly on the Early voltage and decreases inversely with the thermal voltage VT. For larger

voltage gain, we should use transistors with a higher value of Early voltage VA.

Avo = -

IC

VT
 
VA

2IC
=

VA

2VT

gm1 = gm2 = IC>VTro1 = ro2 = VA>IC

Avo =

vo

vb
= -gm1(ro2 7  ro1)
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Designing a common-emitter amplifier with an active current source

(a) Design a CE amplifier with an active current source, as shown in Fig. 8.24(a). Use transistors Q2N2222 and

Q2N2907, for which nominal �F � �f � 173, IS � 3.295 � 10�14 A, and VA � 100 V. The operating col-

lector current is set at IC � 10 mA. The DC power supply is VCC � 15 V. Assume VBE � 0.7 V.

(b) Use PSpice/SPICE to verify your results in part (a).

SOLUTION

(a) Step 1. Design the biasing current source. IC � 10 mA, and VCC � 15 V. From Eq. (8.59), we can find

the value of R in order to set the biasing current to Iref � 10 mA.

Step 2. Find the small-signal parameters of the transistors. From Eq. (8.40),

From Eq. (8.42),

From Eq. (8.43),

Step 3. Evaluate the values of the input resistance Ri (�vb ⁄ ib), the open-circuit voltage gain Avo, and the out-

put resistance Ro. We know that

From Eq. (8.81),

Ro = ro2 7  ro1 = 10 k 7  10 k = 5 kÆ

Ri = r	1 = 446 Æ

ro1 = ro2 =

VA

IC
=

100 V

10 mA
= 10 kÆ

gm1 = gm2 =

IC

VT
=

10 mA

25.8  mV
= 387.6 mA>V

r	1 = r	2 =

25.8 mV

IB
=

bF * 25.8 mV

IC
=

173 * 25.8 mV

10 mA
= 446 Æ

R =

VCC - VBE3

Iref
=

15 - 0.7

10 mA
= 1.43 kÆ

EXAMPLE 8.4

D
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From Eq. (8.82),

(b) From Eq. (8.1), we can find the value of vBE1 needed to give IC � 10 mA for IS � 3.295 � 10�14 A:

which gives vBE1 � 0.682 V.

Using Eq. (8.61), we can find the biasing resistor RB:

(Use 250 k
.)

The CE amplifier with an active load for PSpice simulation is shown in Fig. 8.25.

The PSpice plot of the transfer function vo [�V(Q1�C)] against vS is shown in Fig. 8.26. Notice that the

operating range of the input voltage is very small—that is, 8.563 mV (709.863 mV � 701.30 mV). Thus, the

small-signal gain becomes �15 V ⁄ 8.563 mV � �1752. Details of the .TF analysis are given below. The val-

ues obtained from hand calculations are shown in parentheses. The value of vS (�vBE1) was adjusted to 0.705 V

instead of 0.682 V in order to operate in the linear range of the amplifier and to illustrate the benefit of using an

active load. Since the voltage gain is very large, any small change in vS could drive the amplifier into saturation.

Thus, if we build the amplifier and test it in the laboratory with a value of vS � 0.682 V, it might not work; we

need to adjust vS. Using transistor circuit model, we make the range of input voltage from 681 mV to 685 mV.

RB =

bF(VCC - VBE)

IC
=

173 * (15 - 0.682)

10 * 10-3
= 247.7 kÆ

10 mA = 3.295 * 10-14
* exp a vBE1

25.8 mV
b

Avo = -gm1(ro2 7  ro1) = -387.6 mA>V * 5 kÆ = -1938

VCC

RL

RB
15 V

R
1.43 kΩ

+

−
+

−

Q1
Q2N2222

vo

0

0

0

Q2
Q2N2907A Q3

C2

C1
vs

+
−

FIGURE 8.25 A common-emitter amplifier with an active load for PSpice simulation

FIGURE 8.26 PSpice plot for Example 8.4
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8.8.2 Resistive-Biased Common-Emitter Amplifier

A CE amplifier with an emitter resistance is shown in Fig. 8.27 where C1 and C2 are the coupling capac-

itors to isolate the small-signal input and output voltages from the DC biasing. CE will act as a short

circuit and bypasses the small AC signal, which results in a higher voltage gain but lowers the small-signal

input resistance. Since a DC supply offers zero impedance to an AC signal, VCC can be short-circuited.

That is, one side of both RC and RB is connected to the ground. The AC equivalent circuit of the amplifier

is shown in Fig. 8.28(a), which is similar to Fig. 8.18 except the DC supply VCC and the capacitors CE, C1,

and C2 are shorted. Replacing the transistor Q1 by its model of Fig. 8.28(c), the small-signal AC equiva-

lent circuit is shown in Fig. 8.28[(b) or (c)], which can be represented by an equivalent voltage amplifier

as shown in Fig. 8.28(d). We will consider RL as an external element to the amplifier so that the effect of

loading can be determined. Thus, RL is not included in Fig. 8.28(b).

Bipolar Junction Transistors and Amplifiers 471

****  SMALL-SIGNAL CHARACTERISTICS

V(Q1:C)/VS=-1.796E+03 Avo � �1796 (�1938)

INPUT RESISTANCE AT VS=5.262E+02 Ri � 526 
 (446 
)

OUTPUT RESISTANCE AT V(Q1:C)=4.726E+03 Ro � 4.726 k
 (5 k
)

The results of the .OP command are as follows.

NAME Q1 Q2 Q3 For Q1

MODEL Q2N2222 Q2N2907A Q2N2907A

IB 5.39E-05 -4.38E-05 -4.38E-05 (IB � 57.8 �A)

IC 1.03E-02 -1.03E-02 -9.85E-03 (IC � 10 mA)

VBE 7.05E-01 -7.86E-01 -7.86E-01 (VBE � 0.705 V)

GM 3.87E-01 3.96E-01 3.77E-01 (gm � 0.3876 A/V)

RPI 5.16E+02 5.96E+02 5.96E+02 (r	 � 446 
)

RO 7.91E+03 1.17E+04 1.17E+04 (ro � 10 k
)

RE1

RL vL

R1

R2

+VCC

RC

Q1

Rs C1

C2

~vs
vBvb

is

+

−

+

−

+

−

+

−

FIGURE 8.27 Common-emitter BJT amplifier with

one emitter resistor
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We will derive the input resistance Ri, the output resistance Ro, and the no-load voltage gain Avo

of common-emitter BJT amplifier. We will include the biasing resistance RB, which will reduce the

value of Ri.

Input Resistance Ri

Using KVL around loop I formed by r	 and RE1 in Fig. 8.28(c), we have

(8.84)

which gives the resistance Rx at the base of the transistor as

(8.85)

Thus, the input resistance of the amplifier is the parallel combination of R1, R2, and Rx. That is,

(8.86)

where (8.87)RB = R1 7  R2

Ri =

vb

is
= R1 7  R2 7  Rx = RB 7  Rx

Rx =

vb

ib
= r	 + (1 + gmr	)RE1 = r	 + (1 + bf)RE1

vb = ibr	 + RE1ie = ib[r	 + (1 + gmr	)RE1]
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(a)  AC equivalent circuit (b)  Small-signal circuit

(c)  Simplified circuit (d)  Equivalent voltage amplifier

~

R1 RC

R2 RE1 RLvs
vb

Rs

vL

Rin Ri Rx Ro Rout

+

−

+

−

+

−

Rs

~ RL
Rivs vb vLAvovb

Ro

+

−

+

−

+

−

+

−

rπ
gmvbe

Rs

~
RC

io

RB

ibis ic

RE1

vs
vb

vo

Ro

vbe

ie

I

vs
is

Rin =   
vb
is

Ri =   
vb
ib

Rx =  bf = gmrπ 

+

+ +

−

−

−

+

−

gmvbe

Rs

~ R2

ib

R1 RC

RE1
vs

vb
vo

Rin Ri Rx Ro

rπvbe

+

−

+

−

+

−

+

−

FIGURE 8.28 Equivalent circuits of a common-emitter amplifier

67722_08_ch08a_p433-532.qxd  2/19/10  6:05 PM  Page 472

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Thus, Ri depends on RE, R1, and R2. Their values can be chosen to give the input resistance required of the

amplifier.

Output Resistance Ro

Output resistance Ro, which is Thevenin’s resistance, can be calculated from Fig. 8.28(c) if vs is shorted

and a test voltage vx is applied across RC. Since vs � 0, the dependent source current will be zero—that is,

the circuit will be open. The output resistance will simply be RC. That is,

(8.88)

Open-Circuit (or No-Load) Voltage Gain Avo

The open-circuit output voltage from Fig. 8.28(c) is

(8.89)

The B-E voltage vbe, which controls the collector current, can be related to r	 by

(8.90)

Substituting ib from Eq. (8.84) into Eq. (8.90) yields

(8.91)

Substituting vbe from Eq. (8.91) into Eq. (8.89) gives the output voltage

which gives the open-circuit voltage gain Avo as

(8.92)

This equation indicates that the voltage gain Avo can be made large (1) by making RE1 � 0, (2) by using a

transistor with a large value of gm (or �f), and (3) by choosing a high value of RC. For RE1 � RE � RE2 � 0,

Eq. (8.92) gives the maximum open-circuit voltage gain as

(8.93)

Making RE1 � 0 will decrease the input resistance Rx in Eq. (8.85), and the amplifier will draw more cur-

rent from the input source, but the DC-biasing point also depends on RC and RE. These conflicting con-

straints—a higher value of RE1 for a larger input resistance and a lower value for a larger voltage gain—

can be satisfied by using two emitter resistors RE1 and RE2, as shown in Fig. 8.29. RE1 and RE2 set the

DC-biasing point, and RE1 gives the desired AC input resistance or voltage gain. For DC-biasing calculations,

however, RE (�RE1 � RE2) should be used. It is often necessary to compromise among the design specifi-

cations for the biasing point, the input resistance, and the open-circuit voltage gain. It is not always possi-

ble to satisfy all the design specifications with one amplifier stage.

Avo(max) = -

gmr	RC

r	
= -gmRC = -

bfRC

r	

Avo =

vo

vb
=

-gmr	RC

r	 + (1 + gmr	)RE1
=

-bfRC

r	 + (1 + bf)RE1

vo = -RCgm 

r	

r	 + (1 + gmr	)RE1
 vb

vbe =

r	

r	 + (1 + gmr	)RE1
 vb

vbe = r	ib

vo = -RCic = -RCgmvbe

Ro = RC

Bipolar Junction Transistors and Amplifiers 473

67722_08_ch08a_p433-532.qxd  2/19/10  6:05 PM  Page 473

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Microelectronic Circuits: Analysis and Design474

~

+VCC

vLRL

RB
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C1

C2

Q1

+

−

+

−

+

−

+

−

RE1RE

RE2 CE

is

Rs

vBvbvs

FIGURE 8.29 Common-emitter BJT amplifier

with two emitter resistors

Designing a common-emitter BJT amplifier
(a) Design a CE amplifier as shown in Fig. 8.29 to give a voltage gain of ⏐Avo⏐ � vo ⁄ vb � 20. Use transistor

Q2N2222, for which minimum �F � 100, nominal �F � 173, IS � 3.295 � 10�14A, and VA � 100V.The oper-

ating DC collector current is to be set at IC � 10 mA. The DC power supply is VCC � 15V.Assume VBE � 0.7V.

(b) Use PSpice/SPICE to verify your results in part (a).

SOLUTION

(a) Step 1. Design the biasing circuit. The results of Example 8.3 give RC � 500 
, RE � 495 
, R1 � 12.1 k
,

and R2 � 8.52 k
.

Step 2. Find the small-signal parameters of the transistor. The results of Example 8.3 give r	 � 258 
, gm �
387.6 mA ⁄ V, �F � 100, and ro � 20 k
 (which can be ignored for hand calculations).

Step 3. Find the values of C1, C2, CE, and RE1. Let us choose C1 � C2 � CE � 10 �F. The worst-case max-

imum possible gain that we can obtain from transistor Q2N2222 operating at IC � 10 mA can be found from

Eq. (8.93):

The desired gain is less than the maximum possible value, so we can proceed with the design. Otherwise, we

would need to choose another transistor with a higher value of �f. The value of unbypassed emitter resistance RE1

in Fig. 8.29 can be found from Eq. (8.92). That is,

(8.94)

which, for ⏐Avo⏐ � 20, �f � 100, RC � 500 
, and r	 � 258 
, gives RE1 � 22.2 
 and RE2 �
RE � RE1 � 495 � 22.2 � 472.8 
.

(b) The transistor circuit for PSpice simulation is shown in Fig. 8.30. Note that a signal source resistance

is connected at the input side to make the PSpice circuit more general. 

The results of .OP analysis obtained from the output file follow. (The values obtained from hand calcula-

tions are shown in parentheses.)

Rs = 0.1 Æ

r	 + (1 + bf)RE1 =

bfRC

ƒ Avo ƒ

|Avo(max)| =

bfRC

r	
=

100 * 500

258
= 193.8 V>V

EXAMPLE 8.5

D
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IB 8.91E-05 IB � 89.1 �A (100 �A)

IC 9.15E-03 IC � 9.1 mA (10 mA)

VBE 6.81E-01 VBE � 0.681 V (0.7 V)

VBC -5.18E+00 VCB � 5.15 V

VCE 5.86E+00 VCE � 5.86 V (5 V)

GM 3.54E-01 gm � 0.354 A/V (0.3876 A/V)

RPI 2.90E+02 r	 � 280 
 (258 
)

RO 2.24E+04 ro � 22.4 k
 (20 k
)

The PSpice plots of the base voltage vB � V(C1�2), the collector voltage vC � V(RC�1), the input voltage vs �
V(vs��), and the load voltage vo � V(RL�2) are shown in Fig. 8.31. Notice that vB and vC have a DC value with

an AC signal superimposed on them such that vB � VB � vs and vC � VC � vo. Capacitor C1 superimposes vs on

VB, whereas capacitor C2 separates the amplified AC voltage (i.e., the output voltage vo) from vC. The voltage gain

vo ⁄ vs is 16.77, which is less than the desired value of 20. Thus, the design calculation should be repeated until the

desired gain is obtained. We might try reducing the value of RE1 and increasing the value of RE2 by the same

amount so that the biasing point remains fixed. Even if we modify the design to satisfy the specifications, the results

can be expected to differ from those that would be obtained in the laboratory, although not significantly due to the

variable value of �F.

~
vL

RB
12.1 kΩ

RL
50 kΩ

RE1
22.2 Ω

R2
8.52 kΩ

RE2
472.8 Ω

RC
500 Ω

Rs
0.1 Ω

+

−

+

−

+−

C1
10 μF

C2
10 μF

CE
10 μF

VCC
15 V

vs
1 mV
1 kHz

Q1
Q2N2222

0

0

7 8 1

3
6

FIGURE 8.30 Transistor circuit for PSpice simulation

FIGURE 8.31 PSpice plots for Example 8.5
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8.9 Emitter Followers

A common-collector amplifier is generally known as an emitter follower because the emitter voltage fol-

lows the voltage at the base terminal. Such an amplifier has a low output resistance and a high input resis-

tance. It is commonly used as a buffer stage between a load and the source. 

8.9.1 Active-Biased Emitter Follower 

This arrangement is similar to the circuit in Fig. 8.19, except that the emitter resistance RE is replaced by

the sinking current source using npn transistors shown in Fig. 8.16(a). This is shown in Fig. 8.32(a). Re-

placing the transistors by their signal model, the AC equivalent circuit is shown in Fig. 8.32(b), which can

be simplified to Fig. 8.32(c).

Input Resistance Ri

When the load resistance RL is connected to the amplifier, RL becomes parallel to RE and will affect the

input resistance. Unlike the case of a CE amplifier, in an emitter follower, RL should be included in find-

ing the input resistance Ri. Using KVL around the B-E loop I in Fig. 8.32(c), we get

(8.95)

which gives the resistance Rx at the base of the transistor as

(8.96)Rx =

vb

ib
= r	 + (1 + bf)(ro1 7  ro2 7  RL)

vb = ibr	 + ie (ro1 7  ro2 7  RL) = ib[r	 + (1 + bf)(ro1 7  ro2 7  RL)]

Microelectronic Circuits: Analysis and Design476

KEY POINTS OF SECTION 8.8

■ The specifications of an amplifier are given in terms of the input resistance Ri, the output
resistance Ro, and the no-load voltage gain Avo. Their values depend on the small-signal
models of the transistor, which in turn depend on the DC-biasing Q-point.

■ BJT can be used to generate a sourcing current source, which can then bias a BJT ampli-
fier and act as a high-resistance load, giving a high no-load voltage gain, which is inde-
pendent of the DC biasing collector current, but depends directly on the Early voltage and
decreases inversely with thermal voltage VT.

■ The voltage gain and the input resistance of a resistive-biased amplifier are relatively
low. The amplifier requires coupling capacitors to isolate the small-signal input and out-
put voltages from the DC biasing.

■ It is often necessary to compromise among the design specifications for the biasing point,
the input resistance, and the no-load voltage gain. It is not always possible to satisfy all
the design specifications with one amplifier stage.
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Input resistance Ri, which is the parallel combination of RB and Rx, is

(8.97)

Open-Circuit (or No-Load) Voltage Gain Avo

The open-circuit output voltage from Fig. 8.32(c) vo is

where vbe � vbe1

Since vbe � r	ib, we get

vo � (ib � gmvbe)RE � (1 � gmr	)ib(ro1 ro2) � (1 � �f)ib(ro1 ro2)77

vo = ieRE = (ib + gmvbe)(ro1 7  ro2)

Ri =

vb

is
= RB 7  Rx

Bipolar Junction Transistors and Amplifiers 477

(a)  Emitter follower (b)  Small-signal equivalent

(c)  Simplified small-signal equivalent

~vs vb vB

iC = iC2

iB3

iC3
iB2

vBE2vBE3

+

+

+
+

−− −

−
+

−
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Q2
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Q3
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+VCC

+VCC

+

−

+

−
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−

+
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rπ

~
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ro2

vs vb

vL

Ro Rout

vbe
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I

vs
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Rin = 
vb
is

Ri = 
vb
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Rx = 

gmvbe

ro1

C1
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+

−

B1
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vbe2rπ3
rπ2

rπ1
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FIGURE 8.32 Active-biased emitter followers
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Substituting ib from Eq. (8.95), we get the no-load voltage vo as

which gives the open-circuit voltage gain Avo as

(8.98)

For , which is usually the case for current sources, Eq. (8.98) can be approxi-

mated by .

Output Resistance Ro

Output resistance Ro can be calculated by applying a test voltage vx across the output terminals and shorting

the input source vs, as shown in Fig. 8.33. To account for the effect of ro on Ro, we include ro in Fig. 8.33.

The base current ib flows through r	, which is in series with the parallel combination of Rs and RB, so

(8.99)

Using KCL at the emitter junction (E) yields

Since vbe � �ibr	, substituting ib from Eq. (8.97) into the above equation gives

ix =

vx

ro1
+

vx

ro2
+

gmr	vx

r	 + (Rs 7  RB)
+

vx

r	 + (Rs 7  RB)
= vx c 1

ro1
+

1
ro2

+

1 + gmr	

r	 + (Rs 7  RB)
d

ix =

vx

ro1
+

vx

ro2
- gmvbe - ib

ib =

-vx

r	 + (Rs 7  RB)

Avo L 1
r	 �� (1 + bf)(ro1 7  ro2)

Avo =

vo

vb
=

(1 + gmr	)(ro1 7  ro2)

r	 + (1 + b f)(ro1 7  ro2)
=

(1 + bf)(ro1 7  ro2)

r	 + (1 + bf)(ro1 7  ro2)
=

1

1 + r	>[(1 + b f)(ro1 7  ro2)]

vo =

(1 + bf)(ro1 7  ro2)

r	 + (1 + bf)(ro1 7  ro2)
 vb
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~

vbe

vs = 0

Ro =

+

−
+

−

ib

ie ix

vx
ix

Rs

RB ro2ro1 vx

rπ1

gmvbe

E

B

C

FIGURE 8.33 Equivalent circuit for determining output

resistance Ro
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which gives the output resistance Ro as

(8.100)

Thus, Ro is the parallel combination of ro1, ro2, and [r	 � (Rs � RB)] reflected from the ib branch into the ie
branch. Since �f �� 1 and Rs �� RB, the output resistance ro2 can be approximated by Ro � (r	 � Rs) ⁄ �f.

Note from Eqs. (8.96) and (8.98) that the output resistance ro2 of the current source should be as

high as possible to give a higher input resistance Ri and a higher voltage gain Avo. Since ro2 is gener-

ally high, the active-biased emitter follower gives a higher input resistance and almost close-to-unity

voltage gain.

An ideal current source should maintain a constant current at an infinite output resistance under all

operating conditions. To achieve this goal, a number of current sources are developed in Chapter 9. The

commonly used current sources are the basic current source (which was applied in Secs. 8.8.1 and

8.9.1), the modified basic source, the Widlar current source, the cascaded current source, and the Wilson

current source.

� NOTE For a current source of Ireg � 5 �A, a resistor of R � 5.72 would be required. Resistors of such
high values are costly in terms of the die area. Resistors over 50 are generally avoided for integrated circuit
applications. Thus, this current source is not suitable for generating a current of less than about 0.6 mA at

and 0.3 mA at .

8.9.2 Resistive-Biased Emitter Follower 

The coupling capacitors C1 and C2 are connected to the circuit in Fig. 8.19 to feed the input signal vs. This

arrangement is shown in Fig. 8.34(a) in which RB sets the biasing base current. The equivalent circuit for

DC analysis is shown in Fig. 8.34(b). Replacing the transistor by its model of Fig. 8.10(a), the small-

signal AC equivalent circuit of the emitter follower is shown in Fig. 8.34(c). Figure 8.34(d) shows the

emitter follower using the two–base resistor biasing as shown in Fig. 8.20.

The analysis of this circuit is similar to that of the circuit in Fig. 8.32(a), and we can use the same

equations by substituting ro2 by RE. From Eqs. (8.96) and (8.97), we can find the input resistance as

given by

(8.101)

From Eq. (8.98), we can find the no-load voltage gain as given by

(8.102)

From Eq. (8.100), we can find the output resistance as given by

(8.103)Ro = (ro1 7  RE) 7  r	 + (Rs 7  RB)

1 + bf

Avo =

(1 + gmr	)(ro1 7  RE)

1 + (1 + gmr	)(ro1 7  RE)
=

(1 + bf)(ro1 7  RE)

1 + (1 + bf)(ro1 7  RE)

Ri = RB 7 [r	 + (1 + bf)(ro1 7  RE 7  RL)]

VCC = 15 VVCC = 30 V

kÆ

MÆ

Ro =

vx

ix
= ro1 7  ro2 7  r	 + (Rs 7  RB)

1 + gmr	
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−
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−
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−
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−
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−
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(a)  Emitter follower

~ R2 vL

vbvs
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Q1 C2

Rs

RL

R1
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is

(d)  Biasing with two base resistors

VE

VCE

VB

Q1

RB

VBE

RE

(b)  DC equivalent circuit

IB

IE

IC

Rs
rπ

~

RL

RB

ib

is

RE

vs vb

vL

Ro Rout

(c)  AC equivalent circuit

vbe

ie

I

vs
is

Rin = 
vb
is

Ri = 
vb
ib

Rx = 

ro1

FIGURE 8.34 Emitter follower

Designing an emitter follower
(a) Design an emitter follower with the topology shown in Fig. 8.34(a). Use transistor Q2N2222, for which

minimum �F � 100, nominal �F � 173, IS � 3.295 � 10�14 A, and VA � 200 V. The operating collector

current is set at IC � 10 mA. The DC power supply is VCC � 15 V. Assume VBE � 0.7 V, RL � 5 k
, and

Rs � 250 
.

(b) Use PSpice/SPICE to verify your results in part (a).

SOLUTION

(a) Step 1. Design the biasing circuit. IC � 10 mA, and VCC � 15 V. We will design for the worst-case value

of �F � 100.

IB =

IC

bF
=

10 mA

100
= 0.1 mA

IE =

(1 + bF)IC

bF
=

101 * 10 mA

100
= 10.1 mA

EXAMPLE 8.6

D
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Bipolar Junction Transistors and Amplifiers 481

From Table 8.1 for Fig. 8.19, VE � VCC ⁄ 2 � 15 ⁄ 2 � 7.5 V, which gives the value of

The power rating of RE is

The base voltage VB becomes

The value of RB can be found from

(8.104)

The power rating of RB is

PRB � I2
BRB � (0.1 mA)2 � 68 k
 � 0.68 mW

Step 2. Find the small-signal parameters of the transistor. The results of Example 8.3 give r	 � 258 
,

gm � 387.6 mA ⁄ V, �F � 100, and ro1 � 20 k
.

Step 3. Find the values of C1 and C2. Let us choose C1 � C2 � 10 �F.

Step 4. Evaluate the values of the input resistance Ri, the open-circuit voltage gain Avo, and the output resis-

tance Ro. From Eq. (8.96),

From Eq. (8.97),

From Eq. (8.102),

From Eq. (8.103),

The output resistance including RL is

(b) The emitter-follower circuit for PSpice simulation is shown in Fig. 8.35.

Rout = RL 7  Ro = 5 k 7  5 L 4.99 Æ

Ro = RE 7  ro1 7  r	 + (Rs 7  RB)

1 + bf
= 743 7  20 k 7  258 + 250 7  68 k

1 + 100
= 5 Æ

=

(1 + 100) * (743 7  20 k)

[258 + (1 + 100) * (743 7  20 k)]
= 0.9966

Avo =

(1 + bf)(RE 7  ro1)

[r	 + (1 + bf)(RE 7  ro1)]

Rin =

vs

is
= Ri + Rs = 33.4 k + 250 = 33.6 kÆ

Ri = RB 7  Rx = 68 k 7  65.59 k = 33.4 kÆ

Rx = r	 + (1 + bf)(ro1 7  RE 7  RL) = 258 + (1 + 100) * (20 k 7  743 7  5 k) = 65.59 kÆ

=

(15 - 8.2) V * 100

10 mA
= 68 kÆ

RB =

VCC - VB

I B
=

(VCC - VB)bF

IC

VB = VE + VBE = 7.5 + 0.7 = 8.2 V

PRE = I 2
ERE = (10.1 mA)2

* 743 = 758 mW

RE =

VE

IE
=

7.5

10.1 mA
= 743 Æ
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The PSpice plots, which are shown in Fig. 8.36 for vs � 1 V, give vo � 987 mV and Rin � Vs(rms) ⁄ Is(rms) �
41.98 k
 (expected value is 33.6 k
), and the voltage gain is Av � vo ⁄ vs � 0.987 (expected value is

0.9966). If we run the simulation with a very large value of RL, tending to infinity (say, RL � 10 G
), the

output voltage will be the maximum vo(max). Then if we connect the normal load (say, RL � 5 k
) and run

the simulation, the output voltage should drop because of the current flow through the output resistance Ro

of the amplifier. PSpice simulation gives vo � 987 mV and vo(max) � 990 mV for RL � 10 G
. Thus, Ro can

be found from

which gives

Ro =

RL(vo(max) - vo)

vo
=

5 kÆ * (990 - 987) mV

987 mV
= 15 Æ

¢vo = vo(max) - vo = RoiL =

Rovo

RL

~

RB
68 kΩ

+

−

+

−

+

− RL
5 kΩ

RE
743 Ω

Rs
250 Ω

C1
10 μF

C2
10 μF

VCC
15 V

vs
1 V

1 kHz

Q1
Q2N2222

vL

0

0

1

4

FIGURE 8.35 Emitter-follower circuit for PSpice simulation

FIGURE 8.36 PSpice plots for Example 8.6
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Bipolar Junction Transistors and Amplifiers 483

NOTE: This example simulates the steps that would normally be used to measure the output resistance
of an amplifier in the laboratory. As expected, the simulated results differ from the design values, and the
design calculations should be modified. Even if we modify the design to satisfy the design 

specifications, the results can be expected to differ from those that would be obtained in the laboratory, although
not significantly.

If we ran a PSpice simulation of the linear circuit shown in Fig. 8.34(c), the results would be closer to the

expected values, but they would not take into account the nonlinear behavior of the transistor. The results of .TF

analysis are as follows: (The values obtained from hand calculations are shown in parentheses to the right.)

**** SMALL-SIGNAL CHARACTERISTICS

V(4)/VS=9.884E-01 Av � 0.9884 (0.9966)

INPUT RESISTANCE AT VS=3.310E+04 Rin � 33.1 k
 (33.6 k
)

OUTPUT RESISTANCE AT V(4)=4.981E+00 Rout � 4.981 
 (4.99 
)

KEY POINTS OF SECTION 8.9

■ A common-collector amplifier is generally known as an emitter follower because the emit-
ter voltage follows the voltage at the base terminal with ideally a unity voltage gain. This
type of amplifier has low output resistance and a high input resistance. It is commonly used
as a buffer stage between a load and the source.

■ The voltage gain of a resistive-biased emitter follower is close to unity, and an active-biased
amplifier with a sinking current source can yield almost unity voltage gain with a very low
output resistance.

8.10 Common-Base Amplifiers

In a common-base (CB) amplifier, the input signal is applied to the emitter terminal. That is, the base is

common to both the input and the output terminal. Such an amplifier has a low input resistance. There is

no change in the phase shift, however, between the input and output signals; that is, the output signal is in

phase with the input signal. Similar to other amplifier types, we could use either active or resistive

biasing. A CB amplifier with resistive biasing is shown in Fig. 8.37(a). The configuration of this circuit

may appear different from that of the common emitter, but it is not. The circuit can be redrawn as shown

in Fig. 8.37(b), where the input signal vs is connected to the emitter terminal via a coupling capacitor C1.

Thus, the biasing of this circuit is identical to that of the common emitter, and the technique discussed ear-

lier can be applied to design the DC-biasing circuit.

Let us assume that C1, C2, and output resistance ro1 of Q1 are very large, tending to infinity. That

is, C1 � C2 � �, and ro� �. The small-signal AC equivalent circuit of the amplifier in Fig. 8.37(a) is

shown in Fig. 8.38(a), which can be simplified to Fig. 8.38(b). RL is considered an external element

and is not included in Fig. 8.38(a). This amplifier can be represented by the equivalent voltage and

transconductance amplifiers shown in Fig. 8.38[(c) and (d)], respectively.
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8.10.1 Input Resistance Ri

Since ve � �ib(r	 � RB) in Fig. 8.38(b), the voltage ve can be related to the base–emitter voltage vbe by

(8.105)

where RB � R1 � R2. Using KCL at the emitter junction E of Fig. 8.38(b) and substituting for vbe, we get

ie L - ib - gmvbe =

ve

r	 + RB
- gmvbe =

ve

r	 + RB
+

gmr	ve

r	 + RB
L

1 + bf

r	 + RB
 ve

vbe = -

r	ve

r	 + RB
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~
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+

+
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FIGURE 8.37 Common-base amplifier
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+

+

+
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−
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−
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(a)  AC equivalent circuit

(c)  Equivalent voltage amplifier

vs ve

ve vL

vo

vbeis

Rs

is

~

ie

RB = R1⏐⏐R2

RC

icgmvbe

ro

E

B

C

(b)  Simplified circuit

vs ve

vo
vbe

rπ rπ

ib

Rin Ri Rx Ry Ro

~vs

Rs Ro

Ri RL

is
iL

Avove

(d)  Equivalent transconductance amplifier

ve vLRo~vs

Rs

Ri RL

iL

Gmve

FIGURE 8.38 Small-signal AC equivalent circuits of a CB amplifier
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which gives the resistance Rx at the emitter terminal as

Input resistance Ri, which is the parallel combination of RE and Rx, is

(8.106)

Since (r	 � RB) ⁄ (1 � �f) will have a small value, the input resistance Ri is usually low. This is the major

disadvantage of a CB amplifier. Thus, Rin � Ri � Rs.

8.10.2 No-Load Voltage Gain Avo

The no-load output voltage from Fig. 8.38(b) vo is

Substituting vbe from Eq. (8.105), we get

which gives the no-load voltage gain Avo as

(8.107)

The no-load voltage gain Avo can be increased by making RB � 0 if a bypass capacitor CB is connected

between the base and the ground, as shown in Fig. 8.39. Equation (8.107) gives the maximum no-load voltage

gain as

(8.108)

8.10.3 Output Resistance Ro

Assuming that the output resistance of the transistor is very large, tending to infinity (i.e., ro1 � �), the

output resistance Ro can be found by inspection of Fig. 8.38(b) to be Ro � RC.

Avo(max) =

bfRC

r	
= gmRC

Avo =

vo

ve
=

gmr	RC

r	 + RB
=

bfRC

r	 + RB

vo = RCgm 

r	

r	 + RB
 ve

vo = - icRC = -RCgmvbe

Ri =

ve

is
= RE 7  Rx = RE 7  r	 + RB

1 + bf

Rx =

ve

ie
=

r	 + RB

1 + gmr	
=

r	 + RB

1 + bf
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FIGURE 8.39 Common-base configuration with bypass

capacitor CB
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� NOTE Because of the low input resistance, the overall voltage gain Av is reduced considerably. The collector-
base capacitor C�, which has a low capacitance, appears between the output and base terminals, not between the
output and input terminals. If a capacitor is connected between the input and output terminals of an amplifier, the
capacitance is subject to Miller’s multiplication effect, as discussed in Sec. 2.6. In a CB amplifier, C� is not subject
to Miller’s multiplication effect, and thus CB amplifiers are used for high-frequency applications.

Microelectronic Circuits: Analysis and Design486

Finding the parameters of a common-base amplifier The CB amplifier of Fig. 8.37(a) has 

R1 � 13.16 k
, R2 � 8.06 k
, RE � 495 
, RC � 500 
, RL � 5 k
, and Rs � 250 
. The parameters of the

transistor are r	 � 258 
, �f � 100, and ro1 � �. Assume that C1 � C2 � �.

(a) Calculate the input resistance Rin (�vs ⁄ is), the no-load voltage gain Avo (�vo ⁄ ve), the output resistance Ro,

the overall voltage gain Av (�vL ⁄ vs), and the maximum permissible voltage gain Avo(max).

(b) Use PSpice/SPICE to verify your results in part (a).

SOLUTION

(a) We first find RB and Rx.

From Eq. (8.106),

Thus

From Eq. (8.107),

and

Using Fig. 8.38(c), we find that the overall voltage gain Av is

The maximum permissible voltage gain from Eq. (8.108) is given by

(b) The emitter-follower circuit for PSpice simulation is shown in Fig. 8.40. 

Avo(max) =

bfRC

r	
=

100 * 500

258
= 194

Av =

vL

vs
=

AvoRiRL

(Ri + Rs)(RL + Ro)
=

9.5 * 47.1 * 5 k
(47.1 + 250)(5 k + 500)

= 1.37

Ro = RC = 500 Æ

Avo =

bf RC

r	 + RB
=

100 * 500

258 + 5 k = 9.5

Rin = Ri + Rs = 47.1 + 250 = 297.1 Æ

Ri = RE 7  Rx = 495 7  52.1 = 47.1 Æ

Rx =

r	 + RB

1 + bf
=

258 + 5 k
101

= 52.1 Æ

RB = R1 7  R2 = 13.16 k 7  8.06 k = 5 kÆ

EXAMPLE 8.7
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Bipolar Junction Transistors and Amplifiers 487

The PSpice plots, which are shown in Fig. 8.41 for vs � 1 mV, give vo � 1.44 mV and Rin � Vs(rms) ⁄ Is(rms) �
424 
 (expected value is 297 
), and the voltage gain is Av � vo ⁄ vs � 1.43 (expected value is 1.37). Thus, the

results are close to the expected values.

R1
13.16 kΩ

RC
500 Ω 

R2
8.06 kΩ

RE
495 Ω 

RL
5 kΩ

Rs
250 Ω

vs
1 mV
1 kHz

C1
10 μF

VCC
15 V

vL

Q1
Q2N2222

~

C2
10 μF

0

0

+

−

+

+

−

−

FIGURE 8.40 Common-base amplifier circuit for

PSpice simulation FIGURE 8.41 PSpice plots for Example 8.7

KEY POINTS OF SECTION 8.10

■ In a CB amplifier, the input signal is applied to the emitter terminal. That is, the base is
common to both the input and the output terminal. Similar to other amplifier types, we
could use either active or resistive biasing.

■ This type of amplifier has a low input resistance. There is no phase shift, however, between
the input and output signals; that is, the output signal is in phase with the input signal.

■ The expressions for BJT amplifiers in terms of their parameters, the input resistance Ri, the out-
put resistance Ro, and the no-load voltage gain Avo, are summarized in Table 8.2.

TABLE 8.2 Summary of expressions for BJT amplifiers

CE Amplifier Emitter Follower CB Amplifier CE Amplifier with Active

(Fig. 8.29) (Fig. 8.34[a]) (Fig. 8.37[a]) Load (Fig. 8.24[a])

Ri (
) RB � [r	 � (1 � �f)RE1] RB � [r	 � (1 � �f)(ro1 � RE � RL)] r	 � RB

Ro (
) RC RE � ro1 � RC ro2 � ro1

Avo (V⁄ V) �gm1(ro2 � ro1)
b fRC

r	 + RB

(1 + b f)(RE 7  ro1)

r	 + (1 + b f)(RE 7  ro1)

-b fRC

r	 + (1 + b f)RE1

r	 + (Rs 7  RB)

1 + b f

RE 7  r	 + RB

b f
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8.11 Multistage Amplifiers

The design requirements of amplifiers normally specify an overall high voltage gain, a high input resistance,

and a low output resistance. A single-transistor amplifier rarely satisfies these design requirements, and multi-

stages are often used to satisfy the design specifications. To achieve the design specifications, multiple transis-

tor stages are connected in such a way that the output of one stage is the input to the next stage and so on. The

most common types of arrangements are (1) capacitor-coupled cascaded, (2) direct coupled, and (3) cascoded.

8.11.1 Capacitor-Coupled Cascaded Amplifiers

In a capacitor-coupled amplifier, the output of one stage is connected to the input of the next stage via a

capacitor as shown in Fig. 8.42(a). The first stage is a common-emitter amplifier that is designed to offer

a high input resistance Ri. The emitter follower in the third stage satisfies the requirement of a low output

resistance Ro. The second stage is common-emitter amplifier to meet the overall voltage gain requirement

Avo. If Avo1 and are the voltage gains of first and third stages, respectively, then the required gain

for the second stage is . The DC-biasing point of each stage can be determined

independently for each stage because the coupling capacitor provides DC isolation between the two stages.

The biasing collector current should be low to reduce the power drain from the DC voltage source.

Each stage can be represented by its parameters R1, Ro, and Avo as shown in Fig. 8.42(b). The out-

put resistance of a stage acts as the source resistance of the following stage, and the input resistance of

Avo2 = Avo>(Avo1 * Avo3)
Avo3(M1)

Microelectronic Circuits: Analysis and Design488
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+

−

+

−

vB3

vB2

+

−
vBEvb

(b)  Small-signal equivalent

(a)  Amplifier circuit

Source Stage 1 Stage 2 Stage 3 Load

+

−

+

−

+

−

+

−

+

−
~vs

Rs Ro1

Ri1 Ri2

ii2ii1

vi1

+
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FIGURE 8.42 A three-stage capacitor-coupled cascaded amplifier
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a stage is the load resistance of the preceding stage. Thus, there will be a loading effect due to the in-

teraction between stages, and the effective voltage gain will be reduced (see Sec. 2.4). When designing

an amplifier, keep in mind the gain reduction due to loading effect and start the design with a voltage

gain higher than Avo to satisfy the design requirement.

8.11.2 Direct-Coupled Amplifiers

In direct-coupled amplifiers, the output of one stage is directly connected to the input of the next stage. We

can make the amplifier in Fig. 8.42(a) a direct-coupled amplifier if we remove the coupling capacitors C1

and C2 and connect the following stage directly to the preceding stage. In this case, we can also remove

the biasing resistances R21, R22, and R31.

8.11.3 Cascoded Amplifiers

The effective output resistance of a transistor can be increased by connecting two transistors in a configura-

tion commonly referred to as a cascoded amplifier. The input signal is applied to one transistor whose out-

put is the input to the other transistor, as shown in Fig. 8.43(a). The input signal is applied to the common-

emitter amplifier, and the output is obtained at the collector of the common-base amplifier of transistor Q2. 

DC Biasing

The DC equivalent circuit for determining the DC-operating point of the transistors is shown in Fig. 8.43(b).

The analysis can be simplified by assuming . That is, the base current of a transistor

is negligible, and the base currents can be ignored in comparison to the currents through the biasing resistances

and . Therefore, we can find the DC biasing base voltages as given by

(8.109)

(8.110)

which can be used to find the collector and emitter currents:

(8.111)

The C-E voltages are given by

(8.112)

(8.113)

Small-Signal Voltage Gain

Once we have found the DC-biasing values, we can find the small-signal mode parameters , ro, and gm

for both transistors. The small-signal equivalent circuit is shown in Fig. 8.43(c). The small-signal input

resistance is given by

(8.114)Ri =

vs

is
= RB 7  r	1

r	

VCE2 = VCC - RCIC2 - (VB2 - VBE2)

(for VBE1 = VBE2)VCE1 = VB2 - VBE2 - (VB1 - VBE1) = VB2 - VB1

IE1 M IC1 = IE2 M IC2 =

VB1 - VBE

RE

VB2 =

RB1 + RB2

RB1 + RB2 + RB3
 VCC

VB1 =

RB1

RB1 + RB2 + RB3
 VCC

IB2 6 6 I2IB1 6 6 I3

bF1 = bF2 = bF 7 7 1
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Since , , and , equating the currents gives

which gives the voltage gain of the first stage as

(for gm1 � gm2) (8.115)

Since the collector current , we can find the output voltage as 

which gives the small-signal overall voltage gain Avo as

(8.116)Avo =

vo

vbe1
= -aFgm1RC

vo = - ic2RC = -RCaFie2 = -RCaFic1 = -RCaFgm1vbe1

ic2 = aFie2

Avo1 =

vo1

vbe1
= -aF

gm1vbe1 = ie2 =

gm2vbe2

aF
=

-gm2vvo1

aF

ic1 = ie2vo1 = -vbe2ie2 = ic2>aFic2 = gm2vbe2
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~
+

−

+
−+

−

vs

is

RB

rπ1

rπ2

ro1

ro2

ib1

ib2

ie2

iC1

vo1

+

−

vb

vs
is

RC

iC
ic2

RB3

RB1

RC

RE

C2

C1

Q2

C3

VO

Vs

+VCC

Q1

RB2

RB3

RB2

RB1

RC

RE

Q2

+VCC

VC2

VC1

VE1

IC1 = IE2

IE1

VBE2

VB2

VB1

VCE2

Q1

IB2

IB1

I3

I2

I1

+

+ −

VCE1

+

−

−

VBE1
+

−

V

ro1

ro1

rπ2

ib1

ib2

ie2

ic1

ro2 ix

vx

io2

ic2

(a)  Cascoded amplifier (b)  DC-biasing circuit

(c)  Small-signal equivalent (d)  Determination of output resistance
Ri =

FIGURE 8.43 Cascoded amplifiers
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Therefore, the voltage gain of the second stage is

(8.117)

Small-Signal Output Resistance

The equivalent circuit for determining the output resistance is shown in Fig. 8.43(d). Since , the

current source is open-circuited. Using KVL, we can write 

After substituting and , we can get the output resistance, after simplifica-

tion, as given by

(8.118)

which is the same as the output resistance Ro of the Widlar current source described by Eq. (9.30) in

Sec. 9.4 if we substitute R2 with ro1.

M ro2(1 + gm2r	2) = ro2(1 + bF) (for ro1 77 r	2)

Ro =

vx

ix
= (ro1 7  r	2) + ro2[1 + gm2(ro1 7  r	2)]

vbe2 = -vvo1vo1 = ix(ro1 7  r	2)

vx = ro2(ix - gm2vbe2) + vo1

gm1vbe1 = 0
vbe1 = 0

Avo2 =

Avo

Avo2
= -

aFgm1RC

aF
= -gm1RC

Bipolar Junction Transistors and Amplifiers 491

KEY POINTS OF SECTION 8.11

■ The design requirements of amplifiers normally specify an overall high voltage gain, a
high input resistance, and a low output resistance. A single-transistor amplifier rarely
satisfies these design requirements and multistages are often used to satisfy the design
specifications.

■ The output of one stage in a capacitively coupled amplifier is connected to the input of
the next stage via a capacitor. In direct-coupled amplifiers, the output of one stage is di-
rectly connected to the input of the next stage.

■ The effective output resistance of a transistor can be increased by connecting two tran-
sistors in a configuration commonly referred to as a cascoded amplifier. The input signal
is applied to one transistor whose output is the input to the other transistor.

8.12 The Darlington Pair Transistor

In all types of biasing circuits, the input resistance, the output resistance, and the voltage gain are dependent

on the transistor current gain . A compound transistor configuration, known as a Darlington pair, is often

used to give a much higher input resistance and a much lower input bias current than a single transistor would

provide. It consists of two cascaded transistors as shown in Fig. 8.44(a); the internal structure is shown in

Fig. 8.44(b). A Darlington pair can be represented as an equivalent single transistor as shown in Fig. 8.45.

The effective B-E voltage is

(8.119)VBE = VBE1 + VBE2 = VT ln a IC1

IS1
b + VT lna IC2

IS2
b = VT lna IC1IC2

IS1IS2
b

bF
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Since IC � IC2 � �FIC1, Eq. (8.119) becomes

(8.120)

Solving for IC, we get

(8.121)

where � effective saturation current and VT � 2VT � effective thermal voltage.

The collector current IC can be related to IB1 by

(8.122)

Thus, the effective input resistance of the compound pair is given by

(8.123)

which will be 2�F times greater than that for a single device. For a single equivalent transistor QT, r	 �
2�Fr	. Thus, if IC � 200 �A, �F � 100, and VT � 26 mV,

r	 =

bFVT

IC
=

100 * 26 mV

200 �A
= 13 kÆ

r¿	 =

V¿T

IB1
= b2

F 

2VT

IC

IC = IC2 = bFIB2 = (1 + bF)IC1 = bF(1 + bF)IB1 L b2
FIB1

IS = 2bFIS1IS2 

IC = 2bFIS1IS2 exp aVBE

2VT
b = IS  exp aVBE

V¿T
b

VBE = VT ln a I 2
C

bFIS1IS2
b
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Base Q1 Q2 Emitter

Collector

Oxide layer

n+ substrate

n–

n+
p n+

p

n+ substrate

Q1

Q2

Base

Collector

Emitter

(a)  Two-transistor representation (b)  Internal structure

FIGURE 8.44 Darlington pair transistor

VBE
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IB1

IC = IC2

IC1

VBE1

IB2 = IE1

+

−

−
+

−

+
−

+

VBE2

Q2

QT

IB1

IC

VBE

FIGURE 8.45 Darlington pair single-transistor equivalent
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for a single transistor and

for a Darlington pair. The input offset voltage VOS, however, will increase (generally times) as a re-

sult of the increase in the effective thermal voltage.

22

r¿	 =

1002
* 2 * 26 mV

200 �A
= 2.6 MÆ

Bipolar Junction Transistors and Amplifiers 493

Finding the effective parameters of a Darlington pair The Darlington pair shown in Fig. 8.46 is bi-

ased in such a way that the collector biasing current IC2 of Q2 is 1 mA. The current gains of the two transistors

are the same, �F1 � �F2 � �F � 100, and the Early voltage is VA � 75 V. Calculate (a) the effective input re-

sistance r	, (b) the effective transconductance gm, (c) the effective current gain �F(eff), and (d) the effective out-

put resistance ro.

SOLUTION

The two transistors in Fig. 8.46 can be replaced by an equivalent transistor, shown in Fig. 8.47(a), which may

be regarded as the subcircuit of the two transistors and can be modeled by the circuit in Fig. 8.47(b). Replacing

each transistor by its model gives the small-signal equivalent circuit of a Darlington pair shown in Fig. 8.47(c). 

EXAMPLE 8.8

B

E

C

VCC

Q1

Q2

vbeB

C

E

ib ic

gmvbe

gm1vbe1

gm2vbe2

rπ

+ +

−

+

−

−

+

−

ro

ie

(a)
(b)

(c)

CB

E

vbe1

vb

ib1 ic1

rπ1 ro1

B

vbe2

ic

rπ2 ro2

C

ie

E

ib2

Q
bfib

FIGURE 8.46 Two

transistors connected as

a Darlington pair FIGURE 8.47 Equivalent model of Darlington pair
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Let us assume that ro � �. The two collector and base currents of the transistors will be different. Accord-

ing to Eq. (8.14), r	 depends inversely on the collector current. Thus, the small-signal input resistances r	1

and r	2 of the transistors will be different. Assuming we have VT � 25.8 mV,

(a) Figure 8.47(c) is similar to Fig. 8.28(b). Thus, Eq. (8.85) can be applied to Fig. 8.47(c) if r	 and RE are

replaced by r	1 and r	2, respectively. Replacing RE1 in Eq. (8.85) with r	2 (in parallel with ro1) gives the

input resistance

(8.124)

(b) The voltage vbe2 in Fig. 8.47(c) is identical to vo in Fig. 8.34(c) provided r	2 is substituted for RE. Thus,

vbe2 can be related to the input voltage vb by Eq. (8.102):

(8.125)

The collector current ic of the second transistor can be found from

which gives the equivalent transconductance gm as

(8.126)gm =

ic

vb
= gm2 

(1 + bF1)r	2

r	1 + (1 + bF1)r	2
= gm2 

1

1 + r	1>[(1 + bF1)r	2]

ic = gm2vbe2 = gm2 

(1 + bF1)r	2

r	1 + (1 + bF1)r	2
 vb

vbe2 =

(1 + bF1)r	2

r	1 + (1 + bF1)r	2
 vb

 = 260.6 kÆ + (1 + 100) * (2.58 kÆ 7  7.6 MÆ) = 521.1 kÆ

 r	 = r	1 + (1 + bF)(r	2 7  ro1)

ro1 =

VA

IC1
=

75 V

9.9 �A
= 7.6 MÆ

r	1 =

bF

gm1
=

100

383.7 �A
= 260.6 kÆ

gm1 =

IC1

VT
=

9.9 �A

25.8 mV
= 383.7 �A>V

IC1 =

IB2bF

1 + bF
=

10 �A * 100

1 + 100
= 9.9 �A

ro2 =

VA

IC2
=

75 V

1 mA
= 75 kÆ

IB2 = IE1 =

IC2

bF
=

1 mA

100
= 10 �A

r	2 =

bF

gm2
=

bFVT

IC2
=

100 * 25.8 mV

1 mA
= 2.58 kÆ

gm2 =

IC2

VT
=

1 mA

25.8 mV
= 38.76 mA>V
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8.13 DC Level Shifting and Amplifier

In all the amplifiers discussed so far, we used coupling capacitors to superimpose the small AC signal

on the DC biasing voltage at the base terminal of the transistors. These capacitors provide DC isolations

of each stage from the previous or subsequent stage. The amplified AC signal is superimposed on the

DC biasing voltage at the output terminal of the transistors. The coupling capacitors cannot be used in

the design of amplifiers that only amplify DC signals. In some cases, it may be necessary to shift the

Bipolar Junction Transistors and Amplifiers 495

Since the emitter current IE1 of Q1 is equal to the base current IB2 of Q2, the biasing base current IB2 of Q2 will

be related to the biasing base current IB1 of Q1 by

According to Eq. (8.21), r	 is inversely proportional to the biasing base current IB. Thus, r	1 and r	2 will be

related by r	1 � (1 � �F1)r	2. Therefore, Eq. (8.126) can be simplified to

(8.127)

(c) The collector current ic2 of Q2 can also be written as

Since ib2 � (1 � �F1)ib1,

Thus, the effective current gain �F(eff ), which is the ratio of ic to ib, is

(8.128)

(d) The effective output resistance ro is

(8.129)

Thus, a model that can represent the two CC or CE transistors is shown in Fig. 8.47(b).

ro = ro2 = 75 kÆ

= bF2(1 + bF1) = 100 * (1 + 100) = 10,100

bF(eff) =

ic

ib1
= bF2(1 + bF1)

ic = bF2ib2 = bF2(1 + bF1)ib1

ic = bF2ib2

=

38.76

2
= 19.38 mA>V

gm =

gm2

2

IB2 = IE1 = (1 + bF1)IB1

KEY POINT OF SECTION 8.12

■ A compound transistor configuration known as a Darlington pair, which increases the effec-
tive current gain �F‚ is often used to give a much higher input resistance and a much lower
input bias current than a single transistor would provide.
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quiescent voltage of one stage before applying its output to the following stage. Level-shifting circuits can

adjust the DC-bias levels between amplification stages. Level shifting is also required to make the output

close to zero in the quiescent state with no input signal. The input resistance of the level-shifting stage

should be high to prevent loading of the previous gain stage. Also, the output resistance should be low to

effectively drive the subsequent stage.

8.13.1 Level-Shifting Methods

The emitter-follower configuration is normally used to level shift. The emitter follower has an inherent

characteristic of level shifting by such that the output voltage is . Thus, the

idea is to create a voltage in the emitter terminal, and it can be accomplished by (1) a potential divider net-

work, (2) a current source, and (3) a zener diode.

Potential Divider Level Shifting 

This arrangement is shown in Fig. 8.48(a). The voltage shift is 

which, after substituting for and simplifying, gives the output volt-

age as 

(8.130)

Although this circuit provides a voltage shift, it also attenuates the input signal by a factor . R2>(R1 + R2)

vO =

R2

R1 + R2
 (vS - VBE) -

R1VEE

R1 + R2

iE = (vS - VBE + VEE)>(R1 + R2)

vO - vS = - (VBE + R1iE)

vO = vS - VBEVBE M 0.7 V
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vS

Vo

VCC

vBE iE iE iE

−VEE

R1

R2

+
+

−

−
vBE

+

−
vBE

+

(a)  Potential divider shift (b)  Current source shift (c)  Zener shift

vS

Vo

VCC

−VEE

Vz

R2

vS

Vo

VCC

−VEE

R1

Io

FIGURE 8.48 Level shifting
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Current Source Level Shifting

The attenuation of Fig. 8.48(a) can be prevented by replacing R2 with a current source at a constant cur-

rent IO. This arrangement is shown in Fig. 8.48(b). The voltage shift is

which gives the output voltage as

(8.131)

Since the current through R1 is fixed, the voltage drop across it is also fixed. It is important to note that

is independent of the negative DC supply voltage .

Zener Level Shifting

Resistance R1 in Fig. 8.48(a) is replaced by a zener diode with zener voltage Vz. This arrangement is shown

in Fig. 8.48(c). The voltage shift is

which gives the output voltage as

(8.132)

Since the zener voltage Vz is fixed, the voltage drop across it is also fixed.

8.13.2 Level-Shifted DC Amplifier 

A BJT amplifier using level shifting is shown in Fig. 8.49(a) with four stages [6]. The first stage generates

the reference current for the second stage, which acts as the reference current for the third stage. The fourth

stage is the emitter follower. Assume that all transistors are matched devices and have equal parameters:

the current gains , the Early voltages , and the B-E voltage

. To simplify the derivations, assume that and the base currents of all

transistors are small as compared to the collector and emitter currents, and these can be neglected.

Current Mirror Source

Using KVL in the B-E loops of Q1, Q2, and Q3, Q4, we can find the reference currents I1, I2, and IR as

given by

(8.133)

(8.134)

(8.135)I2 = IR - IC3

IR =

V2 + VEE - VBE4 - VBE5

R

I1 =

V1 + VEE - VBE1 - VBE2

RA + RB

bF 7 7 1VBE1 =
Á

 =  VBE7 = VBE

VA1 =
Á

= VA7 = VAbF1 =
Á = bF7 = bF

vO = vS - VBE - Vz

vO - vS = - (VBE + Vz)

-  VEEvO

vO = vS - VBE - R1IO

vO - vS = - (VBE + R1IO)
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Using Eq. (8.58), we can find the biasing current sources:

(8.136)

(8.137)

IE1 = IE2 M I1 IE3 M IC3 IE4 = IR IE5 M I2

IC6 =

I2

1 + 2>bF
M I2

IC3 =

I1

1 + 2>bF
 M I1
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(a)  Schematic

(b)  Small-signal equivalent
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−
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vx

vo

re2

bfib2 bfib3 bfib5

bfib4bfib1

bfib6

bfib7

ib2 ib3

ic3

ib5 ib6
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+

−
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FIGURE 8.49 A BJT level-shifting amplifier
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DC Output Voltage

For and , we can find the voltage at the base of the output transistor Q7 as given by

which, after substituting I2 from Eq. (8.135), can be written as

(8.138)

which, after substituting I1 from Eq. (8.133) and substituting IR from Eq. (8.134), gives

(8.139)

We can simplify Eq. (8.139) if we choose resistors such that and the B-E voltage

drops are matched. That is, Eq. (8.139) is simplified to

(8.140)

Therefore, the voltage Vx at the emitter of transistor Q7 is shifted by VBE7, and the output voltage becomes

(8.141)

If the base of transistor Q4 is connected to VCC as shown in Fig. 8.49, then . We get the output

voltage as given by

(8.142)

Therefore, there is a DC offset voltage due to VBE7, which can be canceled by decreasing the current IC6

through Rx by an amount

(8.143)

This can be accomplished by placing a compensating resistor Ry from the base of Q4 to the negative sup-

ply . This will decrease the reference current I2 by an amount

(8.144)

Since the decrease in IC6 should be equal to the decrease in I2, we can find the relation between Rx and Ry as 

(8.145)

Therefore, I2 in Eq. (8.135) should be corrected as given by

(8.146)

Under these conditions, the output voltage in Eq. (8.142) becomes

(8.147)

In integrated circuit design, the emitter of Q7 can be scaled to produce a B-E junction drop identical to that

of Q5, and Ry can be made equal to Rx in order to obtain the condition in Eq. (8.145).

VO = V1

I2 = IR - IC3 -

VBE5

Ry

VBE7

Rx
=

VBE5

Ry

¢I2 =

VBE5

Ry

(-VEE)

¢IC6 =

VBE7

Rx

VO = VCC - VCC + V1 - VBE7 = V1 - VBE7

V2 = VCC

VO = Vx - VBE7 = VCC + (V1 - V2) - VBE7

Vx = VCC - V2 + V1

RA + RB = R = Rx

Vx = VCC - RxaV2 + VEE - VBE4 - VBE5

R
b + RxaV1 + VEE - VBE1 - VBE2

RA + RB
b

Vx = VCC - Rx(IR - IC3) = VCC - Rx(IR - I1)

Vx = VCC - Rx (IC6 + IB7) = VCC - RxIC6 = VCC - RxI2

IC6 M I2IC6 7 7 IB7
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Small-Signal Voltage Gain

By replacing the transistors by its small-signal model, the small-signal equivalent circuit is shown in

Fig. 8.49(b). The capacitor CA and the batteries (VCC and VEE) are shorted to ground. Using KVL

through the resistance RB loop, we can find the small-signal reference current i1 and its mirrored 

current ic3 as

(8.148)

Using KVL through the resistance R loop and the relation , we can find the relation for the

small-signal reference current iR as

which gives i2 as

for R �� re4, re5 (8.149)

The small-signal current i2 is mirrored to ic6, which produces the voltage vx at the base of transistor Q7 as

given by 

Assuming a unity-gain emitter follower, we get the small-signal output voltage vo as 

which, after substituting ic3 from Eq. (8.148), gives the output voltage vo as

which gives the no-load voltage gain Avo as

(8.150)

For and , Eq. (8.150) can be simplified to

(8.151)

It is important to note that any increase in v1 causes the current i1 to increase, which is mirrored to ic3,

which in turn decreases i2 by the same amount. Current ic6, which is a mirror of i2, causes the voltage

vx to increase by Rxic6. The transistors, which act as current mirrors and shift the voltage levels, do not

produce any voltage amplification. The voltage gain described by Eq. (8.151) is accomplished by short-

ing RA by the capacitor CA for AC signals. The maximum voltage gain can be obtained by shunting both

RA and RB by capacitor CA. For making and , Eq. (8.150) gives the maximum voltage

gain as

(8.152)Avo(max) =

Rx

2re1
=

RxI1

2VT

RB = 0re1 = re2

Avo =

RA + RB

RB
= 1 +

RA

RB

RB �� (re1 + re2)Rx = RA + RB

Avo =

vo

v1
=

Rx

re1 + re2 + RB

vo = ic3Rx =

Rx

re1 + re2 + RB
 v1

vo = ic3Rx

vx = - ic6Rx = ic3Rx

i2 = -  

re4 + R

re4 + re5 + R
 ic3 L - ic3

0 = (re4 + R + re5)iR - re5ic3 = (re4 + R + re5)(ic3 + i2) - re5ic3

i2 = iR - ic3

i1 = ic3 =

v1

re1 + re2 + RB
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where the product RxI1 is the DC voltage drop across Rx and should not exceed half of the DC supply volt-

age in order to minimize signal distortion. Therefore, Eq. (8.152) gives the maximum permissible

voltage gain as

(8.153)

The design of this amplifier is very simple. It requires finding only the values of RA, RB, Ry, and

to obtain a specific voltage gain Avo.Rx(= R = RA + RB)

Avo(perm) =

Rx

2re1
=

RxVCC

4VT

VCC>2

Bipolar Junction Transistors and Amplifiers 501

KEY POINTS OF SECTION 8.13

■ Level-shifting circuits, which can adjust the DC bias levels between amplification stages,
are often used to make the output close to zero in the quiescent state with no input signal.

■ A level-shifted amplifier can also provide a voltage gain. Level shifting can be accom-
plished by a potential divider, current source, and zener diode.

8.14 Frequency Model and Response 
of Bipolar Junction Transistors

In deriving the small-signal BJT model in Fig. 8.12(a), we assumed that the B-E and C-E junctions had no

capacitances. A model that includes these capacitances will represent the frequency characteristic of BJTs.

In this section, we develop the frequency and PSpice/SPICE models and then determine the frequency

characteristic of BJTs.

8.14.1 High-Frequency Model

An accurate small-signal high-frequency � model that includes capacitances and parasitic resistances is

shown in Fig. 8.50(a). The resistances rb, rc, and re are the series parasitic resistances in the base, collec-

tor, and emitter contacts, respectively. The typical values of these resistances are rb � 50 
 to 500 
,

rc � 20 
 to 500 
, and re � 1 
 to 3 
. The value of r� � 10�fro is very large, typically 10 M
.

A change in the input voltage vbe will cause a change in the total minority carrier charge qe in the

base. Because of charge-neutrality requirements, there will be an equal amount of change in the total

majority carrier charge qh in the base. Because of the change in the charge, there will be a capacitance

involved. This capacitance, known as the base-charging capacitance, is defined by

(8.154)

(Refer to the diffusion capacitance Cd for the diode because the B-E junction is similar to the diode

junction.) A certain amount of time, called the base transit time, is required for a minority carrier to

Cb =

qh

vbe
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cross the base. If qe is the charge in transit and IC is the collector current, the forward base transit time
�F is defined by

Thus, �F is the average time each carrier spends crossing the base. The change in minority charge for a

change in collector current is

(8.155)

The change in minority charge must be equal to the change in majority charge qh. That is, �qe � �qh.

Therefore,

In terms of small-signal quantities, we can write

(8.156)

Substituting qh from Eq. (8.156) into Eq. (8.154) yields

(8.157)

Substituting ic � gmvbe from Eq. (8.42) into Eq. (8.157) yields

(8.158)

Thus, Cb is proportional to the collector biasing current IC.

In addition to the base-charging capacitance, there will be a B-E depletion capacitance Cje, which

is defined by [7]

(8.159)

where Cje0 is the value of Cje for VBE � 0 and typically is in the range of 0.2 pF to 1 pF.

Cje =

Cje0

[1 - VBE>Vje]
1>3

Cb = tFgm = tF 
IC

VT

Cb =

qh

vbe
=

tFic

vbe

qh = qe = tFic

¢qh = ¢qe = tF¢IC

¢qe = tF¢IC

tF =

qe

IC
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Cπ Ccs
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E

Ere

rπ rogmvbe

(b)  Approximate o model 

Cμ

rμ

rcrb

(a)  Complex model

vπ = vbe Cπ

B

rπ rogmvbe

Cμ

vbe

C
+

−

+

−

FIGURE 8.50 Small-signal high-frequency � model of a BJT
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Vje, which is the built-in potential across the junction with zero applied voltage, can be shown in Eq. 6.7

to be [1]

(8.160)

where Na is the doping density of p-type material in atoms per cubic centimeter, Nd is the doping density

of n-type material in atoms per cubic centimeter, and ni is the intrinsic carrier concentration in a pure

sample of semiconductor. At 25°C (or 300 K), ni � 1.5 � 1010 for silicon. For Na � 1015, Nd � 1016,

and VT � 25.8 mV, the built-in potential is

Cje depends on the B-E voltage VBE (�Vje) and the temperature because of VT. Any increase in VBE will

cause Cje to increase. Thus, a reverse-biased B-E junction will exhibit a lower value of Cje.

The B-E input capacitance C	 is the sum of Cb and Cje. That is,

C	 � Cb � Cje

The C-B junction capacitance can be found approximately from

(8.161)

where Vjc � Vje and C�0 is the value of C� for VCB � 0 and typically is in the range of 0.2 pF to 1 pF. A

higher value of VCB will cause C� to decrease. Thus, a BJT operating as a switch will have a low value of

VCB, usually less than 0.7 V, and will exhibit a higher value of C� than a BJT operating as an amplifying

device with VCB � 0.7 V.

There is also a capacitance from the collector to the substrate (body) of the transistor. The substrate is

usually connected to the ground. The collector-substrate capacitance can be found approximately from 

(8.162)

where Vjs � Vje and Ccs0 is the value of Ccs for VCS � 0 and typically is in the range of 1 pF to 3 pF.

Since r� is very large and the collector-substrate capacitance Ccs is very small, their effects can be

neglected. Although the C-B capacitance C� is small, it has a magnified influence on the frequency re-

sponse as a result of the Miller effect. The simplified equivalent circuit, which neglects r�, Ccs, rb, rc,

and re, is shown in Fig. 8.50(b).

� NOTE Manufacturers specify the common-emitter hybrid (h) parameters of a BJT rather than the �-model
parameters. However, the h parameters can be converted to �-model parameters (see Appendix D).

8.14.2 Small-Signal PSpice/SPICE Model

When simulating electronic circuits, PSpice/SPICE first calculates the DC-biasing point and generates the

small-signal parameters for AC and transient analysis. The AC equivalent circuit generated by PSpice is

shown in Fig. 8.51 [5].

Ccs =

Ccs0

[1 + VCS>Vjs]
1/3

C� =

C�0

[1 + VCB>Vjc]
1/3

Vje = 25.8 * 10 -3
* ln c 1015

* 1016

(1.52
* 1020)

d = 632.6 mV at 25°C

Vje = VT ln aNaNd

n2
i
b
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8.14.3 Frequency Response of BJTs

Since the BJT model contains capacitances, the current gain �f will depend on the frequency. The depen-

dency of �f on the frequency is normally given in the data sheet; the value of C	 is not usually specified,

but it can be determined from the expression for �f as a function of frequency. Let us apply a test current

ib to the base of a BJT and short-circuit the collector terminal for AC signals. This arrangement is shown

in Fig. 8.52(a), and the high-frequency AC equivalent circuit is shown in Fig. 8.52(b). The voltage at the

base terminal is given by

(8.163)

Since ro is very large and C� is very small, the current through them will be very small. That is,

(8.164)

Substituting Vbe(s) from Eq. (8.163), we get

At the frequencies at which the model in Fig. 8.52(b) is valid, gm �� �C�, and we get the current gain

�f( j�) in the frequency domain (for s � j�) as

(8.165)bf ( jv) =

Ic( jv)

Ib( jv)
=

r	gm

1 +  r	(C	 + C�)jv
=

bf

1 + bf (C	 + C�) jv>gm

Ic(s) =

(gm - sC�)r	

1 + r	(C	 + C�)s
 Ib(s)

Ic(s) = (gm - sC�)Vbe(s)

Vbe(s) = cr	 7  1

(C	 + C�)s
d  Ib(s) =

r	

1 + r	(C	 + C�)s
 Ib(s)

Microelectronic Circuits: Analysis and Design504

Cπ Ccs

B

E

rE

rπ
ro

Cμ

rμ
rCrB

Vπ

Cjc

S

Vμ

(gmFVπ − gmRVμ) 

C

+

+

−

−

FIGURE 8.51 Small-signal PSpice model of a BJT
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which indicates that the current gain will fall as the frequency increases, at a slope of �20 dB ⁄decade. This

relationship is shown in Fig. 8.52(c) with a 3-dB frequency given by

(8.166)

The current gain will be unity, ⏐�f( j�)⏐ � 1, when

(8.167)

or (8.168)

where �T or fT is called the transition frequency and is a measure of the useful frequency of the transistor

when used as an amplifier. �T is also the unity-gain bandwidth of the transistor because from Eqs. (8.166)

and (8.167) we get

(8.169)

Unity-gain bandwidth is usually specified by the manufacturer, with typical values ranging from

100 MHz to a few gigahertz �T is normally determined by measuring the frequency �x when ⏐�f( j�x)⏐ �
10 or 5. That is, �T � �x⏐�f( j�x)⏐. The transition period �T corresponding to �T is given by

(8.170) = tF +

Cje

gm
+

C�

gm

tT =

1
vT

=

C	 + C�

gm
=

Cb + Cje + C�

gm
=

Cb

gm
+

Cje

gm
+

C�

gm

vT = v�bf

fT =

gm

2p(C	 + C�)
 (in Hz)

v = vT =

gm

C	 + C�
 (in rad/s)

v� = =

gm

bf (C	 + C� )
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fT

Ic

bf(jw)

w

Cμ
Cπ rπ rogmvbeib

ib

ic

vbe

(b)  Frequency model (a)  BJT

−6 dB/octave or
−20 dB/decade

bf Low-frequency value

10

1
wβ w Twx = 0.1w T 

(c)  Frequency response (d)  Variation of fT with Ic

ic
+

−

FIGURE 8.52 Frequency response of a BJT
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which depends on gm, which in turn depends on the collector current IC through gm (�IC ⁄ VT). As IC de-

creases, the terms involving Cje and C� dominate, causing �T to rise and fT to fall, as shown in Fig. 8.52(d).

At high values of IC, however, �T approaches the value of transition time �F, which increases with current,

causing the frequency to decrease.

Microelectronic Circuits: Analysis and Design506

Finding the high-frequency model parameters of a BJT Use the DC-biasing values of the transistor

circuit in Fig. 8.20(a): IC � 10 mA, VCE � 5 V, VBE � 0.7 V, and VCS � VC � 10 V. This circuit is shown in

Fig. 8.53. The parameters of the transistor are as follows: Cje0 � 29.6 pF, Vje � 0.8 V for determining Cje, C�0 �
19.4 pF, Vjc � 0.8 V for determining C�, Ccs0 � 3 pF, Vjs � 0.8 V for determining Ccs, and �f � 100. Assume

that VT � 25.8 mV and that the substrate is connected to the ground. The transition frequency is fT � 300 MHz

at VCE � 20 V and IC � 20 mA.

(a) Find transition time �F.

(b) Calculate the small-signal capacitances of the high-frequency model in Fig. 8.50(a).

(c) Use PSpice/SPICE to generate the model parameters.

SOLUTION

(a) The transition period is �T � 1 ⁄ 2�fT � 1 ⁄ (2� � 300 MHz) � 530.5 ps. The transition frequency fT �
300 MHz is specified at IC � 20 mA. The transconductance gm (at IC � 20 mA) becomes

We know that

VCB = VCE - VBE = 20 - 0.7 = 19.3 V

gm =

IC

VT
=

20 mA

25.8 mV
= 775.2 mA>V

EXAMPLE 8.9

0

R1
13.16 kΩ

RC
500 Ω

+

−

R2
8.06 kΩ

RE
495 Ω

Q1
Q2N2222

VCC
15 V

2

3

4

1

FIGURE 8.53 DC-biasing circuit for a BJT
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Equation (8.161) gives

From Eq. (8.170) we can find the transit time �F:

which gives �F � TF � 489.7 ps.

(b) We know that

From Eq. (8.159),

From Eq. (8.161),

From Eq. (8.162),

From Eq. (8.158),

Then

(c) Since the capacitances of a BJT depend on the junction voltages, PSpice/SPICE parameters for BJTs are

specified at the zero-biased conditions. PSpice/SPICE first calculates the biasing voltages by finding the Q-

point and then adjusts the values of junction capacitances accordingly. We will add the PSpice zero-biased

parameters affecting the capacitances. That is, CJE � Cje0 � 29.6 pF, CJC � CJC � 19.4 pF, CJS � Ccs �
1.26 pF, VJE � Vje � 0.8 V, VJC � Vjc � 0.8 V, VJS � Vjs � 0.8 V, and TF � �F � 489.7 ps. The model

statement for the transistor Q2N2222 in Example 8.5 is as follows for Vcs � 0:

.MODEL Q2N2222 NPN (BF=100 IS=3.295E-14 VA=200 CJE=29.6pF

+  CJC=19.4pF CJS=1.3pF VJE=0.8 VJC=0.8 VJS=0.8 TF=489.7ps)

The results of .OP analysis, which are obtained from the output file, are as follows: (The values obtained

from hand calculations are shown in parentheses; the results obtained from the PSpice model are shown in the

left-hand column.) 

GM 3.54E-01 gm � 0.354 A ⁄ V (0.3876 A ⁄ V)

RPI 2.90E+02 r	 � 290 
 (258 
)

RO 2.24E+04 ro � 22.4 k
 (20 k
)

CBE 2.19E-10 C	 � 219 pF (243.6 pF)

CBC 1.00E-11 C� � 10 pF (10.47 pF)

CJS 1.26E-12 Ccs � 1.26 pF (1.26pF)

FT 2.46E+08 fT � 246 MHz (308.49 MHz)

C	 = Cb + Cje = 189.8 pF + 59.2 pF = 249 pF

Cb =

tFIC

VT
=

489.7 * 10-12
* 10 mA

25.8 mV
= 189.8 pF

Ccs =

Ccs0

(1 + VCS>Vjs)
1>3 =

3 pF

(1 + 10>0.8)1>3 = 1.26 pF

C	 =

C	0

(1 + VCB>Vjc)
1>3 =

19.4 pF

(1 + 4.3>0.8)1>3 = 10.47 pF

Cje =

Cje0

(1 - VBE>Vje)
1>3 =

29.6 pF

(1 - 0.7>0.8)1>3 = 59.2 pF

VCB = VCE + VEB = VCE - VBE = 5 - 0.7 = 4.3 V

530.5 ps = tF +

25 pF

0.7752
+

6.62 pF

0.7752

C� =

19.4 pF

(1 + 19.3>0.8)1>3 = 6.62 pF
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KEY POINTS OF SECTION 8.14

■ The maximum useful frequency of a BJT is called the transition frequency, and it is limited
by the internal capacitances C	 and C� of the BJT. The collector–base capacitance C� is
small; however, it has a magnified influence on the frequency response as a result of the
Miller effect.

■ The base transit time is the average time each majority carrier spends crossing the base.
■ The transition frequency, also known as the unity-gain bandwidth of the transistor, is a mea-

sure of the useful frequency and is fixed for a particular transistor.

8.15 Frequency Response 
of BJT Amplifiers

In Secs. 2.5.4 and 2.5.5, we introduced the short-circuit and zero-value methods. As examples, we will use

these methods for determining the frequency response of BJT amplifiers.

8.15.1 Common-Emitter BJT Amplifiers

A common-emitter BJT amplifier is shown in Fig. 8.54(a). The transisor can be replaced by its simple

high-frequency � model, shown in Fig. 8.54(b). The values of C	 and C� are low (on the order of 10 pF),

and these capacitors can be considered to be open-circuited at a low frequency. Thus, Fig. 8.54(b) is re-

duced to Fig. 8.54(c) at a low frequency. If the transistor can be replaced by its small-signal AC model, the

frequency response will depend on the time constants of the model’s capacitors. The values of C1, C2, and

CE are generally much larger than those of C	 and C�. The amplifier will exhibit a midband characteris-

tic. A typical frequency response profile is shown in Fig. 8.54(d), where fL is the low 3-dB frequency, fH
is the high 3-dB frequency, and APB is the passband gain. The low break frequencies will depend mostly

on C1, C2, and CE; the high break frequencies will depend on C	 and C�. An extra capacitance Cx is con-

nected between the collector and the base to give the desired high break frequency.

Low Cutoff Frequencies

The common-emitter (CE) amplifier in Fig. 8.54(a) is expected to operate at low frequencies such that C	

and C� will have small values and will behave as if they were open-circuited. The low-frequency equiva-

lent circuit shown in Fig. 8.55 has three capacitors—two coupling capacitors C1 and C2 and a bypass ca-

pacitor CE.

NOTE: There are many factors that affect the parameters of BJTs. The hand calculations are expected
to give approximate values only. Even the PSpice results will differ from results of measurements on
practical BJTs.
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Let us consider the effects of C1 only; C2 and CE are short-circuited. This situation is shown in

Fig. 8.56(a). Thevenin’s equivalent resistance presented to C1 is

(8.171)

where RB � (R1 � R2). Thus, the break frequency due to C1 only is

(8.172)

The equivalent circuit, with C1 and CE short-circuited, is shown in Fig. 8.56(b). Thevenin’s equivalent re-

sistance is given by

(8.173) RC2 = RC + RL

fC1 =

1

2pRC1C1

RC1 = Rs + RB 7  r	
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FIGURE 8.54 Common-emitter BJT amplifier
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FIGURE 8.55 Low-frequency AC equivalent circuit of a

common-emitter amplifier
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and the break frequency due to C2 only is

(8.174)

The equivalent circuit, with C1 and C2 short-circuited, is shown in Fig. 8.56(c). Dividing a resistance in

the base circuit by (1 � �f) (�1 � gmr	) will give the equivalent emitter resistance. Thus, Thevenin’s

equivalent resistance can be found by paralleling RE with the equivalent B-E resistance. That is,

(8.175)

If Rs � RB and r	, RE � 1 k
, and �f �� 1, Eq. (8.175) can be approximated by

(8.176)

The break frequency due to CE only is

(8.177)

The low 3-dB frequency fL is the largest of fC1, fC2, and fCE. In general, the value of CE is much larger

than that of C1 or C2; the value of RCE is the smallest. Thus, fCE is generally the low 3-dB frequency: fL � fCE.

High Cutoff Frequencies

At high frequencies, coupling and bypass capacitors offer very low impedances because of their high val-

ues and can be assumed to be short-circuited. However, the impedances due to transistor capacitors are

comparable to those of other circuit elements and hence affect the voltage gain.

If the transistor of the CE amplifier in Fig. 8.54(a) is replaced by the high-frequency model shown

in Fig. 8.54(b), the result is the high-frequency equivalent circuit shown in Fig. 8.57. Cx is the extra

fCE =

1

2pRCECE

RCE L

r	

bf
=

1
gm

RCE = RE  7   r	 + (Rs 7  RB)

1 + bf

fC2 =

1

2pRC2C2
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FIGURE 8.56 Equivalent circuits of a common-emitter amplifier for the short-circuit method
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capacitance connected between the collector and the base of the transistor. The equivalent circuit, with

C� open-circuited, is shown in Fig. 8.58(a). The resistance faced by C	 and Cx is given by

(8.178)

The equivalent circuit, with C	 open-circuited, is shown in Fig. 8.58(b). Let us replace C� by volt-

age source vx, as shown in Fig. 8.58(c). Using KVL, we get

which gives Thevenin’s equivalent resistance faced by C� as

(8.179)

where Ri � (r	 � RB � Rs). Thus, the high 3-dB frequency fH is given by

(8.180)fH =

1

2p[RC	C	 + RC�(C� + Cx)]

RC� =

vx

ix
= RL 7  RC + R¿i[1 + gm(RL 7  RC)]

 = [(RL 7  RC) + R¿i(1 + gmRL 7  RC)]ix

vx = vbe + (RL 7  RC)(ix + gmvbe) = R¿i ix + (RL 7  RC)(ix + gmixR¿i ]

RC	 = r	 7  (Rs 7  RB)
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FIGURE 8.57 High-frequency circuit of a common-emitter
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FIGURE 8.58 High-frequency equivalent circuits for the zero-value method
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Designing a common-emitter amplifier to give a specified frequency response
(a) Design a CE amplifier as shown in Fig. 8.54(a), setting the low 3-dB frequency at fL � 150 Hz and the high

3-dB frequency at fH � 250 kHz. The circuit parameters are �f � 80, gm � 57.14 �A ⁄ V, r	 � 1.4 k
, C	 �
15 pF, C� � 1 pF, Rs � 200 
, R1 � 7 k
, R2 � 4.3 k
, RE � 330 
, RC � 5 k
, and RL � 5 k
.

(b) Determine the passband gain APB.

(c) Use Miller’s capacitor method to check the high-frequency design.

(d) Use PSpice/SPICE to plot the frequency response from 100 Hz to 1 MHz with decade increments and 100

points per decade.

SOLUTION

Let RB � R1 � R2 � 7 k
 � 4.3 k
 � 2.66 k
. Then

Ri � r	 � RB � Rs � RC	 � 164 


(a) The design will have two parts: one in which we set the low 3-dB frequency at fL � 150 Hz and one in

which we set the high 3-dB frequency at fH � 250 kHz.

The steps to set fL � 150 Hz are as follows:

Step 1. Calculate the equivalent resistances RC1, RC2, and RCE. From Eq. (8.171),

RC1 � Rs � RB � r	 � 200 
 � 2.66 k
 � 1.4 k
 � 1.12 k


From Eq. (8.173),

RC2 � RC � RL � 5 k
 � 5 k
 � 10 k


From Eq. (8.175),

Step 2. Assume that the frequency corresponding to the lowest resistance is the dominant cutoff frequency fL.

The low 3-dB frequency can be assigned to any resistance. However, assigning the low 3-dB frequency to the

lowest resistance will reduce the values of coupling capacitors. Since RCE has the lowest value, let fCE � fL.

That is, fCE � fL1 � fL � 150 Hz.

Step 3. Calculate the required value of CE from Eq. (8.177):

Step 4. Set the frequency corresponding to the next higher resistance. Let fL2 � fC1 � fL ⁄ 10 � 150 ⁄ 10 � 15 Hz.

From Eq. (8.172),

Step 5. Set the frequency corresponding to the highest resistance. Let fL3 � fC2 � fL ⁄ 20 � 150 ⁄ 20 � 7.5 Hz.

From Eq. (8.174),

fC2 =

1

2pRC2C2
=

1

2p * 10 kÆ * C2
= 7.5 Hz or C2 = 2.1 �F

fC1 =

1

2pRC1C1
=

1

2p * 1.12 kÆ * C1
= 15 Hz or C1 = 9.5 �F

fCE =

1

2pRCECE
=

1

2p * 18.48 * CE
= 150 HZ   or   CE = 57.4 �F

RCE = 330 7   c1.4 kÆ + 200 Æ 7  2.66 kÆ

1 + 80
d = 18.48 Æ

EXAMPLE 8.10
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The steps to set fH � 250 kHz are as follows:

Step 1. From Eq. (8.178),

RC	 � r	 � (Rs � RB) � 1.4 k
 � (200 � 2.66 k
) � 164 


From Eq. (8.179),

RC� � (5 k
 � 5 k
) � 164 
 � [1 � 57.14 mO � (5 k
 � 5 k
)] � 26.1 k


Step 2. From Eq. (8.180), the high 3-dB frequency fH is

which gives Cx � 24.3 � 1 � 23.3 pF. This is the value of the additional capacitor Cx that is to be connected

between the collector and base terminals of the transistor.

(b) From Eq. (2.114), the passband voltage gain is

(c) Applying Eq. (2.98), we have for the effective capacitance between the base and the emitter terminals

Ceq � (C� � Cx)[1 � gm(RL � RC)] � C	

� 24.3 pF � [1 � 57.14 mO � (5 k
 � 5 k
)] � 15 pF � 3.51 nF

The equivalent resistance faced by Ceq is Req � Ri � r	 � RB � Rs � 164 
, so

Miller’s capacitor method gives a higher frequency than the zero-value method does. The actual frequency is

higher than the one obtained by the zero-value method but lower than the one obtained by Miller’s capacitor

method. Thus, design by the zero-value method provides a more conservative estimate, although the SPICE re-

sults match the zero-value prediction.

(d) The AC equivalent circuit for PSpice simulation is shown in Fig. 8.59, where ro has been added to include

the output resistance of the transistor and also to make the circuit more general. 

fH =

1

2pCeqReq
=

1

2p * 3.51 nF * 164 Æ
= 276.5 kHz

APB = (-57.14 * 10-3)(5 kÆ 7  5 kÆ) *

2.66 kÆ 7  1.4 kÆ

200 + (2.66 kÆ 7  1.4 kÆ)
= -117.3 V>V

fH =

1

2p[164 Æ * 15 pF + (26.1 kÆ)(C� + Cx)]
 250 kHz or C� + Cx = Ceff = 24.3 pF

~

Rs
200 Ω

+

−

+

−
rπ

1.4 kΩ
ro

10 MΩ

RL
5 kΩ

C1
9.5 μF

Ceff
24.3 pF

C2
2.1 μF

Cπ
15 pF

vs
10 mV

G1
57.14 mA/V

RE
330 Ω

R2
4.3 kΩ

CE
57.4 μF

0
R1

7 kΩ

0

0

RC
5 kΩ

FIGURE 8.59 Small-signal equivalent circuit for PSpice simulation

67722_08_ch08a_p433-532.qxd  2/19/10  6:05 PM  Page 513

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



8.15.2 Common-Collector BJT Amplifiers

The techniques for determining the frequency response of a common-collector (CC) amplifier are identi-

cal to those used with a CE amplifier. A CC amplifier is shown in Fig. 8.61. Given the small-signal AC

model of the transistor(s), we will derive expressions for the low and high break frequencies.

Microelectronic Circuits: Analysis and Design514

The PSpice plot of the frequency response is shown in Fig. 8.60, which gives the passband gain as ⏐APB⏐
� 117.2 (expected value is 117.3). The low 3-dB frequency is approximately fL � 158.5 Hz (expected value

is 150 Hz), and the high 3-dB frequency is approximately fH � 249.5 kHz (expected value is 250 kHz). The

design value of fH is 250 kHz, and that of fL is 150 Hz. Thus, the results are very close.

NOTE: The main objective of this PSpice simulation was to verify the design methods used to 
set the low and high cutoff frequencies. Thus, the small-signal model rather than the actual PSpice
transistor model was used in the simulation. If we designed an amplifier with the small-signal model 

and then ran the simulation with an actual PSpice transistor, we would expect to get an error. But, the results
should be close.

FIGURE 8.60 Frequency response for Example 8.10

Rs
C1is

iB

~vs
C2

io

iC

B

C

E

RL

R1

R2 RE

Q1

+VCC = 15 V

+

−

+

−

vo

FIGURE 8.61 Common-collector amplifier
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Low Cutoff Frequencies

The low-frequency equivalent circuit obtained by replacing the transistor in Fig. 8.61 by its small-signal

low-frequency model is shown in Fig. 8.62(a). There will be two low break frequencies corresponding to

the coupling capacitances C1 and C2. Assuming that C2 is short-circuited, as shown in Fig. 8.62(b), RE be-

comes parallel to RL. Converting the effective emitter resistance (RE � RL) into the base terminal and using

Eq. (8.101), we get the equivalent input resistance

(8.181)

where RB � R1 � R2. Thevenin’s equivalent resistance presented to C1 is

so the 3-dB frequency due to C1 only is

(8.182)

The equivalent circuit, with C1 short-circuited, is shown in Fig. 8.62(c). Converting the effective base re-

sistance [r	 � (Rs � RB)] into the emitter terminal and using Eq. (8.103), we get the equivalent output resistance

(8.183)Ro = RE 7  r	 + (Rs 7  RB)

1 + bf

fC1 =

1

2pRC1C1

RC1 = Rs + Ri

Ri = RB 7  [r	 + (1 + bf)(RE 7  RL)]

Bipolar Junction Transistors and Amplifiers 515
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(a)  Low-frequency equivalent circuit
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+

−

+
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+
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FIGURE 8.62 Equivalent circuits of a common-collector amplifier for the short-circuit method
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If Rs �� RB and r	, and RE �� 1 k
, Eq. (8.183) can be approximated by

(8.184)

Thevenin’s equivalent resistance presented to C2 is

The 3-dB frequency due to C2 only is

(8.185)

In a CC amplifier, RC2 is generally much lower than RC1. For the same values of C1 and C2, fC2 will

become the low 3-dB frequency. That is, fL � fC2.

High Cutoff Frequencies

If the transistor in Fig. 8.61 is replaced by its high-frequency model, we get the high-frequency equivalent

circuit shown in Fig. 8.63. Since there is no phase reversal between the input and output voltages, Miller’s

method cannot be applied.

If we assume C	 is open-circuited and vs � 0, the equivalent circuit is shown in Fig. 8.64(a). The re-

sistance looking to the left of C� is (RB � Rs) and looking to the right of C� is [r	 � (1 � �f)(RE � RL)].

Thus, Thevenin’s equivalent resistance presented to C� is

(8.186)

If we assume C� is open-circuited, the equivalent circuit is shown in Fig. 8.64(b). To find RC	, let

us remove C	 and apply a test voltage vx, as shown in Fig. 8.64(c). Using KVL around the loop formed

by RB in parallel with Rs and by RL in parallel with RE, we get

which can be simplified to

or
ix

vx
=

1
r	

+

1 + gm(RL 7  RE)

RB 7  Rs + RL 7  RE

ix(RB 7  Rs + RL 7  RE) = vx c1 +

RB 7  Rs

r	
+

RL 7  RE

r	
+ gm(RL 7  RE) d

vx = (RB 7  Rs)a ix -

vx

r	
b + (RL 7  RE)a ix -

vx

r	
- gmvxb

RC� = (RB 7  RS) 7  [r	 + (1 + bf)(RE 7  RL)]

fC2 =

1

2pRC2C2

RC2 = RL + Ro

Ro L

r	

bf
=

1
gm

  for bf 7 7 1
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FIGURE 8.63 High-frequency circuit of a common-collector amplifier
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Thus, Thevenin’s equivalent resistance presented to C	 is

(8.187)

and the high 3-dB frequency is

(8.188)fH =

1

2p(RC	C	 + RC�C�)

RC	 =

vx

ix
= r	 7  RB 7  Rs + RL 7  RE

1 + gm(RL 7  RE)
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Cπ
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Rs

Cμ gmvbe

C

B Erπ
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(a)  Co zero value (b)  Cl zero value

vx
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C

E
rπ

gmvx

(c)  Test circuit

vx
rπ

ix − − gmvx

vx

ix

+ −

+ −

+ −

+ −

FIGURE 8.64 High-frequency equivalent circuits

Designing a common-collector amplifier to give a specified frequency response
(a) Design a CC BJT amplifier as shown in Fig. 8.61 to give a low 3-dB frequency of fL � 150 Hz. Calculate

the values of C1 and C2. The circuit parameters of the CC BJT amplifier are C	 � 15 pF, C� � 1 pF, gm �
57.14 mO, �f � 80, Rs � 200 
, r	 � 1.4 k
, RE � 330 
, R1 � 7 k
, R2 � 4.3 k
, and RL � 5 k
.

(b) Calculate the high 3-dB cutoff frequency fH.

SOLUTION

RB � R1 � R2 � 7 k
 � 4.3 k
 � 2.66 k
.

(a) The design steps for the low 3-dB frequency are as follows:

EXAMPLE 8.11

D
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8.15.3 Common-Base BJT Amplifiers

A common-base (CB) amplifier has a higher 3-dB frequency than either a CE or a CC amplifier. A CB am-

plifier is shown in Fig. 8.65. We will derive expressions for the low and high cutoff frequencies.

Low Cutoff Frequencies

The low-frequency equivalent circuit of the CB amplifier in Fig. 8.65 is shown in Fig. 8.66(a). There are two

coupling capacitors, C1 and C2, and one bypass capacitor, CB. If we assume C2 and CB are short-circuited,

the equivalent circuit is shown in Fig. 8.66(b). The resistance Rt representing the current source is

Rt =

vbe

gmvbe
=

1
gm

=

r�

bf

Microelectronic Circuits: Analysis and Design518

Step 1. Calculate the equivalent resistances RC1 and RC2. From Eq. (8.181),

Ri � RB � [r� � (1 � �f)(RE � RL)]

� 2.66 k� � [1.4 k� � (1 � 80)(330 � � 5 k�)] � 2.42 k�

and RC1 � Rs � Ri � 200 � � 2.42 k� � 2.62 k�

From Eq. (8.183),

and RC2 � RL � Ro � 5 k� � 18.48 � � 5.018 k�

Step 2. Assume that the frequency corresponding to the lowest resistance is the dominant cutoff frequency.

Thus, fC1 � fL � 150 Hz.

Step 3. Calculate the required value of C1 from Eq. (8.182):

Step 4. Assume fC2 � fL ⁄ 10 � 150 ⁄ 10 � 15 Hz.

Step 5. Calculate the required value of C2 from Eq. (8.185):

(b) From Eqs. (8.186) and (8.187),

From Eq. (8.188), the high 3-dB frequency is

fH =

1

2p(RC�C� + RC�C�)
=

1

2p(26.03 Æ * 15 pF + 184.7 Æ * 1 pF)
= 276.7 MHz

RC� = 1.4 kÆ 7  (2.66 kÆ 7  200 Æ) + (5 kÆ 7  330 Æ)

1 + 57.14 mO * (5 kÆ 7  330 Æ)
= 26.03 Æ

RC� = (2.66 kÆ 7  200 Æ) 7  [1.4 kÆ + (1 + 80)(330 Æ 7  5 kÆ)] = 184.7 Æ

fC2 =

1

2pRC2C2
=

1

2p * 5.018 kÆ * C2
= 15 Hz    or     C2 = 2.11  �F

fC1 =

1

2pRC1C1
=

1

2p * 2.62 kÆ * C1
= 150 Hz    or   C1 = 0.405 �F

Ro = 330 Æ 7  c (1.4 kÆ + 200 Æ 7  2.66 kÆ)

(1 + 80)
d = 18.48 Æ
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Thus, the input resistance Ri at the emitter terminal is

(8.189)

and Thevenin’s resistance presented to C1 is

Thus, the break frequency due to C1 only is

(8.190)fC1 =

1

2pRC1C1

RC1 = Rs + Ri

Ri = RE 7  r	 7  Rt = RE 7  r	 7  r	

bf
= RE 7  r	

1 + bf

Bipolar Junction Transistors and Amplifiers 519
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FIGURE 8.65 Common-base amplifier
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FIGURE 8.66 Equivalent circuits of a common-base amplifier for the short-circuit method
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If we consider C1 and CB to be short-circuited, the equivalent circuit is shown in Fig. 8.65(c).

Thevenin’s resistance presented to C2 is given by

(8.191)

and the break frequency due to C2 only is

(8.192)

The equivalent circuit, with C1 and C2 short-circuited, is shown in Fig. 8.65(d). Rs � RE, which is in

the emitter circuit, has to be converted to an equivalent value in the base circuit. To find the resistance

presented to CB, we multiply (Rs � RE) by (1 � �f) and then combine the result in series with r	; the

combination forms a parallel circuit with RB (�R1 � R2). That is, Thevenin’s resistance becomes

(8.193)

The break frequency due to CB only is

(8.194)

The low 3-dB frequency fL is the largest of fC1, fC2, and fCE. In general, the value of RC1 is on the order of

a few hundred ohms, whereas RC2 and RCB are on the order of kiloohms. To limit the values of the cou-

pling capacitors, fC1 is normally chosen as the low 3-dB frequency; that is, fC1 � fL.

High Cutoff Frequencies

The high-frequency equivalent circuit for the CB BJT amplifier in Fig. 8.65 is shown in Fig. 8.67(a).

If we assume C	 is open-circuited, the equivalent circuit is shown in Fig. 8.67(b). The current source

to the left of C� isolates the resistances to its left. Thevenin’s equivalent resistance presented to C� is

(8.195)RC� = RC 7  RL

fCB =

1

2pRCBCB

RCB = RB 7  [r	 + (1 + bf)(Rs 7  RE)]

fC2 =

1

2pRC2C2

RC2 = RC + RL

Microelectronic Circuits: Analysis and Design520
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FIGURE 8.67 High-frequency equivalent circuits of a common-base amplifier
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If we assume C� is open-circuited, the equivalent circuit is shown in Fig. 8.67(c). The resistance

offered by the current source is 1 ⁄gm, which forms a parallel circuit with RE, Rs, and r	. Thevenin’s

equivalent resistance presented to C	 is given by

(8.196)

Thus, the high 3-dB frequency is

(8.197)

In general, 1 ⁄gm has a small value and is much less than Rs, RE, or r	; that is, RC	 � 1 ⁄gm. For RC� ��
RC	, which is normally the case, Eq. (8.197) can be approximated by

(8.198)

� NOTE fH is independent of the transistor transconductance gain gm, and there is no Miller’s capacitance
multiplication effect. CB amplifiers are used for high-frequency applications.

fH L

1

2pRC�C�

fH =

1

2p(RC	C	 + RC�C�)

RC	 = (Rs 7  RE) 7  r	 7  1
gm

Bipolar Junction Transistors and Amplifiers 521

Designing a common-base amplifier to give a specified frequency response
(a) Design a CB BJT amplifier as shown in Fig. 8.65 to give a low 3-dB frequency of fL � 150 Hz. Calculate the

values of C1, C2, and CB. The circuit parameters are C	 � 15 pF, C� � 1 pF, gm � 57.14 mO, �f � 80,

Rs � 200 
, r	 � 1.4 k
, RE � 330 
, RC � 5 k
, R1 � 7 k
, R2 � 4.3 k
, and RL � 5 k
.

(b) Calculate the high 3-dB frequency fH.

SOLUTION

(a) The design steps are as follows:

Step 1. Calculate the equivalent resistances RC1, RC2, and RCB.

From Eq. (8.189),

and

From Eq. (8.191),

From Eq. (8.193),

Step 2. At the lowest resistance, the dominant cutoff frequency is fC1 � fL � 150 Hz.

RCB = 2.66 kÆ 7  [1.4 kÆ + (1 + 80) (200 Æ 7  330 Æ)] = 2.16 kÆ

RC2 = RC + RL = 5 kÆ + 5 kÆ = 10 kÆ

RC1 = Rs + Ri = 200 + 16.4 = 216.4 Æ

Ri = 330 Æ 7  c 1.4 kÆ

1 + 80
d = 16.4 Æ

RB = R1 7  R2 = 7 kÆ 7  4.3 kÆ = 2.66 kÆ

EXAMPLE 8.12

D
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8.15.4 Multistage Amplifiers

Multistage amplifiers are often used to meet voltage gain, frequency range, input impedance, and/or output

impedance requirements. In this section, we apply the short-circuit and zero-value methods to determine the

cutoff frequencies of multistage amplifiers. Some equations will be similar to those used in the preceding

sections because the equivalent circuits for the amplifiers are similar to those encountered previously.

When a capacitor C� is connected between the base (or gate) and the collector (or drain) of a tran-

sistor, it greatly influences the high 3-dB frequency. 

Microelectronic Circuits: Analysis and Design522

Step 3. Calculate the required value of C1 from Eq. (8.190):

Step 4. At the next higher resistance RCB � 2.16 k�, fCB � fL ⁄ 10 � 150 ⁄ 10 � 15 Hz.

Step 5. Calculate the required value of CB from Eq. (8.194):

Step 6. At the highest resistance RC2 � 10 k�, fC3 � fL ⁄ 20 � 150 ⁄ 20 � 7.5 Hz.

Step 7. Calculate the required value of C2 from Eq. (8.192):

(b) From Eq. (8.195),

From Eq. (8.196),

From Eq. (8.197), the high 3-dB frequency is

fH =

1

2p(RC�C� + RC�C�)
=

1

2p(15.2 Æ * 15 pF + 2.5 kÆ * 1 pF)
= 58.34 MHz

RC� = (200 Æ 7  330 Æ) 7  1.4 kÆ 7  1

57.14 mO
= 15.2 Æ

RC� = RC 7  RL = 5 kÆ 7  5 kÆ = 2.5 kÆ

fC2 =

1

2pRC2C2
=

1

2p * 10 kÆ * C2
= 7.5 Hz    or    C2 = 2.12 �F

fCB =

1

2pRCBCB
=

1

2p * 2.16 kÆ * CB
= 15 Hz     or     CB = 4.91 �F

fC1 =

1

2pRC1C1
=

1

2p * 216.4 * C1
= 150 Hz     or    C1 = 4.9 �F

Finding the frequency response of a two-stage CE-CE BJT amplifier A two-stage CE-CE BJT am-

plifier is shown in Fig. 8.68. The circuit parameters are C�1 � C�2 � 15 pF, C�1 � C�2 � 1 pF, gm1 � gm2 �
57.14 mO, Rs � 200 �, R11 � 22 k�, R21 � 47 k�, RC1 � 8 k�, RE1 � 5 k�, R12 � 22 k�, R22 � 47 k�,

RC2 � 8 k�, RE2 � 5 k�, RL � 5 k�, r�1 � r�2 � 1.4 k�, �f1 � 100, �f2 � 150, C1 � 10 �F, C2 � 5 �F, C3 �
10 �F, CE1 � 50 �F, and CE2 � 50 �F.

(a) Calculate the low 3-dB frequency fL.

(b) Calculate the high 3-dB frequency fH.

EXAMPLE 8.13
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Bipolar Junction Transistors and Amplifiers 523

SOLUTION

We have

and

(a) The circuit has five external capacitors—three coupling capacitors and two emitter bypass capacitors. The

low-frequency AC equivalent circuit is shown in Fig. 8.69(a).

The time constant �1 due to C1 only is

 = [200 Æ + (15 kÆ 7  1.4 kÆ)] * 10 �F = 14.8 ms

t1 = [Rs + (RB1 7  r	1)]C1

RB2 = R12 7  R22 = 22 kÆ 7  47 kÆ = 15 kÆ

RB1 = R11 7  R21 = 22 kÆ 7  47 kÆ = 15 kÆ

CE2

Q1 Q2

C1

CE1

vo

~

is iB1

vs

C2
Rs

R11

R21

io

RC1

RE1

R12

R22 RL

B
E

C

+VCC = 15 V

iB2 C3

RC2

RE2

E

C

+

−

+

−

FIGURE 8.68 Two-stage CE-CE BJT amplifier

BEB

E

C

C

gmvbe1 gmvbe2

gmvbe1 gm2vbe2

Rs

RB1

C1 C2

(a)  Low-frequency equivalent circuit

CE1 CE2RE1

rπ1

rπ1Cπ1 Cπ2

Cμ2

rπ2

RE2

RC1 RB2 RC2

io

C3

RL

vo

vbe1 vbe2

vs ~

Rs

RB1

Cμ1

(b)  High-frequency equivalent circuit

RC1 RB2 RC2 RLvs ~

B C

E

B C

E

vbe1 rπ2vbe2 vo

+

−

+

−

+

−

+

−

+

−

+

−

+

−

+

−

FIGURE 8.69 Equivalent circuits for Fig. 8.68
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The time constant �2 due to C2 only is

The time constant �3 due to C3 only is

The time constant �4 due to CE1 only is

The time constant �5 due to CE2 only is

From Eq. (2.106), the low 3-dB frequency fL is

If we consider only the smallest time constant �4 � 0.79 ms, we get

(b) Replacing the transistors by their high-frequency model gives the high-frequency equivalent circuit shown

in Fig. 8.69(b). If we assume R	1 is Thevenin’s equivalent resistance faced by C	1 with C�1, C�2, and C	2

open-circuited, the time constant �	1 can be found from

�	1 � R	1C	1 � [r	1 � (Rs � RB1)]C	1 (8.199)

� [1.4 k
 � (200 
 � 15 k
)] � 15 pF � 2.6 ns

If R	2 is Thevenin’s equivalent resistance faced by C	2 with C�1, C�2, and C	1 open-circuited, the time

constant �	2 can be found from

�	2 � R	2C	2 � (r	2 � RB2 � RC1)C	2 (8.200)

� [1.4 k
 � 15 k
 � 8 k
] � 15 pF � 16.6 ns

With C�2, C	1, and C	2 open-circuited, the effective load resistance of C�1 is

RL1(eff) � r	2 � RB2 � RC1 (8.201)

� 1.4 k
 � 15 k
 � 8 k
 � 1.1 k


and its effective input side resistance of C�1 is

R	1(eff) � r	1 � Rs � RB1 (8.202)

� 1.4 k
 � 200 
 � 15 k
 � 173 


fL =

1

2pt4
=

1

2p * 0.79 ms
= 201.5 Hz

fL =

1

2p
c 1

14.8 ms
+

1

46.4 ms
+

1

130 ms
+

1

0.79 ms
+

1

2.17 ms
d = 290.2 Hz

 = c5 kÆ 7  1.4 kÆ + (8 kÆ 7  15 kÆ)

1 + 150
d * 50 �F = 2.17 ms

t5 = cRE2 7  r	2 + (RC1 7  RB2)

1 + bf2
dCE2

 = c5 kÆ 7  1.4 kÆ + (200 Æ 7  15 kÆ)

1 + 100
d * 50 �F = 0.79 ms

t4 = cRE1 7  r	1 + (Rs 7  RB1)

1 + bf1
dCE1

 = [8 kÆ + 5 kÆ] * 10 �F = 130  ms

t3 = [RC2 + RL]C3

 = [8 kÆ + (15 kÆ 7  1.4 kÆ)] * 5 �F = 46.4  ms

t2 = [RC1 + (RB2 7  r	2)]C2
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From Eq. (2.116), the time constant presented to C�1 is

��1 � [RL1(eff) � R	1(eff)(1 � gm1RL1(eff))]C�1 (8.203)

� [1.1 k
 � 173 � (1 � 57.14 mO � 1.1 k
)] � 1 pF � 12.2 ns

With C�1, C	1, and C	2 open-circuited, the effective load resistance of C�2 is

RL2(eff) � RL � RC2 (8.204)

� 5 k
 � 8 k
 � 3.08 k


and its effective input side resistance of C�2 is

R	2(eff) � r	2 � RB2 � RC1 � RL1(eff) (8.205)

� 1.4 k
 � 15 k
 � 8 k
 � 1.1 k


From Eq. (2.116), the time constant presented to C�2 is

��2 � [RL2(eff) � R	2(eff)(1 � gm2RL2(eff))]C�2 (8.206)

� [3.08 k
 � 1.1 k
 � (1 � 57.14 mO � 3.08 k
)] � 1 pF � 197.8 ns

From Eq. (2.112), the high 3-dB frequency fH is

fH =

1

2p
 c 1

t	1 + t	2 + t�1 + t�2
d =

1

2p
 c 109

2.6 + 16.6 + 12.2 + 197.8
d = 694.4 kHz

Finding the frequency response of a two-stage CE-CB BJT amplifier A two-stage CE-CB ampli-

fier is shown in Fig. 8.70. The circuit parameters are C	1 � C	2 � 15 pF, C�1 � C�2 � 1 pF, Rs � 200 
,

R11 � 22 k
, R21 � 47 k
, RC1 � 15 k
, RE1 � 9 k
, R12 � 22 k
, R22 � 47 k
, RC2 � 15 k
, RE2 � 9 k
,

RL � 10 k
, r	1 � r	2 � 1.4 k
, �f1 � 100, �f2 � 150, gm1 � 71.4 mO, gm2 � 107.1 mO, C1 � 1 �F,

C2 � 10 �F, C3 � 1 �F, CE � 10 �F, and CB � 10 �F.

(a) Calculate the low 3-dB frequency fL.

(b) Calculate the high 3-dB frequency fH.

SOLUTION

We have

RB1 � R11 � R21 � 22 k
 � 47 k
 � 15 k


RB2 � R12 � R22 � 22 k
 � 47 k
 � 15 k


(a) The low-frequency equivalent circuit is shown in Fig. 8.71(a).

The time constant �1 due to C1 only is

�1 � [Rs � (RB1 � r	1)]C1

� [200 
 � (15 k
 � 1.4 k
)] � 1 �F � 1.48 ms

EXAMPLE 8.14
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The time constant �2 due to C2 only is

The time constant �3 due to C3 only is

�3 � [RC2 � RL]C3

� [15 k� � 10 k�] � 1 �F � 25 ms

The time constant �4 due to CE1 only is

= c9 kÆ 7  1.4 kÆ + (200 Æ 7  15 kÆ)

1 + 100
d * 10 �F = 0.16 ms

t4 = cRE1 7  r�1 + (Rs 7  RB1)

1 + bf1
dCE

= c15 kÆ + (9 kÆ 7  1.4 kÆ) 7  1000

107.1 O
d * 10 �F = 150.1 ms

t2 = cRC1 + (RE2 7  r�2) 7  1
gm2
dC2

iB2
Q1

C1

CE

vo

~

is iB1

vs

C2
Rs

R12

R11

R21

io

RC1

RE1

RE2

RL

B
E

C

+VCC = 15 V

C3

R22 CB2

RC2

E C

B

Q2

VCC

+

− +
−

+

−

FIGURE 8.70 Two-stage CE-CB BJT amplifier

(a)  Low-frequency equivalent circuit

(b)  High-frequency equivalent circuit
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+

−

+

+−
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+

−

+
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FIGURE 8.71 Equivalent circuits for Fig. 8.70
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The time constant �5 due to CB only is

�5 � [RB2 � r�2 � (1 � �f2)(RC1 � RE2)]CB2

� [15 k� � 1.4 k� � (1 � 150)(15 k� � 9 k�)] � 10 �F � 147.2 ms

From Eq. (2.106), the low 3-dB frequency fL is

If we consider only the smallest time constant �4 � 0.16 ms, we get

(b) Replacing the transistors by their high-frequency models gives the high-frequency equivalent circuit shown

in Fig. 8.71(b). If R�1 is Thevenin’s equivalent resistance faced by C�1 with C�1, C�2, and C�2 open-

circuited, the time constant ��1 is

��1 � R�1C�1 � (r�1 � Rs � RB1)C�1 (8.207)

� (1.4 k� � 200 � � 15 k�) � 15 pF � 2.6 ns

If R�2 is Thevenin’s equivalent resistance faced by C�2 with C�1, C�2, and C�1 open-circuited, the time

constant ��2 can be found from

(8.208)

With C�2, C�1, and C�2 open-circuited, the effective load resistance of C�1 is

(8.209)

and its effective input side resistance of C�1 is

R�1(eff) � r�1 � Rs � RB1 (8.210)

� 1.4 k� � 200 � � 15 k� � 173 �

From Eq. (2.116), the time constant presented to C�1 is

��1 � [RL1(eff) � R�1(eff)(1 � gm1RL1(eff) )]C�1 (8.211)

� [9.3 � � 173 � � (1 � 71.4 mO � 9.3 �)] � 1 pF � 0.3 ns

With C�1, C�1, and C�2 open-circuited, the time constant presented to C�2 is

��2 � (RL � RC2)C�2 (8.212)

� (10 k� � 15 k�) � 1 pF � 6.0 ns

= 1.4 kÆ 7  9 kÆ 7  15 kÆ 7  a 1000

107.1 O
b = 9.3 Æ

RL1(eff) = r�2 7  RE2 7  RC1 7  1
gm2

= c1.4 kÆ 7  9 kÆ 7  15 kÆ 7  1000

107.1 O
d * 15 pF = 0.14 ns

t�2 = R�2C�2 = cr�2 7  RE2 7  RC1 7  1
gm2
dC�2

fL =

1

2pt4
=

1

2p * 0.16 ms
= 995 Hz

fL =

1

2p
c 1

1.48 ms
+

1

150.1 ms
+

1

25 ms
+

1

0.16 ms
+

1

147.2 ms
d = 1111 Hz
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8.16 MOSFETs versus BJTs

An MOSFETs has the following advantages over a BJT:

1. It has an extremely high input resistance, on the order of megaohms.

2. It has no offset voltage when it is used as a switch, whereas a BJT requires a minimum base–emitter

voltage VBE.

3. It is relatively immune to ionizing radiation, whereas a BJT is very sensitive because its beta value

is particularly affected.

4. It is less “noisy” than a BJT and thus more suitable for input stages of low-level amplifiers. It is

used extensively in FM receivers.

5. It provides better thermal stability than a BJT—that is, the parameters of MOSFETs are less sen-

sitive to temperature changes.

MOSFETs have a smaller gain bandwidth than BJTs and are more susceptible to damage in handling. The

gain bandwidth is the frequency at which the gain becomes unity.

8.17 Design of Amplifiers

When an amplifier is being analyzed, the components are specified; however, when an amplifier is being

designed, the designer must select the values of the circuit components. The design task can be simpli-

fied if a simple transistor model is used to find approximate values of the components. After the initial

design stage, the next step is to analyze the amplifier with these approximate values and to compare

the performance parameters with the desired values. Often the specifications are not met, and it is nec-

essary to modify the component values. An amplifier is normally specified by the input resistance Ri,

Microelectronic Circuits: Analysis and Design528

KEY POINTS OF SECTION 8.15

■ The bypass capacitor CE usually sets the low 3-dB frequency. Because of the Miller effect,
the capacitor C� influences the high 3-dB frequency.

■ For a small-signal input, capacitor C� appears between the base and the ground and
there is no Miller effect. As a result, a CC amplifier can operate at a much higher fre-
quency than a CE amplifier. However, the voltage gain of a CC amplifier is approxi-
mately unity.

■ There is no Miller effect in a CB amplifier, and the high 3-dB frequency limit is higher
that that of a CE amplifier. But the voltage gain is lower than that of a CE amplifier.

From Eq. (2.112), the high cutoff frequency is

which is much higher than fH � 694.4 kHz for the CE-CE BJT amplifier in Example 8.13.

fH =

1

2p
c 1

t	1 + t	2 + t�1 + t�2
d =

1

2p
c 109

2.6 + .14 + 0.3 + 6.0
d = 17.6 MHz
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the output resistance Ro, and the voltage gain Avo. These specifications are normally defined by the fol-

lowing values:

Source resistance Rs

DC supply voltage VCC for BJTs
Load resistance RL

Overall voltage gain Av (�vL ⁄ vs) (at a specified RL)

Input resistance at the base of the transistor Ri

After the specifications of an amplifier have been established, the next step is to decide on the type of tran-

sistor to be used. In the following analysis, we develop the necessary design conditions and the steps in

meeting design specifications.

8.17.1 BJT Amplifier Design

Once a decision has been made to design a BJT amplifier, choose a suitable BJT and note its particular current

gain �f (��F) and Early voltage VA (or assume a typical value of 200 V). Then choose a collector current IC at

the Q-point. The manufacturer normally provides curves showing the variations in current gain hfe (�f) against

the collector current. IC may be chosen from the manufacturer’s data sheet so that the current gain �f is maxi-

mum. Depending on the type of transistor (npn or pnp), VCC and IC will have positive or negative values; the

value of VA may be specified as a negative number. However, we use only the magnitudes of VCC, IC, and VA.

We have noted that the technique of DC analysis differs from that of AC analysis. For DC analysis,

the load line is set by the DC resistance Rdc. That is,

Rdc � (8.213)

For AC analysis, the load line is set by the AC resistance. That is,

Rac � (8.214)

Under the no-load condition, the load resistance RL is disconnected; the AC resistance Rac equals RC.

Thus, there are two load lines that must be considered in designing an amplifier circuit. So far, we have con-

sidered the DC load line only while designing a biasing circuit. The AC and DC load lines for CE ampli-

fiers are shown in Fig. 8.72. The Q-point, which is specified for a zero AC input signal, lies on both the AC

and the DC load lines. The AC load line passes through the Q-point and has a slope of �1 ⁄ Rac. The slope

of the AC line is greater in magnitude than that of the DC line. The AC load line may be described by

which gives

(8.215)

The maximum AC collector current IC(max), which occurs at vCE � 0, can be found from Eq. (8.215):

(8.216)IC(max) =

VCE

Rac
+ IC

iC = -  

vCE

Rac
+ aVCE

Rac
+ ICb

iC - IC =

- (vCE - VCE)

Rac

u RC 7  RL     for the CE amplifier of Fig. 8.28(a)

RE 7  RL        for the CC amplifier of Fig. 8.34(a)

u RC + RE        for the CE amplifier of Fig. 8.28(a)

RE                  for the CC amplifier of Fig. 8.34(a)

Bipolar Junction Transistors and Amplifiers 529
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An amplifier should be designed to accommodate the maximum AC swing along the AC load line,

for which iC(max) must be twice the value of IC, that is,

which gives

(8.217)

Assuming IC � IE, Eq. (8.75) gives the DC load line

VCC � VCE � (RC � RE)IC � VCE � RdcIC

Substituting VCE from Eq. (8.217) into the above equation yields

VCC � VCE � RdcIC � RacIC � RdcIC � (Rac � Rdc)IC

which gives the collector biasing current IC as

(8.218)

Thus, the Q-point is determined by both the AC and the DC resistances, which are dependent on RC, RE, and

RL. A higher voltage gain can be obtained at the expense of a low input resistance and a high output resistance.

Therefore, BJT amplifiers are normally designed for a specified voltage gain or for a specified input resistance.

Designing for Specified Voltage Gain

When the voltage gain Av (�vL ⁄ vs) of the amplifier is specified, generally the input resistance Ri is

not of major concern. Such an amplifier, shown in Fig. 8.29, acts as the middle stage of a multistage

IC =

VCC

Rac + Rdc

IC =

VCE

Rac

iC(max) = 2IC =

VCE

Rac
+ IC

Microelectronic Circuits: Analysis and Design530

IC

VCE

Rac
IC +

VCC

Rdc

VCE VCC(VCE + ICRac)

Q-point

1
Rac

AC load line, slope = − 

DC load line, slope = − 
1

Rdc

0

iC

vCE

FIGURE 8.72 AC and DC load lines for CE amplifiers
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amplifier, providing as much gain as possible. The steps required to complete the design objectives are

as follows:

Step 1. Calculate VE � ⏐VCC⏐⁄3.

Step 2. Calculate RE � VE ⁄ IE � VE�F ⁄ [(1 � �F)⏐IC⏐].

Step 3. Calculate the voltage VB at the transistor base: VB � VE � VBE � VE � 0.7.

Step 4. Calculate RB � 0.1(1 � �f)RE.

Step 5. Calculate the values of R1 and R2:

Step 6. Calculate the value of RC for known values of RL, RE, VCC, and IC. Rac is the parallel com-

bination of RC and RL. From Eqs. (8.214) and (8.218), we get

Step 7. Calculate the values of r	 and ro.

Step 8. As the first approximation, let the no-load voltage gain ⏐Avo⏐ (for RL � �) equal ⏐Av⏐.
From Eq. (8.92), the no-load voltage gain ⏐Avo⏐ is given by

from which the resistance Rx in Eq. (8.85) at the transistor base can be found:

Step 9. Calculate the required value of emitter resistance RE1 from

If RE1 � 0, the desired ⏐Av⏐ is too large.

Step 10. Calculate the value of bypassed emitter resistance RE2:

RE2 = RE - RE1

RE1 =

Rx - r	

1 + bf

Rx =

bFRC

ƒ Avo ƒ

|Avo| =

gmr	RC

r	 + (1 + bf)RE1
=

bFRC

Rx

ro L

ƒ VA ƒ

ƒ IC ƒ

r	 =

25.8 mV

ƒ IB ƒ

=

25.8 mV

ƒ IC ƒ

 bf

|VCC|

|IC|
= Rdc + Rac = RE + RC +

RCRL

RC + RL

R2 =

RB

1 - ƒ VB>VCC ƒ

R1 =

RB ƒ VCC ƒ

ƒ VB ƒ

Bipolar Junction Transistors and Amplifiers 531
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KEY POINTS OF SECTION 8.17

■ In general, designing involves decision making and an iterative process. The design steps developed

in this section will be helpful in finding component values to satisfy specifications.

■ Designing an amplifier requires prior knowledge of desired specifications, choice of a BJT, and choice

of a Q-point.

■ Once the type of transistor and the Q-point have been chosen, the next step is to choose the biasing

circuit and find its component values.

■ The small-signal parameters, which are calculated from the values of the Q-point, are then used to find

the emitter (or source) resistance needed to obtain the desired voltage gain or input resistance.

If RE2 � 0, the desired ⏐Av⏐ is too small; choose a transistor of lower current gain �F.

Step 11. Calculate the output resistance Ro � RC.

Step 12. Calculate the voltage gain Av � vL ⁄ vs:

Step 13. If the value of ⏐Av⏐ in step 12 is not greater than or equal to the desired absolute value of

Av, repeat steps 8 through 12 with progressively higher values of ⏐Avo⏐ until you obtain the desired

value for overall voltage gain Av in step 12.

Designing for Specified Input Resistance

When the input resistance Ri of the amplifier is specified, generally the voltage gain Av (�vL ⁄ vs) is not of

major concern. Such an amplifier normally acts as the input stage of a multistage amplifier. The first seven

steps in completing the design objectives are the same as described above. The next two steps are as follows:

Step 8. Knowing, from Eq. (8.86), that the input resistance Ri is given by

find the required value of resistance Rx at the base of the transistor from

If Rx � 0, the desired Ri is too high; choose a lower value of Ri or a higher value of RB (by repeating

steps 1 to 4 with a transistor of higher current gain �f and a lower collector current IC).

Step 9. Calculate the required value of unbypassed emitter resistance RE1 from

If RE1 � 0, choose a transistor of higher current gain �F and lower biasing current IC. 

Steps 10 to 12 are the same as those used in designing for a specified voltage gain.

Rx = r	 + RE1(1 + bf) or RE1 =

Rx - r	

1 + bf

Rx =

Ri

1 - Ri>RB
 for RB Ú Ri

Ri = RB 7  Rx =

RBRx

RB + Rx

|Av| =

AvoRiRL

(Ri + Rs)(RL + Ro)
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Summary

Bipolar junction transistors (BJTs) are active devices, and they are of two types: npn and pnp. BJTs

are current-controlled devices; the output depends on the input current. A BJT can operate in any one

of three regions: the cutoff, active, or saturation region. The forward current gain �F, which is a very

important parameter, is the ratio of the collector current to the base current. The biasing circuit sets the

operating point such that the effects of parameter variations are minimized and allows for the super-

position of AC signals with minimum distortion. BJTs may be represented by linear or nonlinear mod-

els. The linear models, which give approximate results, are commonly used for initial design and

analysis. The nonlinear models are normally used for computer-aided design and analysis, especially

with PSpice/SPICE.

A common-emitter amplifier is used for voltage amplification. Emitter resistance increases input re-

sistance, but it reduces voltage gain. A compromise is normally required between high input resistance

and high voltage gain requirements. A common-collector amplifier, which is known as an emitter

follower, offers a high input resistance and a low output resistance, with a gain approaching unity. An

amplifier can have two load lines: an AC load line and a DC load line. The AC load line is affected by

external load resistance. Designing an amplifier normally requires specifying the input resistance, the

output resistance, and the voltage gain.

Bypass and coupling capacitors control the low 3-dB frequency; capacitors of the small-signal tran-

sistor models control the high 3-dB frequency. Analysis of low break frequencies can be simplified by the

short-circuit method, in which the time constant due to one capacitor is determined by assuming that the

other capacitors are effectively short-circuited. This method can be extended to the analysis of multistage

amplifiers.
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Review Questions

1. What are the types of BJTs?

2. What are the differences between npn- and pnp-type BJTs?

3. What are the possible regions of BJT operation?

4. What is a short-circuit amplification factor?
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5. What is a forward amplification factor?

6. What are the characteristics of an active region?

7. What are the characteristics of a saturation region?

8. What is the purpose of biasing a BJT?

9. What is a load line?

10. What is the relationship between power dissipation and junction temperature?

11. What are the linear models of BJTs?

12. What is a transistor saturation current?

13. What is the small-signal current gain of a BJT?

14. What is the small-signal input resistance of a BJT?

15. What is the small-signal output resistance of a BJT?

16. What is the Early voltage?

17. What is the purpose of an emitter-bypassed capacitor?

18. What are the performance parameters of an amplifier?

19. What are the characteristics of CE amplifiers?

20. What are the characteristics of CC amplifiers?

21. What is a DC load line?

22. What is an AC load line?

23. What are the advantages of FETs over BJTs?

24. What is the transition frequency of a transistor?

25. What is the transit time of a BJT?

Problems

The symbol indicates that a problem is a design problem. The symbol indicates that you can check the solu-

tion to a problem using PSpice/SPICE or Electronics Workbench.

8.3  Principles of BJT Operation

8.1 Calculate the width of the B-C depletion region of an npn transistor if the C-B voltage is . The

physical parameters are , , , , 

, , and .

8.2 Calculate the neutral base width of an npn transistor if the C-B voltage is VCB � 12 V. The physical parame-

ters are , , , , ,

, and .

8.3 Plot the width of the B-C depletion region of an npn transistor if the C-B voltage is varied from VCB � 1 V

to 20 V. The physical parameters are , , , ,

, , and .

8.4 Calculate the width of the B-C depletion region of an npn transistor if the C-B voltage is VCB � 15 V. The

physical parameters are , , , ,

, and .

8.5 The physical parameters of an npn transistor are , , ,

, , , and . Determine the maxi-

mum C-B voltage to limit the width of the B-C region to of the base width wB.

8.6 The physical parameters of an npn transistor are , , ,

, , and . Determine the maximum  C-B volt-

age to limit the width of the B-C region to of the base width wB.;15%
n i = 1.5 * 1010q = 1.6 * 10-19es = 11.7 * 8.85 * 10-14

wB = 0.7 �mT = 25°CNC = NB = 1016 cm-3

;10%
n i = 1.5 * 1010q = 1.6 * 10-19es = 11.7 * 8.85 * 10-14wB = 0.7 �m

T = 25°CNB = 1 * 1015 cm-3NC = 1016 cm-3

n i = 1.5 * 1010q = 1.6 * 10-19
es = 11.7 * 8.85 * 10-14wB = 0.7 �mT = 25°CNC = NB = 1016 cm-3

n i = 1.5 * 1010q = 1.6 * 10-19es = 11.7 * 8.85 * 10-14
wB = 0.7 �mT = 25°C NB = 1 * 1015 cm-3NC = 1016 cm-3

n i = 1.5 * 1010q = 1.6 * 10-19
es = 11.7 * 8.85 * 10-14wB = 0.7 �mT = 25°CNB = 1 * 1015 cm-3NC = 1016 cm-3

n i = 1.5 * 1010q = 1.6 * 10-198.85 * 10-14
es = 11.7 *wB = 0.7 �mT = 25°CNB = 1 *  1015 cm-3NC = 1016 cm-3

VCB = 20 V

PD

67722_08_ch08b_p533-552.qxd  2/19/10  6:10 PM  Page 534

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Bipolar Junction Transistors and Amplifiers 535

8.7 The physical parameters of an npn transistor are , , 

, , , , , , and

. Calculate (a) the collector reverse saturation current ISC, (b) the current gain , and 

(c) the base saturation current ISB.

8.8 The physical parameters of an npn transistor are , , 

, , , , , , and

.

a. Calculate the emitter doping density to obtain a current gain .

b. Plot the current gain against the doping ratio � 1 to 10.

8.9 The physical parameters of an npn transistor are , , 

, , , , , and .

a. Calculate the base width xB to obtain a current gain of .

b. Plot the current gain against the base width to .

8.10 The physical parameters of an npn transistor are , , 

, , , , , , and 

. Calculate the B-E voltage to give a collector current of if ,
, and .

8.11 The physical parameters of a pnp transistor are , , 

, , , , , , and 

. Calculate the E-B voltage to give a collector current of if ,
and .

8.4 Input and Output Characteristics

8.12 The parameters of an npn transistor are �F � 0.9934 and IB � 25 �A. Determine (a) the forward current

gain �F, (b) the collector current iC, and (c) the emitter current iE.

8.13 The parameters of the transistor in Fig. P8.13 are , and . If 

, determine the critical value of RB so that the transistor operates (a) in the active (amplifier) region

and (b) in the saturation region.

8.14 The parameters of the transistor in Fig. P8.14 are , and . If

and , determine the critical value of RB so that the transistor operates (a) in

the active (amplifier) region and (b) in the saturation region.

RE = 500 ÆRC = 1.5 kÆ

VCE(sat) = 0.3 VVBE = 0.7 V,bF = 150

RCRB

Q1

+VCC

FIGURE P8.13

1.5 kÆ

RC =VCE(sat) = 0.3 VVBE = 0.7 V,bF = 150

ƒ VA ƒ = 200 VVCE = -12 V,
V T = 25.8 mVIC = 1.5 mA10-3 cm2

ABE =tB = 8 *  10-6 sLE = 0.013 cmxB = 0.7 �mDB = 10 cm2>sDE = 20 cm2>s1010 cm-3
n i =  1 .5 *NB = 5 * 1016 cm-3NE = 1015 cm-3

ƒ VA ƒ = 200 VVCE = 15 V
V T = 25.8 mVIC = 1.2 mA10-3 cm2

ABE =tB = 8 * 10-6 sLE = 0.013 cmxB = 0.7 �mDB = 10 cm2>sDE = 20 cm2>s1010 cm-3
n i =  1 .5 *NB = 1 * 1015 cm-3NE = 1016 cm-3

1 �mxB = 0.1 �mbF

bF = 100

ABE = 10-3 cm2tB = 8 * 10-6 sLE = 0.013 cmDB = 10 cm2>sDE = 20 cm2>s1010 cm-3
n i =  1 .5 *NB = 1 * 1015 cm-3NE = 1016 cm-3

x = NE>NBbF

bF = 150

ABE = 10-3 cm2
tB = 8 * 10-6 sLE = 0.013 cmxB = 0.7 �mDB = 10 cm2>sDE = 20 cm2>s1010 cm-3

n i =  1 .5 *NB = 1 * 1015 cm-3NE = 1016 cm-3

bFABE = 10-3 cm2
tB = 8 * 10-6 sLE = 0.013 cmxB = 0.7 �mDB = 10 cm2>sDE = 20 cm2>s1010 cm-3

n i =  1 .5 *NB = 1 * 1015 cm-3NE = 1016 cm-3
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8.15 The parameters of the transistor in Fig. P8.15 are , and . If

, determine the critical value of RB so that the transistor operates (a) in the active (amplifier)

region and (b) in the saturation region.

8.7 DC Biasing of Bipolar Junction Transistors

8.16 The parameters of the transistor in Fig. P8.16 are , , and . If

, , and , determine (a) the base current IB, (b) the collector current IC,

and (c) the C-E voltage VCE.

8.17 The parameters of the transistor in Fig. P8.17 are , , and . If

, , , and , determine (a) the base current IB, (b) the

collector current IC, and (c) the C-E voltage VCE.

RE = 500 ÆRC = 1.5 kÆRB = 200 kÆVCC = 12 V
VCE(sat) = 0.3 VVBE = 0.7 VbF = 150

+VCC

−VEE

RE

RC

Q1

FIGURE P8.16

RC = 1.5 kÆVEE = 12 VVCC = 12 V
VCE(sat) = 0.3 VVBE = 0.7 VbF = 150

VCC

RC

Q1

RB

FIGURE P8.15

RC = 1.5 kÆ

VCE(sat) = 0.3 VVBE = 0.7 V,bF = 150

RCRB

Q1

+VCC

RE

FIGURE P8.14
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8.18 The parameters of the transistor in Fig. P8.18 are , , and . If

, , , , and , determine (a) the base current IB, 

(b) the collector current IC, and (c) the C-E voltage VCE.

8.19 The parameters of the pnp BJT circuit in Fig. P8.19 are RC � 10 k�, RE � 1 k�, VCC � 15 V, 

VEE � 5 V, VEB � 0.6 V, and �F � 0.992. Calculate IB, IC, IE, VCE, and VCB at the Q-point.

8.20 The parameters of the npn transistor circuit in Fig. P8.20 are R1 � 100 k�, RC � 1 k�, RE � 200 �, VBE �
0.7 V, and VCC � 12 V.

a. Calculate IB, IC, IE, and VCE at the operating point if �F � 50 and if �F � 250.

b. Repeat part (a) if RE � 0.

RE RC

IE IC

VCC

IB

E C

B

Q1

VEE
+

+−
−

FIGURE P8.19

VCC

RC

RE

RB
Q1

+

−
vB

FIGURE P8.18

RE = 500 ÆRC = 1.5 kÆRB = 200 kÆVB = 5 VVCC = 15 V
VCE(sat) = 0.3 VVBE = 0.7 VbF = 150

VCC

RC

RE

RB

Q1

FIGURE P8.17

P

P
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8.21 The parameters of the transistor circuit in Fig. P8.21 are R1 � 10 k�, RC � 1 k�, RE � 200 �, VBE � 0.7 V,

and VCC � 12 V.

a. Calculate IB, IC, IE, and VCE at the Q-point if �F � 50 and if �F � 250.

b. Repeat part (a) if RE � 0.

8.22 Design a biasing circuit as shown in Fig. 8.20(a). Calculate the values and power ratings of RE, RC, R1, and

R2 and the total power dissipation PT of the circuit. The power supply is VCC � 30 V. The quiescent values

are IC � 2 mA and VCE � 12.6 V. The nominal value of �F is 50. Assume VBE � 0.5 V and r� � �.

8.23 The npn transistor circuit of Fig. P8.23 has VBE � 0.5 V and �F � 80. Determine the value of R1 that gives

IC � 4 mA and the corresponding value of VCE.

RC
4 kΩ

+
−

B

E

C

VCC
20 V

Q1

RE
200 Ω

R1

R2
5 kΩ

FIGURE P8.23

+VCC

IC

IE

IB

RC

RE

C

E

Q1

0 V

B

R1

FIGURE P8.21

IC

IE

IB

RCR1

RE

C

E

Q1

0 V

B

+VCC

FIGURE P8.20

P

P

D
P
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8.24 The pnp transistor circuit of Fig. P8.24 has �F � 100 and VEB � 0.7 V. Calculate IC and VCE.

8.8–8.10 Common-Emitter Amplifiers, Emitter Followers, and Common-Base Amplifiers

8.25 The parameters of the amplifier circuit in Fig. P8.25 are VCC � 5 V, RC � 500 �, R1 � 6.5 k�, R2 � 2.5 k�,

RE � 450 �, Rs � 500 �, RL � 5 k�, and C1 � C2 � �. Assume �F � 100 and VA � 200 V.

a. Find the Q-point defined by IB, IC, and VCE.

b. Calculate the small-signal parameters gm, r�, and ro of the transistor.

c. Calculate the input resistance Rin � vs ⁄ is, the no-load voltage gain Avo � vo ⁄ vb, the output resistance

Ro, the overall voltage gain Av � vL ⁄ vs, the current gain Ai � io ⁄ is, and the power gain Ap.

d. Use PSpice/SPICE to plot the instantaneous values of vL, vC, vB, iC, and iB.

8.26 The BJT amplifier of Fig. 8.23 has R1 � 5.5 k�, R2 � 1.5 k�, RC � 1.5 k�, RE � 150 �, RL � 5 k�,

Rs � 200 �, and VCC � 18 V. Assume �F � 100 and VA � 200 V.

a. Find the Q-point defined by IB, IC, and VCE.

b. Calculate the small-signal parameters gm, r�, and ro of the transistor.

c. Calculate the input resistance Rin � vs ⁄ is, the no-load voltage gain Avo � vo ⁄ vb, the output resistance

Ro, the overall voltage gain Av � vL ⁄ vs, the current gain Ai � io ⁄ is, and the power gain Ap.

d. Use PSpice/SPICE to plot the instantaneous values of vL, vC, vB, iC, and iB.

+

+

+

−−

+

−

+

−

−

Rs

is

~vs vb

C2 = ∞

C1 = ∞

+VCC

RoRin Ri Rx

R1 RC

R2 RE

RL

iB

iC

Q1

vo vL

vB

FIGURE P8.25

VCC
20 V

Q1

R1
30 kΩ

RC
5 kΩ

RE
2 kΩ

IC

R2
10 kΩ

IE

IB

+
−

FIGURE P8.24
P

P
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8.27 The parameters of the CE amplifier with an active current source as shown in Fig. 8.24(a) are �F = 173,

IS � 3.295 � 10
�14

A, and VA � 200 V. The DC power supply is VCC � 15 V. Assume that VBE � 0.7 V. If

, (a) determine the operating collector current IC, (b) determine the small-signal no-load volt-

age gain Avo, and (c) use PSpice/SPICE to verify your results.

8.28 Design a CE amplifier of Fig. P8.28 with an active current source. Use transistor Q2N2222 and Q2N2907

whose nominal �F � 173, IS � 3.295 � 10�14
A, and VA � 100 V. The operating collector current is set at

IC � 1 mA. The DC power supply is VCC � 15 V. Assume that VBE � 0.7 V.

8.29 The parameters of the CE amplifier with an active current source as shown in Fig. P8.28 are �F � 173, IS

� 3.295 � 10�14
A, and VA � 200 V. The DC power supply is VCC � 15 V. Assume that VBE � 0.7 V. If

, (a) determine the operating collector current IC, (b) determine the small-signal no-load volt-

age gain Avo, and (c) use PSpice/SPICE to verify your results.

8.30 The emitter follower of Fig. 8.34(a) has RB � 74 k�, RE � 750 �, RL � 5 k�, Rs � 200 �, VCC � 18 V,

and VBE � 0.7 V. Assume �F � 100 and VA � 200 V.

a. Find the Q-point defined by IB, IC, and VCE.

b. Calculate the small-signal parameters gm, r�, and ro of the transistor.

c. Calculate the input resistance Rin � vs ⁄ is, the no-load voltage gain Avo � vo ⁄ vb, the output resistance

Ro, the overall voltage gain Av � vL ⁄ vs, the current gain Ai � io ⁄ is, and the power gain Ap.

d. Use PSpice/SPICE to plot the instantaneous values of vL, vB, iE, and iB.

8.31 The emitter follower of Fig. P8.31 has R1 � 100 , R2 � 150 , RE � , RL � 20 , Rs � ,

VCC � 15 V, and VBE � 0.7 V. Assume that �F � 100 and VA � 200 V.

VCC

~

R2
RE

vs

+

− vo RL

+

−

C1

R1 RC

C2

FIGURE P8.31

200 ÆkÆ750 ÆkÆkÆ

R = 14.3 kÆ

RB

RL

+VCC

vo
vs

+

−

+

−

Q2

Q4

Q1

Q3

Q5

C2
C1

Rref

Iref
~

FIGURE P8.28

R = 14.3 kÆ

P
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a. Find the Q-point defined by IB, IC, and VCE.

b. Calculate the small-signal parameters of the transistor gm, r�, and ro.

c. Calculate (i) the input resistance Rin, (ii) the no-load voltage gain Ao (�vo/vb), (iii) the output resistance

Ro, (iv) the overall voltage gain Av (�vL	vs), (v) the current gain Ai, and (vi) the power gain Ap.

8.32 An emitter follower is biased by a transistor current source, as shown in Fig. P8.32(a). Assume all transis-

tors are identical, with �F � 100, VBE � 0.7 V, and VA � 200 V, and assume R � 5 k� and RL � 1 k�.

a. Find the equivalent biasing current IO and resistance ro, as shown in Fig. P8.32(b).

b. Calculate the small-signal input resistance Ri and the output resistance Ro of the emitter follower.

8.33 The biasing current for the emitter follower in Fig. P8.32(a) can be generated by the circuits in Fig. P8.33.

Find the equivalent biasing current IO and resistance ro. Assume a transistor with �F � 100, VBE � 0.7 V,

and VA � 200 V and a diode drop of VD � 0.7 V.

R3
2 kΩ

bF = 100 bF = 100

bF = 100bF = 100

IO = IC2

IO = IC2 IC2 = IO

IO = IC2

R2
200 Ω 

R2
200 Ω

−VEE = −12 V

−VEE = −12 V −VEE = −12 V

−VEE = −12 V

VZ
2.7 V

R1
2.5 kΩ Q2 Q2

D1

(a)

R2
200 Ω

R2
200 Ω

R1
2.5 kΩ

(b)

D1

D2

R1
2.5 kΩ Q2 Q2

(c)

R1
2.5 kΩ

(d)

R3
4.5 kΩ

FIGURE P8.33

~vI

+VCC

+

−

+

−
vo

Ri Ro

RL R

Iref

IO

IO = IC2

−VEE = − 12 V

IC1

ro

Q1

Q3Q2

A

B

A

B

(b)(a)

IO = IC2

FIGURE P8.32

P

P
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8.11–8.12 Multistage Amplifiers and the Darlington Pair Transistor

8.34 The cascoded amplifier circuit shown in Fig. 8.43(a) has and . 

Assume that the coupling capacitances are large tending to infinity and identical transistors of 

, and .

a. Determine the biasing voltages and currents  .

b. Use PSpice/SPICE to verify your results.

8.35 The cascoded amplifier circuit shown in Fig. 8.43(a) has and .

Assume that the coupling capacitances are large tending to infinity and identical transistors of 

, and .

a. Determine the small-signal voltage gain Avo.

b. Use PSpice/SPICE to verify your results.

8.36 Design an active biasing circuit using BJTs for the cascoded amplifier circuit shown in Fig. 8.43(a) to re-

place RC by producing a DC biasing current of . Assume that the coupling capacitances are

large tending to infinity and identical transistors of , and .

a. Determine the biasing voltages and currents .

b. Determine the small-signal transistor model parameters.

c. Use PSpice/SPICE to verify your results.

8.37 The collector resistance RC of the cascoded amplifier circuit shown in Fig. 8.43(a) is replaced by an active

current source of at an output resistance . Assume that the coupling capacitances

are large tending to infinity and identical transistors of , and .

If , (a) determine the small-signal voltage gain Avo and (b) use PSpice/SPICE to verify your results.

8.38 The collector resistance RC of the cascoded amplifier circuit shown in Fig. 8.46(a) is replaced by an active

current source. Assume that the coupling capacitances are large tending to infinity and identical transistors

of , and . If , (a) determine the DC-biasing circuit

needed to give a small-signal voltage gain and (b) use PSpice/SPICE to verify your results.

8.39 The Darlington pair shown in Fig. 8.44(a) is biased in such a way that the collector bias current IC2 of Q2

is 400 �A. The current gains of the two transistors are the same, �F1 � �F2 � 80, with an Early voltage

VA � 50 V. Calculate (a) the effective input resistance r�, (b) the effective transconductance gm, (c) the

effective current gain �, and (d) the effective output resistance ro.

8.40 The parameters of the amplifier circuit shown in Fig. P8.40 are , ,

, , , , and 

. Assume, identical transistors of and . Calculate (a) the input resistance Ri,

(b) the no-load voltage gain , (c) the output resistance Ro, (d) the overall voltage gain

, (e) the current gain Ai, and (f ) the power gain Ap.

+VCC

~

R1 RC1 RC2

RE2

RL

R3

R4
vs

Ri Ro

+

−

vo

+

−

C1

R2 RE1

C2

CE

C2

FIGURE P8.40

Av(=  vL>vs)
Avo(=  vo>vs)

VA = 200 VbF = 100CE L q

C1 = C2 = C3 =RL = 20 kÆRE1 = RE2 = 400 ÆR2 = R4 = 25 kÆR1 = R3 =  65 kÆ

RC1 = RC2 = 1 kÆVCC = 15 V

Avo = 250
RE = 0VBE1 = VBE2 = 0.7 VbF = 173, VA = 200 V

RE = 500 Æ
VBE1 = VBE2 = 0.7 VbF = 173, VA = 200 V

ro = 20 kÆIC2 = 1 mA

IB1, IC1, VCE1, IB2, IC2, and VCE2

VBE1 = VBE2 = 0.7 VbF = 173, VA = 200 V
IC2 = 1 mA

VBE1 = VBE2 = 0.7 VVA=  200 V
bF =  173,

RC = RE = 1 kÆRB1 =  RB2 =  RB3 =  50 kÆ

IB1, IC1, VCE1, IB2, IC2, and VCE2

VBE1 = VBE2 = 0.7 VVA  =  200 V
bF =  173,

RC = RE = 1 kÆRB1 =  RB2 =  RB3 =  50 kÆ

67722_08_ch08b_p533-552.qxd  2/19/10  6:10 PM  Page 542

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



8.41 The parameters of the amplifier circuit shown in Fig. P8.41 are , ,

, , , and 

. Assume identical transistors of and . Calculate (a) the input resistance

Ri, (b) the no-load voltage gain , (c) the output resistance Ro, (d) the overall voltage gain

, (e) the current gain Ai, and (f) the power gain Ap.

8.42 The parameters of the amplifier circuit shown in Fig. P8.42 are , ,

, , , , and . Assume identical tran-

sistors of and . Calculate (a) the input resistance Ri, (b) the no-load voltage gain

, (c) the output resistance Ro, (d) the overall voltage gain , (e) the current gain Ai,

and (f) the power gain Ap.

8.43 The parameters of the amplifier circuit shown in Fig. P8.43 are , , ,

, , and . Assume identical transistors of and . 

Calculate (a) the input resistance Ri, (b) the no-load voltage gain , (c) the output resistance Ro,

(d) the overall voltage gain , (e) the current gain Ai, and (f) the power gain Ap.Av(=vL>vs)
Avo(=vo>vs)

VA = 200 VbF = 100C1 = C2 L �RL = 20 kÆRE = 500 Æ
R2 = 25 kÆR1 =  65 kÆVCC = 15 V

+VCC

~

R1

Q1

Q2

RC1

RL

RC2

RE

+

−
vL

+

−

C1

R2vs

C2

CE

FIGURE P8.42

Av(=  vL>vs)Avo(=  vo>vs)
VA = 200 VbF = 100

C1 = C2 = CE L  �RL = 20 kÆRE = 500 ÆR2 = 25 kÆR1 = 65 kÆ

RC1 = RC2 = 1 kÆVCC = 15 V

+VCC

~

R1 RE1 RC2

RE2

RL

R3

R4

vs

Ri Ro

+

−
vo

+

−

C1

R2
RC1

C2

CE1

C3

CE2

FIGURE P8.41

Av(=vL>vs)
Avo(=vo>vs)

VA = 200 VbF = 100=  CE2 L  �
C1 =  C2 =  C3 =  CE1 =RL = 20 kÆ,RE1 = RE2 = 500 ÆR2 = R4 = 50 kÆR1 = R3 = 130 kÆ

RC1 = RC2 = 1 kÆVCC = 15 V
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8.13 DC Level Shifting and Amplifier

8.44 The potential level-shifting circuit as shown in Fig. 8.48(a) has and . Determine the

voltage shift Vsh and the output voltage Vo. Assume .

8.45 The potential level-shifting circuit as shown in Fig. 8.48(a) operates at a DC emitter current , and

the DC voltages are . Determine the values of R1 and R2 to produce a voltage shift of

3 V at an output voltage .

8.46 Determine the current source Io needed and R1 in Fig. 8.48(b) to produce a voltage shift of at an

output voltage of . Assume .

8.47 The BJT level-shifting amplifier as shown in Fig. 8.49(a) has , , ,

, and . Assume the bypass capacitance CA is large tending to infinity and all

identical transistors of , and .

a. Determine the biasing collector currents .

b. Determine the DC voltage VB7 at the collector of Q6.

c. Use PSpice/SPICE to verify your results.

8.48 The BJT level-shifting amplifier as shown in Fig. 8.49(a) has , , ,

, and . Assume the bypass capacitance C is large tending to infinity and all

identical transistors of , and . (a) Determine the small-signal voltage

gain and (b) use PSpice/SPICE to verify your results.

8.49 Design a BJT level-shifting amplifier as shown in Fig. 8.49(a) to produce a voltage gain of 

at a DC input signal of . Use identical transistors of , and .

8.14 Frequency Model and Response of Bipolar Junction Transistors

8.50 An npn transistor of type 2N3904 is biased at IC 20 mA, VCE 5 V, VBE 0.7 V, and VCS VC 7 V.

The parameters of the transistor are as follows: Cje0 8 pF at VBE 0.5 V, C�0 4 pF at VCB 5 V,====

=====

VBE = 0.7 VbF = 173, VA = 200 Vvs = 1 mV
Avo = 100 V>V

Avo

VBE = 0.7 VbF = 173, VA = 200 V
RL = 20 kÆRx = Ry = 20 kÆ

RB = 5 kÆRA = 15 kÆR = 20 kÆ

IC1, IC2, IC3, IC4, IC5, IC6, and IC 7

VBE = 0.7 VbF = 173, VA = 200 V
RL = 20 kÆRx = Ry = 20 kÆ

RB = 5 kÆRA = 15 kÆR = 20 kÆ

VBE = 0.7 VVO = -8 V
Vsh = 4 V

VO = -7 V
VCC = -VEE = 15 V

IE = 1 mA

VBE = 0.7 V
R2 = 4 kÆR1 = 2 kÆ

+VCC

~

R1

Q1

Q2

RLRE

vs

+

−
vL

+

−

C1

R2

C2

RoRi

FIGURE P8.43
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P

P

Ccs0 4 pF at VCS 8 V, �f 100, and hoe 1/ro 5 � at VCE 10 V, IC 10 mA. The transition

frequency is fT 300 MHz at VCE 20 V, IC 10 mA. Assume VT 25.8 mV and Vje Vjc Vjs

0.8 V. The substrate is connected to the ground.

a. Calculate the small-signal capacitances of the high-frequency model in Fig. 8.52(b).

b. Find transition time �F.

c. Calculate fT of the transistor at the operating point.

8.51 Repeat Prob. 8.50 for IC � 2 mA, VCE � 4 V, VBE � 0.7 V, and VCS � VC � 3 V.

=======

==O=====
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Bipolar Junction Transistors and Amplifiers 545

8.52 A pnp transistor of type 2N3905 is biased at IC � 50 mA, VCE � �6 V, VBE � �0.7 V, and VCS � VC � �10 V.

The parameters of the transistor are as follows: Cje0 � 10 pF at VBE � �0.5 V, C�0 � 4.5 pF at VCB � �5 V,

Ccs0 � 4 pF at VCS � 8V, �f � 50, and hoe � 1 ⁄ ro � 5 �O at VCE � 10 V, IC � �1 mA. The transition

frequency is fT � 200 MHz at VCE � �20 V, IC � �10 mA. Assume VT � 25.8 mV and Vje � Vjc � Vjs �

0.8 V. The substrate is connected to the ground.

a. Calculate the small-signal capacitances of the high-frequency model in Fig. 8.49(a).

b. Find transition time �F.

c. Calculate fT of the transistor at the operating point.

8.53 Repeat Prob. 8.52 for IC � 5 mA, VCE � 5 V, VBE � 0.7 V, and VCS � VC � 6 V.

8.15 Frequency Response of BJT Amplifiers

For Probs. 8.54–8.59 involving BJT amplifiers, use transistors whose parameters are �f � 100, Cje � 8 pF at VBE �

0.5 V, C� � 4 pF at VCB � 5 V, Ccs � 4 pF at VCS � 8 V, �f � 100, Vje � Vjc � Vjs � 0.8 V, and hoe � 1 ⁄ ro � 5 �O
at VCE � 10 V. The transition frequency is fT � 300 MHz at VCE � 20 V, IC � 10 mA. The substrate is connected to

the ground. Assume IC � 5 mA (unless specified), VCC � 15 V, VBE � 0.7 V, Rs � 1 k�, and RL � 10 k�. Use

PSpice/SPICE to check your design by plotting the frequency response and give an approximate cost estimate.

8.54 Design a CE amplifier as shown in Fig. P8.54 to give a passband gain of 40 
⏐APB⏐
 50, a low 3-dB

frequency of fL 
 1 kHz, and a high 3-dB frequency of fH � 50 kHz.

8.55 Design a CB amplifier as shown in Fig. P8.55 to give a passband gain of 20 
⏐APB⏐ 
 30, a low 3-dB fre-

quency of fL 
 1 kHz, and a high 3-dB frequency of fH � 100 kHz. Assume Rs � 15 k� and RL � 10 k�.

+

−CE

C1

C2Q1

R1

R2

RC

RE2

RE1 RL

+VCC

~vs

Rs

FIGURE P8.55

C1

CE

~vs

C2Q1

Rs

R1

R2

RC

RE2

RE1 RL

+VCC

+

−

+

−

vo

FIGURE P8.54

P

P

D
P

D
P
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8.56 Design a CE amplifier as shown in Fig. P8.56 to give a passband gain of 50 
⏐APB⏐
 60, a low 3-dB fre-

quency of fL 
 1 kHz, and a high 3-dB frequency of fH � 50 kHz.

8.57 Design a CC-CE amplifier as shown in Fig. P8.57 to give a passband gain of 25 
 ⏐APB⏐ 
 35, Zin(mid) �
50 k�, a low 3-dB frequency of fL 
 5 kHz, and a high 3-dB frequency of fH � 50 kHz.

8.58 Design a CE-CC amplifier as shown in Fig. P8.58 to give a passband gain of 20 
 ⏐APB⏐ 
 30, Zi1(mid) 

100 �, a low 3-dB frequency of fL 
 1 kHz, and a high 3-dB frequency of fH � 100 kHz.

+VCC

+

−

+

−

Rs

C1

~vs

RE1

RE2

R3

RE RL

RC

C2

CE

C3

R1

R2

Q1 Q2

vo

Zo

FIGURE P8.58

Zin = vi/is

Q1

Q2
C1

Rs

R1 RC

+VCC

++

−−

+

−

C2

RE3

RE2

RL vovi~vs

is

R2 RE1

CE

FIGURE P8.57

+

−

+

−

Q1

Q2C1

Rs

RB RC

+VCC

CE

C2

RE

RL vo~vs

FIGURE P8.56
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P
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P
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8.59 For the CC-CE amplifier in Fig. P8.59, find the passband gain ⏐APB⏐, Zin(mid), the low 3-dB frequency fL,

and the high 3-dB frequency fH. Assume Co � 1 �F.

8.60 A two-stage amplifier is shown in Fig. P8.60. The parameters are Rs � 5 k�, R11 � 70 k�, R21 � 45 k�,

RC � 5 k�, RE � 1 k�, Rsr � 2 k�, R12 � 1 M�, R22 � 2 M�, RD � 10 k�, RL � 10 k�, r�1 � 1.4 k�,

�f1 � 50, gm1 � 35.7 mO, gm2 � 107.1 mO, C1 � 2 �F, C2 � 5 �F, C3 � 1 �F, CG � 1 �F, CE � 10 �F,

C� � 15 pF, C� � 1 pF, Cgd � 2 pF, and Cgs � 5 pF. Calculate the low 3-dB frequency fL and the high cut-

off frequency fH.

8.61 A two-stage amplifier is shown in Fig. P8.61. The parameters are Rs � 500 �, RB � 47 k�, RC � 10 k�,

RL � 10 k�, r�1 � r�2 � 1.4 k�, �f1 � �f2 � 150, C1 � 10 �F, C2 � 10 �F, C�1 � C�2 � 15 pF, and

C�1 � C�2 � 15 pF. Calculate the low 3-dB frequency fL and the high cutoff frequency fH.

vo

Rs

C1

~vs

C2

RB RC

Q1

RL
Q2

+VCC = 18 V

+

−

+

−

FIGURE P8.61

vo

Rs

C1

~vs

C2

R21

RD
C3

R11 RC

Q1

R21 R22

Rsr

RE CE

RL

M1

+VCC = 15 V

VDD = 15 V

+

−

+

−

+

−

FIGURE P8.60

+VCC

+

−

+

−

Rs

~vs RL

Q1

Q2 voCo

200 μA

100 μA

FIGURE P8.59

P

P
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8.17 Design of Amplifiers

8.62 Design a CE amplifier as shown in Fig. 8.29 to give a voltage gain of Av � vL ⁄ vs � �20. Assume � f �
�F � 100, VBE � 0.7 V, VA � 200 V, IC � 10 mA, VCC � 15 V, Rs � 500 �, and RL � 20 k�.

8.63 Design a CE amplifier as shown in Fig. 8.29 to give an input resistance of Ri � vb ⁄ is � 4 k�. Assume �f �
�F � 100, VBE � 0.7 V, VA � 200 V, IC � 5 mA, Rs � 250 �, VCC � 15 V, and RL � 10 k�.

8.64 a. Design a CE amplifier as shown in Fig. 8.29 to give a voltage gain of Av � vL ⁄ vs � �25. Assume �f �
�F � 150, VBE � 0.7 V, VA � 200 V, IC � 15 mA, VCC � 18 V, Rs � 250 �, and RL � 5 k�.

b. Use PSpice/SPICE to generate the small-signal parameters r�, ro, and r� of the transistor and to verify

your design.

8.65 a. Design a CE amplifier as shown in Fig. 8.29 to give an input resistance of Ri � vb ⁄ is � 3.5 k�. Assume

�f � �F � 150, VBE � 0.7 V, VA � 200 V, IC � 15 mA, VCC � 18 V, and RL � 5 k�.

b. Use PSpice/SPICE to generate the small-signal parameters r�, ro, and r� of the transistor and to verify

your design.

8.66 Design an emitter follower as shown in Fig. 8.34(a). Assume �f � �F � 100, VBE � 0.7 V, VA � 200 V,

IC � 5 mA, Rs � 500 �, VCC � 15 V, RL � 1 k�, and Av � 1.

8.67 a. Design an emitter follower as shown in Fig. 8.34(a). Assume �f � �F � 150, VBE � 0.7 V, VA � 150 V,

IC � 10 mA, Rs � 500 �, VCC � 18 V, RL � 5 k�, and Av � 1.

b. Use PSpice/SPICE to generate the small-signal parameters r�, ro, and r� of the transistor and to verify

your design.

8.68 a. Design an emitter follower as shown in Fig. 8.34(d). Assume �f � �F � 150, VBE � 0.7 V, VA � 150 V,

IC � 10 mA, Rs � 500 �, VCC � 18 V, RL � 5 k�, and Av � 1.

b. Use PSpice/SPICE to generate the small-signal parameters r�, ro, and r� of the transistor and to verify

your design.

8.69 a. Design an emitter follower as shown in Fig. 8.34(d) to give an input resistance of Ri � vb ⁄ is � 15 k�. As-

sume �f � �F � 150, VBE � 0.7 V, VA � 150 V, IC � 15 mA, Rs � 500 �, VCC � 18 V, and RL � 5 k�.

b. Use PSpice/SPICE to generate the small-signal parameters r�, ro, and r� of the transistor and to verify

your design.

8.70 Design a CE amplifier as shown in Fig. 8.24(a) with an active current source. Use transistors for which min-

imum �F � 200, nominal �F � 250, and VA � 200 V. The operating collector current is set at IC � 1 mA.

The DC power supply is VCC � 10 V. Assume VBE � 0.7 V.

8.71 The CE amplifier of Fig. P8.71(a) is biased by the current sources shown in parts (b), (c), (d), and (e).

Determine the circuit parameters for each of the circuit sources to give IO � 1 mA. Assume a pnp transistor

of �F � 100, VBE � �0.7 V, VA � 200 V, and VD � 0.7 V. The DC power supply is VCC � 12 V. (Note:

There is no unique solution.)
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8.72 Design a common emitter–common base (CE-CB) amplifier as shown in Fig. P8.72 to give a voltage gain

of Av � vL ⁄ vs � �12. Assume VCC � 15 V and Rs � 250 �. Use bipolar transistors of type 2N2222 or

2N3904.

8.73 Design a CE amplifier of Fig. 8.24(a) with an active current source. Use BJT transistors whose nominal

. The operating collector current is set at .

The DC power supply is . Assume . Use PSpice/SPICE to verify your results.VBE = 0.7 VVCC = 15 V
IC = 10 mAbF = 173, Is = 3.295 * 10-14 A, and VA = 100 V

+VCC

+

−

+

− −

RE1

RE2

C1

RL
10 kΩ

Q2

Q1
vL

vb~

RoRi RoutRin

R2

R1

RC

Rs

vs

R3

CB = ∞ 

CE = ∞ 

C2 = ∞ 

FIGURE P8.72

VZ
4.3 V

vB

vo

+VCC = 12 V

+VCC = 12 V +VCC +VCC

+VCC = 12 V

+
+

−−

ro

Q1

IO

IO

R3 R2

R1

D1

Q2

(b)(a)

IO

R2

R1

D2

D1

Q2

(c)

IO

R2

R1

(d)

R3

IO

R2

R1

(e)

FIGURE P8.71
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8.74 Design an emitter follower of Fig. 8.32(a) with an active current source. Use BJT transistors whose nominal

. The operating collector current is set at .

The DC power supply is . Assume . Use PSpice/SPICE to verify your results.

8.75 Design an active-biased amplifier as shown in Fig. P8.75 with an active current source by finding the values

of RB and Rref to obtain biasing currents . Find the small-signal voltage gain. Assume iden-

tical BJT transistors whose nominal . The DC power

supply is . Assume , , and . Use PSpice/SPICE

to verify your results.

8.76 Design an active-biased amplifier as shown in Fig. P8.76 with an active current source by finding the value of

RB to obtain biasing currents . Find the small-signal voltage gain. Assume identical BJT

transistors whose nominal . The DC power supply is

. Assume and . Use PSpice/SPICE to verify your results.

+VCC

vo

Iref

IC1

~vb

VBB

RB

+

−

Q1

Q3A

Q2A

Q4A

Q3

Q4

CL

RLQ2

Ro

FIGURE P8.76

RL = 50 kÆCL L qVBB = 15 VVCC = 15 V
bF = 173, Is = 3.295 * 10-14 A, and VA = 100 V

IC1 L Iref = 1 mA

+VCC

RB

RL vo

Rref

Iref

C1

~vs

+

−

+

−

Q1

Q4

Q2

Q5

Q3

C2

FIGURE P8.75

RL = 50 kÆC1 = C2 L qVEB3 = VEB5 = 0.7 VVCC = 15 V
bF = 173, IS = 3.295 * 10-14 A, and VA = 100 V
IC1 L Iref = 1 mA

VBE = 0.7 VVCC = 15 V
IC = 1 mAbF = 173, Is = 3.295 * 10-14 A, and VA = 100 V
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8.77 Design a multistage BJT amplifier to meet the following specifications: voltage gain

(with load); input resistance ; output resistance ; load resistance

; source resistance ; DC supply input signal to 5 mV (peak

sinusoidal), 1 kHz. Use identical npn Q2N2222 transistors of , , 

, and . (Hints: Use the first CE stage to meet the input resistance requirement, the third

CC stage to meet the output resistance, and the middle CE stage to attain the remaining gain requirement.

Set the drain-biasing current at )

8.78 Design a multistage BJT amplifier to meet the following specifications: voltage gain

(with load); input resistance ; output resistance ; load resis-

tance ; source resistance ; DC supply ; input signal to 5 mV

(peak sinusoidal), 1 kHz. Use identical pnp Q2N2907A transistors of , ,

, and . (Hints: Use the first CE stage to meet the input resistance require-

ment, the third CC stage to meet the output resistance, and the middle CE stage to attain the remaining gain

requirement. Set the drain-biasing current at )IC … IC(max)>3.

VA = 115 VIS = 651 * 10 -18 A
bF = 231IC(max) = 10 mA

vs = 1 mVVCC = 15 VRs = 1 kÆRL = 25 kÆ

Ro …  300 ÆRi =  vs>is Ú  25 kÆ600 ;  5%
ƒ Av ƒ = vL>vs =

IC … IC(max) >3.

VA = 74 V10 -15 A
IS = 14.34 *bF = 256IC(max) = 10 mA

vs = 1 mVVCC = 15 V;Rs = 1 kÆRL = 25 kÆ

Ro …  300 ÆRi = vs>is Ú 25 kÆ600 ;  5%
ƒ Av ƒ = vL>vs =

Bipolar Junction Transistors and Amplifiers 551
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Learning Outcomes
After completing this chapter, students should be able to do

the following: 

• Design, analyze, and evaluate different types of

MOSFET constant-current sources for biasing 

MOSFET amplifiers.

• Design, analyze, and evaluate different types of BJT

constant-current sources for biasing BJT amplifiers.

• Describe and analyze the characteristics of dif-

ferential amplifiers and their DC and small-signal

characteristics.

• Identify the parameters influencing the differential and

the common-mode gains of differential amplifiers.

• Analyze and evaluate cascode-connected transistors

in order to obtain higher differential voltage gains.

Symbols and Their Meanings
Symbol Meaning

Small-signal differential and common-

mode voltage gains

CMRR Common-mode rejection ratio of an 

amplifier

Small-signal differential and common-

mode signal

Small-signal output voltages due to input

voltages at inverting and noninverting

terminals

vo1, vo2

vid, vic

Ad, Ac

CHAPTER 9
DIFFERENTIAL

AMPLIFIERS
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9.1 Introduction

Differential amplifiers are commonly used as an input stage in various types of analog ICs, such as oper-

ational amplifiers, voltage comparators, voltage regulators, video amplifiers, power amplifiers, and bal-

anced modulators and demodulators [1–3]. A differential amplifier is a very important transistor stage

and determines many of the performance characteristics of an IC. In ICs, including differential ampli-

fiers, it is unnecessary to bias transistors by setting the values of biasing resistors. Because of variations

in resistor values, power supply, and temperature, the quiescent point of transistors changes. Transistors

can be used to generate the characteristics of DC constant-current sources. Transistors can also be used

to produce an output voltage source that is independent of its load or, equivalently, of the output current.

This chapter covers the operation, analysis, and characteristics of differential amplifiers using BJTs and

MOSFETs. It also covers active current sources and voltage sources.

9.2 Internal Structure of Differential 
Amplifiers

A differential amplifier acts as an input stage; its output voltage is proportional to the difference between

its two input voltages v1 and v2. It has a high voltage gain and is directly DC coupled to the input volt-

ages and the load. As we will see later in this chapter, the voltage gain of a differential amplifier depends

directly on the output resistance of the current source acting as an active load.

In amplifiers with discrete components, passive components such as resistors and capacitors are less

expensive than active devices such as transistors (i.e., MOSFETs and BJTs); thus, in multistage amplifiers,

interstage coupling is accomplished with capacitors. However, in monolithic circuits, the die area is the

principal determining cost factor. Capacitors of the values and sizes used in amplifiers made with discrete

components cannot be included in ICs and must be external to the chip. But using external capacitors

increases the pin count of the package and the cost of the IC. A DC-coupled circuit is used to eliminate

capacitors. The cheapest component in an IC is the one that can be fabricated within the least area, usually

the transistor. The optimal IC has as little resistance as possible and more transistors. 

9.2.1 Characteristics of Differential Amplifiers

The differential stage can be represented by an equivalent amplifier, as shown in Fig. 9.1(a). If the two input

voltages are equal, a differential amplifier gives an output voltage of almost zero. Its voltage gain is very

large, so the input voltage is low, typically less than 50 mV. Thus, we can consider the input voltages as

small signals with zero DC components. That is, vG1 � vg1 and vG2 � vg2.
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Symbol Meaning
Small-signal output resistances of transistors

MOSFET channel modulation and BJT Early voltages

Threshold voltage of enhancement MOSFET and pinch-off voltage of 

depletion MOSFET

Vt, Vp

VM, VA

ro1, ro2
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Let us define a differential voltage vid as

(9.1)

and a common-mode voltage vic as

(9.2)

From Eqs. (9.1) and (9.2), the two input voltages can be expressed as

(9.3)

and (9.4)

By replacing the input signals with the equivalent differential and common-mode signals, we can represent

the differential stage by an equivalent amplifier, as shown in Fig. 9.1(b). Let vo1 be the output voltage due

to vg1 only, and let vo2 be the output voltage due to vg2 only. Then we can define a differential output volt-

age vod as

(9.5)

and a common-mode output voltage as

(9.6)

From Eqs. (9.5) and (9.6), the two output voltages can be expressed as

(9.7)

and (9.8)vo2 = voc -

vod

2

vo1 = voc +

vod

2

voc =

vo1 + vo2

2

vod = vo1 - vo2

vg2 = vic -

vid

2

vg1 = vic +

vid

2

vic =

vg1 + vg2

2

vid = vg1 - vg2
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(c)  Equivalent circuit

Differential
amp

Differential
amp

2Ric

2Ric

Rid

Ro

(a)  Equivalent differential amp

vid

2

(b)  Small-signal differential and
       common-mode inputs

vg1

vg1

vg2vO

+

+

+
−

vic

+
+

+

−

+

−

vic

+

−

−

−
vid

vo = Advid + Acvic

vid

2

2

vid

2

+

+

−

−

vg2

+

− −

vo

+

−

vo

+

−

−

+

−

FIGURE 9.1 Small-signal equivalent circuit with differential and common-mode inputs
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Let A1 be the voltage gain with an input voltage vg1 at terminal 1 and terminal 2 grounded 

(i.e., vg2 � 0). Let A2 be the voltage gain with an input voltage vg2 at terminal 2 and terminal 1 grounded

(i.e., vg1 � 0). The output voltage of the differential stage can be obtained by applying the superposi-

tion theorem; that is,

(9.9)

Substituting Eqs. (9.3) and (9.4) into Eq. (9.9) yields

(9.10)

(9.11)

where Ad � (A1 � A2) ⁄ 2 � differential voltage gain and Ac � A1 � A2 � common-mode voltage gain.

The output voltage vo in Eq. (9.11) is due to a common-mode input voltage vic and a differential in-

put voltage vid. If Ad is much greater than Ac, the output voltage will be almost independent of the com-

mon-mode signal vic. A differential amplifier is expected to amplify the differential voltage as much as

possible while rejecting (not amplifying) common-mode signals such as noise or other unwanted sig-

nals, which will be present in both terminals.

The ability of an amplifier to reject common-mode signals is defined by a performance criterion

called the common-mode rejection ratio (CMRR), which is defined by

(9.12)

(9.13)

Substituting Eq. (9.12) into Eq. (9.11) gives the output voltage

(9.14)

which shows that, to reduce the effect of vic on the output voltage vo—that is, to get voc to approach

zero—the value of CMRR must be very large, tending to infinity for an ideal amplifier. Thus, a differen-

tial amplifier should behave differently for common-mode and differential signals. The small-signal

equivalent circuit is shown in Fig. 9.1(c). Rid and Ric are the input resistances due to the differential and

common-mode signals, respectively. The parameters of a differential amplifier are Ad (ideally �), Ac (0),

CMRR (�), Rid (�), and Ric (�). In the following sections, we will determine the circuit elements affect-

ing these parameters.

vo = Adavid +

1

CMRR
vicb

= 20 log ` Ad

Ac
`   (in dB)

CMRR = ` Ad

Ac
`

 vo = A1avic +

vid

2
b + A2avic -

vid

2
b

= aA1 - A2

2
bvid + (A1 + A2)vic     

= Advid + Acvic                                           

= Ad avid +

Ac

Ad
vicb                           

vo = A1vg1 + A2vg2
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9.2.2 Internal Structure of Differential Amplifiers

A differential amplifier [4] acts as an input stage of an op-amp circuit as shown in Fig. 9.2(a). It serves as

a direct DC-coupled differential stage. It may be viewed as consisting of two common-source (CS) ampli-

fiers as shown in Fig. 9.2(b). If the two amplifiers are identical—that is, — their DC biasing drain

currents will be the same, and . The DC output voltages are given by

and

The output voltage between the two output terminals of M2 and M1 is 

(9.15)

Therefore, we get for identical amplifiers of the condition The small-

signal AC equivalent half-circuit is shown in Fig. 9.2(c), which, after replacing the transistor by it transcon-

ductance model, becomes as shown in Fig. 9.2(d). Assuming that the output of the transistor M1 is ro1 �� RD1

and using Eq. (7.70), we can find the small-signal common-mode voltage gain as given by

(9.16)

The derivation of Eq. (9.16) assumes that no interaction exists between the two amplifiers, but there is an

interaction between them. The source (or emitter) resistance, whose value is R3 7  R4(= 2RSS 7  2RSS = RSS),

Ac =

voc

vic
= -  

gm1RD1

1 + 2gm1RSS

iD1 = iD2.vo(21) = vo(12) = 0

vo(21) = vo2 - vo1 = VDD - RD2iD2 - VDD + RD1iD1 = RD1(iD2 - iD1)

vo2 = VDD - RD2iD2vo1 = VDD - RD1iD1

iD1 = iD2

RD1 = RD2
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v1 v2
M1 Q1

2RSS 2RSS

RSS

R1 RD1

RD1 RD2

RD1
R2

R3 R4

+VDD

−VDD

Q2
M2

v1 v2
M1 Q1

R1 R2

R3

+VDD

−VDD

Q2
M2

Differential
stage

Gain
stage

Output
stage

vo

vG1

vG2

(a)  Block diagram of an op-amp circuit (b)  Two independent amplifiers

RD1

2RSS

++

+

−

−
−

+

− gm1vgs1

vgs1

vic

vic

(d)  Small-signal
               equivalent circuit

RD1

M1

2RSS

voc

voc+

−

(c)  AC equivalent
       half circuit

(e)  Two amplifiers with common-source resistance

id

FIGURE 9.2 Basic structure of a differential amplifier
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is shared by the two amplifiers as shown in Fig. 9.2(e). We will see in the following sections that Eq. (9.16)

gives the expression for the common-mode voltage gain. We can find the differential gain if we consider a

small increase in vG1 by a small amount vg1, which will cause a corresponding small increase in iD1 by an

amount id1 such that Since the biasing current through the source resistance RSS must re-

main constant at , the drain current iD2 must decrease by the same amount

such that . Therefore, we can find the small-signal voltage gain from Eq. (9.15) as

(9.17)

This does not depend on the source resistance RSS because the voltage at the source terminals remains con-

stant and does not change for a differential voltage. As a result, we can find the differential voltage gain

Ad from Eq. (9.16) (for RSS � 0) as given by

(9.18)

where is the output resistance of MOSFET or BJT .

To obtain a low CMRR of a differential amplifier, active current sources that offer high output re-

sistances are generally used to replace RD and RSS. Therefore, a typical amplifier consists of three parts: (1)

a direct-coupled differential pair consisting of transistors M1 and M2, (2) a DC biasing active current

source or source resistance RSS, and (3) an active load or load resistances RD1 and RD2.

Thus, we can summarize the requirements for a low CMRR as follows:

• Both transistor output resistance ro1 and the load resistance RD1 should be large values for high

differential-mode voltage gain Ad.

• The source resistance R should be large values for a low common-mode voltage gain Ac.

Q1M1ro1

Ad =

vod

vid
 = -gm1(ro1 7  RD1)

vo(21) = vo2 - vo1 = RD1(ID2 - id1 - ID1 - id1) = -2RD1id1

iD2 = ID2 - id1

IO = iD1 + iD2 = ID1 + ID2

iD1 = ID1 + id1.
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KEY POINTS OF SECTION 9.2

■ A differential amplifier consists of an active biasing circuit, an active load, and a differential transis-

tor pair.

■ The performance of a differential amplifier is measured by a differential gain Ad that occurs in response

to a differential voltage between two input terminals, a common-mode gain Ac that occurs in response

to a voltage common to both input terminals, and a common-mode rejection ratio CMRR.

■ The CMRR is the ratio of the differential gain to the common-mode gain, and it is a measure of the

ability of an amplifier to amplify the differential signal and reject common-mode signals.

9.3 MOSFET Current Sources

In Secs. 7.8.1 and 8.7.1, we saw the effects of active current sources in increasing the voltage gain of an

amplifier. Transistor current sources are widely used in analog ICs both as biasing elements and as loads

for amplifying stages. Current sources are less sensitive to variations in DC power supply and temperature.

Especially, for a small value of bias current, the current sources are more economical than resistors in terms

of die area required for resistors. A current source can be designed by using either MOSFETs or BJTs [5].

MOSFET current sources are analogous to BJT current sources. We can convert a BJT current source

to an equivalent MOSFET current source by assuming that the �F of the BJTs is infinite. Since MOSFETs

67722_09_ch09a_p553-594.qxd  2/20/10  8:44 AM  Page 558

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



do not draw any gate current, there is no need for gate current compensation as there is with BJTs. The

choice of a BJT source or a MOSFET source generally depends on the type of integrated circuit involved

(e.g., bipolar or MOS). BJT sources have some advantages over MOSFET sources, such as a wider com-

pliance range and a higher output resistance. However, a higher output resistance can be obtained by cascode-

like connections of MOSFETs.

Norton’s equivalent of a current source IO having an output resistance Ro is shown in Fig. 9.3(a),

and its Thevenin’s equivalent is in Fig. 9.3(b). An ideal current source should maintain a constant cur-

rent at an infinite output resistance under all operating conditions. To achieve this goal, a number of

current sources are developed. The commonly used current sources are the basic current source, which

was applied in Secs. 7.8.1 and 8.7.1, the modified basic source, the cascoded current source, and the Wilson

current source.

9.3.1 Basic Current Source

A basic MOSFET current source is shown in Fig. 9.3(c). The direction of the current flow in Fig. 9.3(c) is

into the current source circuit; this type of constant-current source is often referred to as a current sink. Let

us assume that the two transistors M1 and M2 are identical. Since their gate–source voltages are equal,

their drain currents will be the same; that is, ID1 � ID2. Thus, the output current IO (�ID1) will be the

mirror of ID2. Since VDS2 � VGS2, M2 will be in saturation. Let Vt1 and Vt2 be the threshold voltages of M1

and M2, respectively. For M1 also to be in saturation, VDS1, which is greater than or equal to (VGS2 � Vt2),
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(c)  Sinking current source

VTh = IORo

M2 M1

R1

IR

ID2

+VDD

−VDD

ID1 = IO

ro1

(a)  Norton’s source (b)  Thevenin’s equivalent

A
Ro

+

−

R1

A

IO

+

−

(d)  Sourcing current source

M1

M2

ID2

+VDD

ID1 = IO

FIGURE 9.3 Basic MOSFET current source
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must be greater than (VGS1 � Vt1). This condition reduces the voltage compliance range of the MOSFET

current source and prevents it from operating from a low power supply (say, 1 V for a battery source). Using

the equations that define the saturation region of MOS transistors, we can derive the drain current of an

enhancement-type MOSFET:

(9.19)

(9.20)

(9.21)

where is also an MOS constant such that for W � 2L.

� NOTE Vt (lowercase subscript t) is the threshold voltage of a MOSFET, whereas VT (capital subscript T) is the
thermal voltage.

The output current, which is equal to the drain current of M1, is given by

(9.22)

Drain current ID2, which is equal to the reference current IR, is given by

(9.23)

In practice, all the components of the current source are processed on the same IC, and hence all physical

parameters such as Kx and Vt are identical for both devices. Thus, the ratio of IO to IR is given by

(9.24)

In practice, �VDS �� 1. Thus, Eq. (9.24) can be approximated by

(9.25)

By controlling the ratio W⁄L, therefore, we can change the output current. The gate length L is usually held

fixed, and the gate width W is varied from device to device to give the desired current ratio IO ⁄IR. By

choosing identical transistors with W1 � W2 and L1 � L2, a designer can ensure that the output current IO

is almost equal to the reference current IR.

Since VGS2 � VDD � R1IR and VDS2 � VGS2, the reference current IR can be found approximately

from Eq. (9.23); that is,

(9.26)

can be solved for known values of Vt2, Kn2, VDD, and R1. The current source in Fig. 9.3(c) behaves as a

current sink rather than a source. A current source equivalent to this current sink can be obtained by using

p-channel MOS (PMOS) transistors as shown in Fig. 9.3(d).

IR = ID2 = Kn2(VDD - R1IR - Vt2)2

IO

IR
=

(W>L)1

(W>L)2

IO

IR
=

Kn1(1 + lVDS1)

Kn2(1 + lVDS2)
=

(W>L)1

(W>L)2
*

(1 + lVDS1)

(1 + lVDS2)

ID2 = IR = Kn2(VGS2 - Vt2)2(1 + lVDS2)

ID1 = IO = Kn1(VGS1 - Vt1)2(1 + lVDS1)

Km = KnKn = WKx>2L

Km =

WKx

L
= 2aWKx

2L
b = 2Kn

=

Km

2
 (VGS - Vt )

2a1 +

VDS

VM
b

ID =

WKx

2L
(VGS - Vt )

2(1 + lVDS)
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9.3.2 Modified Basic Current Source

The reference resistance R1 can be replaced by another MOSFET M3, as shown in Fig. 9.4. Transistors M2

and M3 are used as voltage dividers to control the gate–source voltage of transistor M1. If M1 and M2 are

identical, the output current IO exactly mirrors the drain current through M2 and M3. The value of VGS1

should be made as low as possible without taking M1 out of the saturation region.

Since VGS1 � VGS2, the drain current ID1 (� IO) is equal to the drain current ID2 and is given by

(9.27)

Since VDS2 � VGS2, the drain current ID2 is equal to the reference current IR and is given by

(9.28)

Since VGS3 � VDD � VGS2, the drain current of M3 is given by

(9.29)

Since ID2 � ID3 � IR, from Eqs. (9.28) and (9.29) we get

(9.30)

Thus, by controlling the constants Kn2 and Kn3, we can obtain the desired value of VGS2 � VGS1, which

will give the desired output current.

Output Resistance Ro

The small-signal drain-source resistance rds1 can be derived from Eq. (9.20):

(9.31)

Thus, the small-signal output resistance of the current source becomes

(9.32)

which is relatively small. This small output resistance is a disadvantage of having only one MOSFET M1

at the output side of a current source.

Ro = rds1 =

VM

ID1
=

1

lID1
= ro1

1
rds1

=

diD1

dvDS1
=

Kn1

VM
(VGS - Vt)

2
L

ID1

VM

Kn2(VGS2 - Vt2)2(1 + lVGS2)

Kn3(VDD - VGS2 - Vt3)2[1 + l(VDD - VGS2)]
= 1

ID3 = IR = Kn3(VGS3 - Vt3)2(1 + lVDS3)                   

= Kn3(VDD - VGS2 - Vt3)2[1 + l(VDD - VGS2)] 

ID2 = IR = Kn2(VGS2 - Vt2)2(1 + lVGS2)

ID1 = ID2 = IR = Kn1(VGS1 - Vt1)2(1 + lVGS1)

Differential Amplifiers 561

ID2

IR

ro1

M3

VGS2

VDS1

VDS3

VDS2+

+

−
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−
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FIGURE 9.4 Basic MOSFET current source without resistance
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Designing a simple MOSFET current source The parameters of the MOSFET current source in

Fig. 9.4 are Vt � 1 V, IO � 50 �A, IR � 40 �A, VDD � 10 V, and VM � 10 V. All channel lengths are

equal, L1 � L2 � L3 � L � 10 �m, and Kx � 20 �A ⁄ V2. Calculate the required values of (a) Kn1, W1,

(b) Kn2, W2, (c) Kn3, W3, and (d) the output resistance Ro of the current source. Assume VGS1 � 1.5 V and

VDS1 � 5 V.

SOLUTION

(a) From Eq. (9.22),

which gives Kn1 � 133.3 �A ⁄ V2. From Eq. (9.21),

which gives W1 � 66.65 �m.

(b) VDS2 � VGS2 � VGS1 � 1.5 V. From Eq. (9.28),

which gives Kn2 � 139.1 �A ⁄ V2. From Eq. (9.21),

which gives W2 � 69.55 �m.

(c) VGS3 � VDS3 � VDD � VDS2 � VDD � VGS1 � 10 � 1.5 � 8.5 V. From Eq. (9.29),

which gives Kn3 � 0.384 �A ⁄ V2. From Eq. (9.21),

which gives W3 � 0.192 �m. In practice, because of manufacturing limitations, the minimum value of L or W
is 10 �m. Since the value of W3 is smaller than 10 �m, VM must be increased to make W3 at least 10 �m.

(d) From Eq. (9.32), the output resistance Ro is

Ro = rds1 =

VM

Kn1(VGS1 - Vt )
2

=

10

133.3 * 10-6
* (1.5 - 1)2

= 300 kÆ

0.384 * 10-6
=

W3 * 20 * 10 -6

10 * 10 -6

40 * 10-6
= Kn3(8.5 - 1)2a1 +

8.5

10
b

139.1 * 10-6
=

W2 * 20 * 10 -6

10 * 10 -6

40 * 10-6
= Kn2(1.5 - 1)2a1 +

1.5

10
b

133.3 * 10-6
=

W1 * 20 * 10 -6

10 * 10 -6

50 * 10-6
= Kn1(1.5 - 1)2a1 +

5

10
b

EXAMPLE 9.1

D
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9.3.3 Multiple Current Sources

Since there is no gate current in a MOSFET, a number of MOSFETs can be connected to a single reference

MOSFET M1, as shown in Fig. 9.5. Different output currents can be obtained by suitably adjusting the

width-to-length ratios of MOSFETs (i.e., M2, M3, and M4). In practice, the gate length L is normally kept

constant, and the gate widths (W ) of M2, M3, and M4 are varied, to give the desired output currents. Thus,

for equal L, Eq. (9.25) gives the relationship of the output currents I2, I3, and I4 to IR as

Output Resistance Ro

The small-signal output resistance of the current source is

9.3.4 Cascode Current Source

The output resistance of the basic current source in Fig. 9.3(c) can be increased by adding two more

MOSFETs in a cascodelike connection, as shown in Fig. 9.6(a). The analysis of the circuit is straight-

forward. The small-signal circuit for finding the output resistance is shown in Fig. 9.6(b), and its small-

signal equivalent is shown in Fig. 9.6(c); ro2 is the output resistance of transistor M2. Using KVL and

the relation vgs1 � �ro2ix, we get

vx = ro1i1 + ro2ix                       

= ro1(ix - gm1vgs1) + ro2ix  

= ro1(ix + gm1ro2ix) + ro2ix

Ro = rds1 =

VM

ID1
=

1

lID1
= ro1

I2 = aW2

W1
b IR

I3 = aW3

W1
b IR

I4 = aW4

W1
b IR
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I2 IR
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I3 IR
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I4 IR

R1

IR

M1 M2 M3 M4

+VDD

−VDD = −VSS

FIGURE 9.5 Multiple MOSFET current sources
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which gives the output resistance Ro of the current source as

(9.33)

For identical transistors, ro1 � ro2 � ro, and Ro becomes

(9.34)

(9.35)

Thus, the output resistance can be significantly increased, to a level comparable to that of a BJT source.

However, the voltage compliance range will be reduced because of the two drain-source voltages in series

(i.e., VDS1 � VDS2).

9.3.5 Wilson Current Source

The MOSFET version of the Wilson current source is shown in Fig. 9.7(a). The equivalent circuit for find-

ing the output resistance Ro is shown in Fig. 9.7(b). We have

and

which can be simplified to relate vgs1 to vgs3 and vgs2 by

Applying KVL to Fig. 9.7(b), we get

vx = (ix - gm1vgs1)ro1 +

ix

gm2

vgs1 = - (1 + gm3ro3)vgs3 = -

(1 + gm3ro3)ix

gm2

vgs1 + vgs3 = -gm3vgs3ro3

vgs3 =

ix

gm2

L gm1r 2
o

Ro = ro(2 + gm1ro)

Ro = ro1(1 + gm1ro2) + ro2
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FIGURE 9.6 Cascode current source
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which, after substituting for vgs1 and simplifying, gives the output resistance Ro as

(9.36)

where ro2 and ro1 are the output resistances of transistors M2 and M1, respectively.

The problem with this circuit is that the drain voltages VD1 and VD3 of M1 and M3 are unequal. As

a result, their drain currents ID1 and ID3 are also unequal. This problem can be solved by adding one

diode-connected MOSFET, as shown in Fig. 9.7(c). This modification ensures that M1 and M3 have

equal drain voltages and thus equal drain currents.

9.3.6 Design of Active Current Sources

The specifications for designing a current source will include the output current IQ, the output resistance

Ro, and the DC supply voltage VDD. The design sequence is as follows:

Step 1. Determine the design specifications: output current and output resistance.

Step 2. Decide on the type of device to use—either BJTs or MOSFETs.

Step 3. Choose the circuit topology best suited to the specifications. Use simple transistor models

for hand analysis to find the circuit-level solution, including component values and specifications of

BJTs or MOSFETs.

Step 4. Use the standard values of components—for example, R1 � 5.6 M	 
 5% instead of 5.72 M	,

R2 � 30 k	 
 5% instead of 29.3 k	, and R3 � 27 k	 
 5% instead of 27.5 k	. Evaluate your

design and modify the values, if necessary.

Step 5. Use PSpice/SPICE verification, employing complex circuit models to calculate the worst-

case results due to component and parameter variations. Modify your design, if necessary.

 Ro =

vx

ix
= ro1 +

1
gm2

+

gm1

gm2
ro1(1 + gm3ro3)             

L ro1 + ro1(1 + gm3ro3)  (for gm1 = gm2 = gm3)
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M3 M2

M1 M1

M3

M4

M2

R1

IR

(c)  Modified Wilson current source(a)  Wilson current source

R1

IR ID1

ro1gm1vgs1

ix

Ro

(b)  Equivalent circuit for finding Ro 

vx

ro3 vgs3

vgs1

1
gm2

+VDD +VDD

−VDD −VDD

gm3vgs3VGS2

+

+
+

+

−

VGS1

+
−

VGS2

+
−

VGS1

+
−

−

−

−

IO = ID1

FIGURE 9.7 Wilson current source
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9.4 MOS Differential Amplifiers

During the past few years, MOS technology has developed considerably. MOS transistors are being used

increasingly in analog integrated circuits. It is relatively easy to connect MOS transistors in cascode form

to control the drain current and give high output resistance. MOS differential pairs are the building blocks

in MOS ICs.

9.4.1 NMOS Differential Pair

An n-channel NMOS pair is shown in Fig. 9.8. The DC biasing is normally done by a MOS current source.

Although a resistor RD is shown as the load in Fig. 9.8, a MOS active current mirror is normally used as

the load.

Microelectronic Circuits: Analysis and Design566

KEY POINTS OF SECTION 9.3

■ For the same gate voltage, the drain current depends on the W ⁄L ratio; thus, a low current can be

obtained by selecting an appropriate W⁄L ratio.

■ For the same drain current, drain gate–shorted MOSFETs—for example, M3 and M4 in Fig. 9.6(a)—can

be used as a voltage divider network to generate biasing voltages of different magnitudes.

■ The output resistances for different MOSFET sources are summarized as follows: output resistance of

MOSFET M1, ro1; basic source, ro1; multiple source, ro1; cascode source, 

Wilson source, .

■ Since MOSFETs do not draw any gate current, there is no need for base current compensation as there

is with BJTs. BJT sources have some advantages over MOSFET sources, such as a wider compliance

range and a higher output resistance. However, a higher output resistance can be obtained by cascode-

like connections of MOSFETs.

ro1(2 + gm1ro1) M gm1r 2
o1

ro1(2 + gm1ro1) M gm1r 2
o1;

RD RD

iD1 iD2

VGS1 VGS2

vO

M1 M2

IQ

vG1 vG2 
+

+ +

+

−

+

−
− −

−

−VSS

+VDD

RSS ISS

FIGURE 9.8 MOS differential pair
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DC Transfer Characteristics

The following analysis is performed for an n-channel MOSFET pair, but it is equally applicable to a 

p-channel pair with appropriate sign changes. The analysis can be simplified by making the following

assumptions:

1. The output resistances of the MOSFETs are infinite: ro � �.

2. The MOSFETs are identical and operate in the saturation region. The threshold voltages are the

same, Vt1 � Vt2 � Vt, and the constants are equal, Kn1 � Kn2 � Kn.

3. The output resistance of the transistor current source is infinite: RSS � �.

Assuming that the drain current is related to vGS by the approximate square law relationship in Eq. (7.10),

we can write

(9.37)

Taking the square root of both sides of Eq. (9.37), we can write the square root of the drain currents as

(9.38)

(9.39)

We can subtract �iD�2� from �iD�1� to find a relation for the differential voltage vid � vGS1 � vGS2:

(9.40)

The sum of iD1 and iD2 must equal IQ; that is,

(9.41)

Substituting Eq. (9.41) into Eq. (9.40) and solving the resultant quadratic, we find the drain currents:

(9.42)

(9.43)

At the quiescent point vid � 0, we get

IQ = 2ID = 2Kn(VGS - V t )
2

vGS1 = vGS2 = VGS

iD1 = iD2 =

IQ

2

iD2 =

IQ

2
- 22KnIQa vid

2
b c1 -

(vid>2)2

(IQ>2Kn)
d1>2

iD1 =

IQ

2
+ 22KnIQa vid

2
b c1 -

(vid>2)2

(IQ>2Kn)
d1>2

IQ = iD1 + iD2

2iD1 - 2iD2 = 2Kn(vGS1 - V t ) - 2Kn(vGS2 - V t ) = 2Kn(vGS1 - vGS2)

= 2Knvid                                             

2iD2 = 2Kn(vGS2 - V t )

2iD1 = 2Kn(vGS1 - V t )

iD = Kn(vGS - V t)
2
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Substituting these relations into Eqs. (9.42) and (9.43), we can rewrite iD1 � iD2 as

(9.44)

(9.45)

For vid ⁄ 2 �� (VGS � Vt), iD1 and iD2 can be approximated by

(9.46)

(9.47)

Thus, the change in drain current from the quiescent value of IQ ⁄ 2 is given by

(9.48)

which can be normalized with respect to the maximum value IQ ⁄ 2 as

(9.49)

If vid is sufficiently large, all of the biasing current ID must flow through only one of the MOSFETs.

The range of vid for which both transistors conduct can be found from Eq. (9.49) under the condition

�ID � IQ ⁄ 2. That is,

(9.50)

This equation gives the value of vid for which the current IQ is carried by one of the two transistors.

Thus, outside the range defined by Eq. (9.50), currents iD1 and iD2 will be either zero or IQ. The plots

of the normalized currents iD1 and iD2 against the differential voltage vid ⁄ vn are shown in Fig. 9.9,

where .

The output voltages of a MOSFET pair are as follows:

(9.51)

(9.52)vO2 = VDD - iD2RD

vO1 = VDD - iD1RD

vn = 2IQ>2Kn

vid … a IQ

2Kn
b1>2

¢ID

IQ>2 =

vid

VGS - V t
=

vid

2IQ>2Kn

¢ID = a IQ

VGS - V t
b a vid

2
b

iD2 =

IQ

2
- a IQ

VGS - V t
b a vid

2
b

iD1 =

IQ

2
+ a IQ

VGS - V t
b a vid

2
b

iD2 =

IQ

2
- a IQ

VGS - V t
b a vid

2
b c1 - a vid>2

VGS - V t
b2 d1>2

iD1 =

IQ

2
+ a IQ

VGS - V t
b a vid

2
b c1 - a vid>2

VGS - V t
b2 d1>2

a IQ

2Kn
b = (VGS - V t )

2

22KnIQ = 2Kn
(VGS - Vt)

2

(VGS - Vt)
=

IQ

(VGS - V t )
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The differential DC output voltage is

Substituting for �ID from Eq. (9.47), we get

(9.53)

which shows the relation between the output voltage vod and the differential voltage vid. If vid is zero, vod

is also zero.

Small-Signal Analysis

From Eq. (7.27), the transconductance of the small-signal model is given by

(9.54)

which shows that for a MOSFET a higher value of gm requires a higher value of the biasing current IQ. 

The half circuit for differential input voltage is shown in Fig. 9.10(a), and its small-signal equivalent

circuit is shown in Fig. 9.10(b). The (ro1 RD) differential voltage gain Ad for a single-ended output can easily

be derived as

(9.55)

which, for ro1 �� RD, can be approximated to Ad � �gmRD.

� NOTE If we define vod � vo2 � vo1 and vgd � vG1 � vG2, then Ad � gm(RD || ro1).

Ad =

vod>2
vid>2 = -gm(ro1 7  RD)

7

gm = 2Kn(VGS - Vt)

= 2 2KnIQ          

vod = -RDa IQ

VGS - Vt
b a vid

2
b

= -RDaKnIQ

2
b1>2

vid           

vod = vO1 - vO2 = RD(iD2 - iD1) = -RD¢ID
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vid

Vn

iD1

iD1

iD2

iD2
Slope = gn  

Slope = −gn  

IQ

2Kn

IQ/2

vn =

0.2 0.4 0.6 0.8 1.0

0.2

0.4

0.6

0.8

1.0

0−1.0 −0.8 −0.6 −0.2−0.4

iD

FIGURE 9.9 Normalized DC transfer characteristic of

MOSFET pair
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The half circuit for the common-mode input voltage is shown in Fig. 9.11(a), and its small-signal

equivalent circuit is shown in Fig. 9.11(b). Using KVL around the input and the gate–source loop, we get

which leads to the following relationship between vgs and vic:

(9.56)

The common-mode output voltage is given by

Substituting vgs from Eq. (9.56) into the above equation, we get

which gives the common-mode voltage gain Ac (for a single-ended output) as

(9.57)

� NOTE To simplify the analysis, the effect of transistor output resistance is not included in Eq. (9.57).ro1

Ac =

voc

vic
=

-gmRD

1 + gm2RSS

voc = vic c -gmRD

1 + gm2RSS
d

voc = -RDid = -RDgmvgs

vgs(1 + gm2RSS) = vic

vgs = vic - vgsgm2RSS

Microelectronic Circuits: Analysis and Design570

(b)  Small-signal equivalent circuit

M1

RD

+
+

− −

id

gmvgs RD

ro1

vgs

+

−
vod
2

vod
2

vid
2vid

2

+

−

(a)  AC equivalent circuit

FIGURE 9.10 Differential-mode half circuit for a JFET pair

M1

RD

2RSS

(a)  AC equivalent circuit

voc
vic

(b)  Small-signal equivalent circuit

+

−

+

−
2RSS

id

vgs

gmvgs

RD
vic

+

+

−
−

voc

ro1

+

−

FIGURE 9.11 Common-mode half circuit for depletion

MOSFET pair
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From Eqs. (9.55) and (9.57) for ro1 �� RD, we can find CMRR as

(9.58)

which is valid only for single-ended output; that is, the output is taken out from one of the output terminals.

The common-mode and differential input resistances are given by

(9.59)

� NOTE To simplify the analysis, the effect of transistor output resistance ro is not included in Eqs. (9.57)
and (9.58).

Ric = Rid = �

CMRR =

Ad

Ac
= 1 + 2gmRSS

Differential Amplifiers 571

Analyzing a MOS differential pair with an active current source The parameters of the MOS dif-

ferential pair in Fig. 9.8 are RSS � 50 k	, IQ � 10 mA, VDD � 30 V, and RD � 5 k	. The NMOSs are identical

and have Kn � 1.25 mA ⁄ V2 and Vt � 1.0 V. Assume VM � 100 V.

(a) Calculate the DC drain currents through the MOSFETs if vid � 10 mV.

(b) Assuming ID1 � ID2, calculate Ad, Ac, and CMRR; Rid and Ric; and the small-signal output voltage if

vg1 � 10 mV and vg2 � 20 mV.

(c) Find the drain voltage VD.

SOLUTION

(a) For vid � 10 mV, Eq. (9.42) gives the DC drain current iD1 for transistor M1 as

(b) We know that ID1 � ID2 � IQ ⁄ 2 � 10 mA ⁄ 2 � 5 mA. From Eq. (9.54),

From Eq. (9.55), the single-ended differential voltage gain Ad is

From Eq. (9.57), the single-ended common-mode voltage gain Ac is

Ac =

-gmRD

1 + gm2RSS
=

-5 m * 5 k

1 + 5 m * 2 * 50 k
= -0.0399 V>V

Ad = -gm(RD 7  ro1) = -5 m * (5 k 7  20 k) = -20 V>V

ro1 =

VM

ID
=

100

5 m
= 20 kÆ

gm = 2 2 * KnIQ = 2 2 * 1.25 m * 10 m = 5 mA>V

iD2 = ID - iD1 = 10 mA - 5.25 mA = 4.75 mA

iD1 =

10 m

2
+ 2 2 * 1.25 m * 10 m * a10 m

2
b c1 -

(10 m>2)2

10 m>(2 * 1.25 m)
d1>2 = 5.25 mA

EXAMPLE 9.2
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Thus, CMRR � ⏐Ad ⁄ Ac⏐ � 20 ⁄0.0399 � 501 (or 54 dB). 

From Eq. (9.59),

We know that

and

Using Eq. (9.10), we have

(c) The DC drain voltage at the drain terminal of a transistor is

Thus, for Ad � �20, the maximum differential voltage will be vid � 5⁄20 � 250 mV. Therefore, VDD must be

greater than IDRD in order to allow output voltage swing due to the input voltages.

VD = VDD - ID RD = 30 V - 5 mA * 5 kÆ = 5 V

vo = Advid + Acvic = -20 * 10 mV - 0.0399 * 15 mV = -201 mV

vic =

vg1 + vg2

2
=

10 mV + 20 mV

2
= 15 mV

vid = vg2 - vg1 = 20 mV - 10 mV = 10 mV

Rid = Ric = �

Analyzing an NMOS differential pair with an active current source Repeat Example 9.2 if the tran-

sistor current source is replaced by the resistance RSS � 50 k	; that is, ISS � 0. Assume VM � 100 V.

SOLUTION

(a) The DC drain current and the gate–source voltage of the MOSFETs can be determined from the DC common-

mode half circuit for vg1 � vg2 � 0, shown in Fig. 9.12:

VGS + 2IDRSS = VSS

EXAMPLE 9.3

RD

2RSS

VSR
VGS

ID

+
−

100 kΩ

10 kΩ

M1

VDD = +15 V 

−VSS = −15 V

FIGURE 9.12 Common-mode half circuit for DC biasing of MOS pair
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Substituting iD � ID and vGS � VGS from Eq. (9.37) into the preceding equation, we get

Substituting the values, we get 

This quadratic equation yields the solution for the gate–source voltage or 0.514 V. Since

, the acceptable value is which gives the drain current as

Therefore, the voltage at the source with respect to the ground is

VSR � �VGS � �1.478 V and

(b) From Eq. (9.54),

From Eq. (9.55),

From Eq. (9.57),

Thus, CMRR � ⏐Ad Ac⏐� 5.89 0.0489 � 120.4, or 41.61 dB. From Eq. (9.59),

We know that

Using Eq. (9.10), we have

Thus, the output voltage and the voltage gain are much lower than with current-source biasing because the

biasing current is low.

vo = Advid + Acvic = -5.887 * 10 mV - 0.489 * 15 mV = -59.6 mV

vic =

vg1 + vg2

2
=

10 mV + 20 mV

2
= 15 mV

vid = vg2 - vg1 = 20 mV - 10 mV = 10 mV

Rid = Ric = �

>>

Ac =

-gmRD

1 + gm * 2RSS
=

-1.194 m * 5 k

1 + 1.194 m * 2 * 50 k
= -0.0489

Ad = -gm(RD 7  ro1) = -1.194 m * (5 k 7  350 k) = -5.89 V>V

ro1 =

VM

ID
 =

100

285.6 �
= 350 kÆ

gm = 2 2KnIQ = 2 2 * 1.25 m * 571.2 � = 1.194 mA>V

IQ = 2ID = 2 * 285.6 � = 571.2 �A

ID1 = Kn(VGS - Vt)
2

= 1.25 m * (1.478 - 1)2
= 285.6 �A

VGS = 1.478 V,VGS 7 Vt

VGS = 1.478 V,

VGS + 2 * 50 k * (VGS - 1)2
= 15

VGS + 2RSS Kn(VGS - Vt)
2

= VSS
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Designing a MOS differential pair with an active current source
(a) Design a MOS differential pair as shown in Fig. 9.13, in which one input terminal is grounded. The output is

taken from the drain of transistor M1. The DC biasing current is IQ � 10 mA, and VDD � VSS � 15 V. The

MOSFETs are identical and have Kn � 1.25 mA ⁄ V2 and Vt � 1 V. A small-signal voltage gain of A1 � 10 V⁄ V

is required. Assume VM � �.

(b) Calculate the design values of Ad, Ac, and CMRR.

(c) Find the maximum permissible value of RD and the corresponding voltage gain Ad.

SOLUTION

(a) IQ � 10 mA, and ID1 � ID2 � IQ ⁄ 2 � 10 mA ⁄ 2 � 5 mA. From Eq. (9.54),

From Eq. (9.37), the DC gate–source voltage is

Therefore, the voltage at the source terminal with respect to the ground is VSR � �VGS � �2.236 V, and

(b) vG1 � VG1 � vg1, VG1 � 0, and vG2 � vg2 � 0. Then

vic =

vg1 + vg2

2
=

vg1

2

vid = vg1 - vg2 = vg1

RSS =

VSR - VSS

ISS
=

( - 2.236 + 15) V

10 mA
= 1.3 kÆ

VGS1 = - a
A

ID1

Kn
+ V tb = - a

A

5 mA

1.25 m
+ 1b = -2.236 V

gm = 22 * Kn IQ = 22 * 1.25 m * 10 m = 5 mA>V

EXAMPLE 9.4

D

vo1

RD RD

RSS

M1 M2

S

ISS

IQ

vG2 = 0
vG1 VGS2

+

+

+

−−

−

VDD = +15 V 

−VSS = −15 V 

FIGURE 9.13 MOS differential pair with a single input
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9.4.2 MOS Differential Pair with Active Load

MOS differential amplifiers are normally used with current mirror active loads. A commonly used config-

uration is shown in Fig. 9.14. The current mirror consists of transistors M3 and M4. Increasing the input

voltage to M1 by vid ⁄2 will cause the drain current of M1 to increase by an amount gmvid ⁄2. This increase

will cause a similar increase in the drain current of M4 due to the current mirror effect and also a decrease

in the drain current of M2. Since M1 and M2 are NMOS transistors and their complements (M3 and M4)

are PMOS types, this configuration is known as a CMOS amplifier; the manufacturing process by which

the amplifiers are produced is known as CMOS technology.

The small-signal equivalent of the output side of the CMOS amplifier is shown in Fig. 9.15. The

output resistance Ro is the parallel combination of ro2 and ro4. That is,

(9.60)

where

ro4 =

2VM

IQ
= output resistance of transistor M4

ro2 =

2VM

IQ
= output resistance of transistor M2

Ro = ro2 7  ro4

Differential Amplifiers 575

From Eq. (9.7),

Substituting for Ad and Ac from Eqs. (9.55) and (9.57) gives the voltage gain A1 as

Substituting A1 � �10, gm � 5 mA ⁄ V, and RSS � 1.3 k	 into the above equation gives RD � 1.93 k	.

From Eq. (9.55),

From Eq. (9.57),

Thus, CMRR � ⏐Ad ⁄Ac⏐� 8.8⁄0.64 �13.76, or 22.78 dB.

(c) For ID � IQ ⁄2 � 5 mA and VDD � 15 V, the maximum value of RD is

which gives the maximum value of

Ad(max) = -gmRD(max) = -5 mA * 3 kÆ = -15 V>V

RD(max) =

VDD

ID
=

15 V

5 mA
= 3 kÆ

Ac =

-gmRD

1 + gm * 2RSS
=

-5 m * 1.93 k

1 + 5 m * 2 * 1.7 k
= -0.64 V>V

Ad = -gm(RD 7  ro1) = -5 m * (1.93 k 7  20 k) = -8.8 V>V

ro1 =

VM

ID1
 = �

A1 =

vo1

vg1
=

1

2
(Ac + 2Ad) = -

1

2
c gmRD

1 + 2gmRSS
+ 2gm RD d

vo1 = voc +

vod

2
= Acvic + Advid = Ac

vg1

2
+ Advg1 =

vg1

2
(Ac + 2Ad)
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Using Eq. (9.55), we find the differential voltage gain Ad:

(9.61)

where gm, which is the transconductance of MOSFET M2, is given by Eq. (9.54). Substituting ro4 � ro2 �
2VM ⁄IQ and gm � �2�K�nI�Q� and simplifying, we get

(9.62)

which gives a higher voltage gain for a lower value of IQ.

Ad = -

A

2Kn

IQ
VM

Ad =

vo

vid
= -gm(ro2 7  ro4)
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vO

M1

M3 M4

M2

IQ

gmgm
vid
2

gm
vid
2

vid
2

vid
2

gm

vG1 
+

−
vG2 

Ro = (ro4 || ro2)
Ad = −gm Ro

+

+

−

−

−VSS

+VDD

RSSISS

vo

gm
vid

2
ro4

gm
vid

2
ro2

PMOS

NMOS

+

−

FIGURE 9.15 Small-signal

equivalent of the CMOS amplifierFIGURE 9.14 CMOS differential amplifier

Designing a CMOS amplifier
(a) Design the CMOS amplifier shown in Fig. 9.16 by determining the W⁄L ratios of the MOSFETs and the

threshold voltage Vt. The differential voltage gain should be Ad � 60 V⁄ V at biasing current IQ � 10 �A.

Assume identical transistors whose channel modulation voltage is VM � 20 V, channel constant is Kx � 20

�A ⁄ V2, and channel length is L � 10 �m. The W⁄L ratio of the current source is 2, and Kx � 10 �A ⁄ V2.

Assume VDD � VSS � 5 V.

(b) Use PSpice/SPICE to find the small-signal differential voltage gain Ad for vG1 � 1 mV and vG2 � 0.

SOLUTION

(a) Ad � 60, IQ � 10 �A, VM � 20 V, Kx � 20 �A ⁄ V2, and L � 10 �m. From Eq. (9.62), we find the MOS

constant Kn as

Kn2 = a IQ

2
b a Ad

VM
b2

= a10 �A

2
b a 60

20
b2

= 45 �A>V2

EXAMPLE 9.5

D
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Differential Amplifiers 577

From Eq. (9.21), we find the W ⁄L ratio as

Since L � 10 �m, the desired value is W � 2.25 � 10 �m � 22.5 �m. For identical transistors for the current source,

Since W � 2L for the MOSFETs of the current source, the MOS constant is

The biasing current is given by

which, for VGS6 � 3.33 V, IQ � 10 �A, and Kn6 � 10 �A ⁄ V2, gives Vt � 2.33 V. Then

(b) The CMOS amplifier for PSpice simulation is shown in Fig. 9.17. The plot of the output voltage is shown in

Fig. 9.18, which gives a voltage gain 81.72 V⁄ V (expected value 60). Note there is no phase shift of 

because the output is taken from the drain terminal of the pair.

The results of simulation (.TF analysis) are as follows. (The expected values are listed on the right.)

****  SMALL-SIGNAL CHARACTERISTICS

V(4)/VID1=8.189E+01=81.89 (Aid � 60 V⁄ V) 

INPUT RESISTANCE AT VG1=1.000E+20 (Rid � �)

OUTPUT RESISTANCE AT V(4)=2.221E+06=2.221 M	 (Rod � 2 M	)

ID1=5.44E-06=5.44 �A (ID1 � 5.44 �A)

ID=ID5=1.09E-05=10.9 �A (IQ � 10 �A)

180°

ro5 =

VM

IQ
 =

20

10 �
 = 2 MÆ

Ro = ro2 7  ro4 = 2 MÆ

ro2 = ro4 =

2VM

IQ
=

2 * 20

10 �
= 4 MÆ

IQ = Kn6(VGS6 - Vt )
2

Kn6 =

W6Kx

2L6
=

2 * 10

2
 �A>V2

= 10 �A>V2

VGS6 =

VDD + VSS

3
=

(5 + 5) V

3
= 3.33 V

W

L
=

Kn

Kx
=

45 �

20 �
= 2.25

~

M4

M1

M3

M5

M2

M8

M6

M7

IRF9140

IRF150

IRF150

Vo
0

3

1

2 4

6

7

5

7

VG1
+

−10 μV

VDD
5 V

+
+ −

−

VSS
5 V

+

−

FIGURE 9.16 CMOS amplifier
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9.4.3 Cascoded MOS Differential Amplifier

We can notice from Eq. (9.61) that the differential gain increases with the output resistance Ro of the active

amplifier load. MOSFETs can be connected in cascode configuration as shown in Fig. 9.6(a) to increase the

output resistance and to improve the frequency response. A common modification to Fig. 9.14(a)

is shown in Fig. 9.19(a). Transistors M1 and M2 are connected in a common-source configuration and form

a common-source differential pair, whereas M3 and M4 are connected in a common-gate configuration and

form a common-gate differential stage. M6 and M8 act as the load. For identical MOSFETs, the DC biasing

currents are equal, IQ ⁄2. All MOSFETs have equal output resistances,

VM ⁄ID1, and equal transconductances, 

. The small-signal half-circuit is shown in Fig. 9.19(b). Using Eq. (9.34), we can find

the effective load resistance offered by M6 and M8 as given by

(9.63)r ¿o6 = ro6(2 + gm1ro6)

2Kn(VGS1 - Vt )gm8 =

gm1 = gm2 = gm4 = gm6 =ro1 = ro2 = ro4 = ro6 = ro8 =

ID1 = ID2 = ID4 = ID6 = ID8 =

Microelectronic Circuits: Analysis and Design578

+

+

−

+

−

~+−
M1

M5

M2

DC = 1 mV
1 mV
10 Hz

M3 M4

RL
10 G

M8

M7

M6

VDD

5 V

VSS

5 V

V

1 µF

C2

VG1

Vo

FIGURE 9.17 CMOS amplifier for a PSpice simulation for Example 9.5

FIGURE 9.18 PSpice plot of small-signal output voltage for Example 9.5

NOTE: As expected, the PSpice results depend on the values of the W⁄L ratio for the MOSFETs. If
you run PSpice from the schematic, you will need to change the model parameters of the MOSFETs;
otherwise, the results will be different from those shown above.
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Similarly, we can find the effective resistance offered by M2 and M4 as given by

(9.64)

Therefore, the effective output resistance at the output terminal as shown in Fig. 9.19(c) is given by

(9.65)

Applying Eq. (9.61) we can find the small-signal differential output voltage as given by 

(9.66)

This should give a much larger differential gain compared to that of Fig. 9.14(a). For example, if

and 

we get Ad = 8126 V>V.257 MÆ,
Ro =ƒ VM ƒ = 20 V, ID1 = 5 �A, gm1 = 31.5 �A>V, ro4 = ro6 = 5 MÆ, r ¿o6 = r ¿o8 = 514 MÆ,

Ad =

vod

vid
= -gm1Ro = -gm1(r ¿o4 7  r ¿o6)

Ro = r ¿o4 7  r ¿o6

r ¿o4 = ro4(2 + gm1ro4)

Differential Amplifiers 579

(a)  Cascoded MOS amplifier (b)  Small-signal half-circuit (c)  Equivalent circuit

VG1

+

−

+

+

+

−

−

+

−

+

−

VSS

15 V

VDD

15 V

M7 M8

M5

M3

M1 M2

M4

Vo

ro6

ro4

M6

0.1 mV

10 G 10 μA

RSS

IQ

IDC

VGS1

VGS2

PMOS

NMOS

M4

M2

A

ro8

ro6

vo

gm

gm

vid
2

vid
2

gm

vid
2

vid
2

vid
2

gm

R'o

vgs2 = 0

vgs1

G1

S1

S2

G2

r'o4

r'o6

vx

i1

ix

ix

vx
ix

R'o = 

+
−

gm1vgs1

FIGURE 9.19 Cascoded MOS differential amplifier

Analyzing cascoded MOS amplifiers The DC biasing current of the MOS amplifier shown in Fig. 9.19(a)

is kept constant at IQ � 10 �A. All MOS transistors are identical: VM � 20 V, Kn � 25 �A ⁄ V2
, W � 30 �m, and

L � 10 �m.

(a) Determine the differential voltage gain Ad for single-ended output at the drain terminal of M4.

(b) Use PSpice to verify the result.

EXAMPLE 9.6
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KEY POINTS OF SECTION 9.4

■ A MOS amplifier exhibits a linear DC characteristic and has a very high input resistance, tending

to infinity.

■ It is relatively easy to connect MOS transistors in cascode form in order to control the drain current

and give high output resistance. A high-voltage gain can be obtained with a cascode connection.

SOLUTION

You are given VM � 20 V, Kn � 25 �A ⁄ V2, W � 30 �m, L � 10 �m, and ID � IQ ⁄ 2 � 10 �A ⁄2 � 5 �A.

(a) The output resistance of M2 is ro2 � ro4 � ro6 � ro8 � 2VM ⁄ IQ � 2 � 20 V⁄10 �A � 4 M	. The transcon-

ductance of M2 is gm2 � � 22.36 �A ⁄ V. The load resistance due to M2

and M4 cascoded combination is 

The effective resistance of the active load is .

Thus, the differential voltage becomes .

(b) The circuit for PSpice simulation is shown in Fig. 9.20 with a sinusoidal signal of at 10 Hz. The plot of

the output voltage is shown in Fig. 9.21, which gives a voltage gain of 5370 V⁄ V (expected value 4089 V⁄ V).

Note there is no phase shift of because the output is taken from the drain terminal of the other pair.180°

1 �V

Ad = gm2Ro = 22.36 � * 183 M = 4089 V>V
Ro = r¿o4 7  r¿o6 = 366 M 7  366 M = 183 MÆ

r¿o4 = r¿o6 = ro4(2 + gm2ro4) = 4 MÆ * (2 + 22.36 �A>V * 4 MÆ) = 366 MÆ.

2 2KnIQ = 2 2 * 25 � * 10 �

VG1

+

−

+

+

−

−
VSS

10 V

VDD

15 V

M7 M8

M5

RLM3

M1 M2

M4

M6

2MEG 10 µA

RSS

IQ

IDC

VAMPL = 1µV
10 Hz
AC = 1µV
DC = 1µV

1 µF

10 G

C2

Vo

~+−

V

FIGURE 9.20 PSpice schematic for Example 9.6

FIGURE 9.21 PSpice plot of small-signal output

voltage for Example 9.6

9.5 Depletion MOS Differential Amplifiers

The depletion MOS amplifiers are similar to the enhancement MOSs, except that the gate–source voltage

of a depletion MOS can range from a negative value to a positive value. The drain current becomes the

maximum when vGS = 0.iD(max) = IDSS
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9.5.1 Depletion MOS Differential Pair 
with Resistive Load 

A depletion NMOS source-coupled pair is shown in Fig. 9.22. Although the DC biasing circuit can be ei-

ther a simple resistor (in which case the equivalent current generator will be zero) or a transistor current

source, a current source is generally used.

DC Transfer Characteristics

The following analysis is performed for an n-channel MOS pair, but it is equally applicable to a p-channel

pair with appropriate sign changes. The analysis can be simplified by making the following assumptions:

1. The output resistances of the MOSFETs are infinite: rd � �.

2. The MOSFETs are identical and operate in the saturation region. The pinch-down voltages are the

same, Vp1 � Vp2 � Vp, and the drain currents (with drain VGS � 0) are equal, IDSS1 � IDSS2 � IDSS.

3. The output resistance of the transistor current source is infinite: RSS � �.

Using KVL around the loop formed by the two input voltages and two gate–source junctions, we

get

(9.67)

Assuming that the drain current is related to vGS by the approximate square law relationship in Eq. (7.21),

we get

from which we can find

(9.68)
vGS

Vp
= 1 - a iD

IDSS
b1>2

iD = IDSS a1 -

vGS

Vp
b2

vG1 - vGS1 + vGS2 - vG2 = 0

Differential Amplifiers 581

vO1

RD RD

vG1

vGS1 vGS2

vG2

M1 M2

iD1 iD2

IQ

−VSS

+VDD

RSS
ISS

+
+ +

+

+

−
− −

−
vO2
+
−

−

FIGURE 9.22 Depletion MOSFET differential pair
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Substituting Eq. (9.68) into Eq. (9.67) yields

(9.69)

which gives

(9.70)

where vid � vG2 � vG1 is the differential DC voltage.

Using KCL at the source nodes of the transistors gives

(9.71)

Substituting Eq. (9.71) into Eq. (9.70) and solving the resultant quadratic, we get

(9.72)

(9.73)

If vid is sufficiently large, all of the biasing current IQ must flow through only one of the MOSFETs. The

range of vid for which both transistors conduct can be found from Eq. (9.72) with the condition iD2 � 0;

that is,

which gives

(9.74)

This equation gives the value of vid for which the current IQ is carried by one of the two transistors. Typical

drain currents for various values of IQ are shown in Fig. 9.23. The range of vid for which the circuit exhibits

a linear characteristic is approximately equal to the pinch-down voltage |Vp| (typically 2 V to 5 V),

compared to VT (26 mV) for BJTs.

The output voltages for a MOS differential pair are

(9.75)

(9.76)vO2 = VDD - iD2RD

vO1 = VDD - iD1RD

` vid

Vp
` …

B

IQ

IDSS

IQ

2
-

IQ

2
a vid

Vp
b c2a IDSS

IQ
b - a vid

Vp
b2a IDSS

IQ
b2 d1>2 = 0

iD2 =

IQ

2
-

IQ

2
a vid

Vp
b c2a IDSS

IQ
b - a vid

Vp
b2a IDSS

IQ
b2 d1>2

iD1 =

IQ

2
+

IQ

2
a vid

Vp
b c2a IDSS

IQ
b - a vid

Vp
b2a IDSS

IQ
b2 d1>2

IQ = iD1 + iD2

-

vG1 + vG2

Vp
=

vid

Vp
= a iD1

IDSS
b1>2

- a iD2

IDSS
b1>2

- vG1 + vG2 = -vGS1 + vGS2                                                      

= - Vp c1 - a iD1

IDSS
b1>2 d + Vp c1 - a iD2

IDSS
b1>2 d  

= Vpa iD1

IDSS
b1>2

- Vpa iD2

IDSS
b1>2                            
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IQ IQ = 0.1IDSS

IQ = 0.5IDSS

IQ = IDSS

2

IQ

iD2 iD1

vid

iD1, iD2 

Vp0−Vp

FIGURE 9.23 DC transfer characteristic of

depletion NMOS pairs

The differential DC output voltage is

Substituting iD1 and iD2 from Eqs. (9.72) and (9.73) into the above equation and simplifying, we get

(9.77)

As with the any differential circuit, if vid is zero, vod is also zero. A MOS-coupled pair allows direct coupling

of cascoded stages without introducting DC offsets.

Small-Signal Analysis

From Eq. (7.78), the transconductance is given by

(9.78)

The small-signal analyses for differential and common-mode gains are the same as the enhancement MOS

pair. From Eqs. (9.55) and (9.57), we get 

(9.79)

(9.80)

� NOTE To simplify the analysis, the effect of transistor output resistance ro is not included in Eq. (9.80).

Ac =

-gmRD

1 + gm2RSS

Ad = -gm(RD 7  ro1)

gm = ` - 2IDSS

Vp
 a1 -

VGS

Vp
b `

=

2

ƒ Vp ƒ

 [|IDIDSS|]1>2         

vod = -  
IQRD

Vp
 vid c2a IDSS

IQ
b - a vid

Vp
b2a IDSS

IQ
b2 d1>2

vod = vO1 - vO2 = RD(iD2 - iD1)
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Analyzing a depletion MOS differential pair with an active current source The parameters of the

depletion MOS differential pair in Fig. 9.22 are RSS � 50 k	, IQ � 10 mA, VDD � 30 V, and RD � 5 k	. The

depletion MOSFETs are identical and have Vp � �4 V and IDSS � 20 mA. Assume VM � 100 V.

(a) Calculate the DC drain currents through the MOSFETs if vid � 10 mV.

(b) Assuming ID1 � ID2, calculate Ad, Ac, and CMRR; Rid and Ric; and the small-signal output voltage if

vg1 � 10 mV and vg2 � 20 mV.

(c) Find the drain voltage VD.

SOLUTION

(a) For vid � 10 mV, Eq. (9.72) gives the DC drain current iD1 for transistor M1 as

(b) We know that ID1 � ID2 � IQ ⁄ 2 � 10 mA ⁄ 2 � 5 mA. From Eq. (9.78),

From Eq. (9.79), the single-ended differential voltage gain Ad is

From Eq. (9.80), the single-ended common-mode voltage gain Ac is

Thus, CMRR � ⏐Ad ⁄Ac⏐ � 20 ⁄0.0399 � 501 (or 54 dB). From Eq. (9.59),

We know that

and

Using Eq. (9.10), we have

(c) The DC drain voltage at the drain terminal of a transistor is

Thus, for Ad � �20, the maximum differential voltage will be vid � 5⁄20 � 250 mV. Therefore, VDD must be

greater than IDRD in order to allow output voltage swing due to the input voltages.

VD = VDD - IDRD = 30 V - 5 mA * 5 kÆ = 5 V

vo = Advid + Acvic = -20 * 10 mV - 0.0399 * 15 mV = -250.6 mV

vic =

vg1 + vg2

2
=

10 mV + 20 mV

2
= 15 mV

vid = vg2 - vg1 = 20 mV - 10 mV = 10 mV

Rid = Ric = �

Ac =

-gmRD

1 + gm2RSS
=

-5 m * 5 k

1 + (5 m * 2 * 50 k)
= -0.0399 V>V

Ad = -gm(RD 7  ro1) = -5 m * (5 k 7  20 k) = -20 V>V

ro1 =

VM

ID
=

100

5 m
= 20 kÆ

gm =

2[|ID1IDSS|]1>2
ƒ Vp ƒ

= a 2

4
b * 2 5 mA * 20 mA = 5 mA>V

iD2 = IQ - iD1 = 10 mA - 5.25 mA = 4.75 mA

iD1 =

10 m

2
e1 +

100 m

-4
c2a20 m

10 m
b - a100 m

-4
b2a20 m

10 m
b2 d1>2 f = 5.25 mA

EXAMPLE 9.7
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9.5.2 Depletion MOS Differential 
Pair with Active Load

Like MOS differential amplifiers, depletion MOS differential amplifiers use a current mirror active load

to achieve a large voltage gain. The active load can be made either with MOSFETs similar to that in

Fig. 9.24 or with BJTs. A depletion MOS differential amplifier with a basic current source as the BJT

active load is shown in Fig. 9.24. From Eq. (9.60), we know that the output resistance Ro is the parallel

combination of ro2 and ro4; that is,

(9.81)

where ro2 � 2VM ⁄ IQ � output resistance of transistor M2 and ro4 � 2VA ⁄IQ � output resistance of tran-

sistor Q4.

Using Eq. (9.61), we find the differential voltage gain Ad:

(9.82)

where gm, which is the transconductance of MOSFET M2, is given by Eq. (9.78).

Ad =

vo

vid
= -gm(ro2 7  ro4)

Ro = ro2 7  ro4
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vO

M1 M2

iC3 iC4

iD1 iD2

IQ

iB5

iB3 iB4

Q3

Q5

Q4

vG1 vG2 
+

−

+

−

−VSS

−VSS

+VDD

RSSISS

FIGURE 9.24 Depletion MOS differential amplifier

with current mirror active load

KEY POINTS OF SECTION 9.5

■ A MOSFET amplifier has a very high input resistance, in the range of 109 	 to 1012 	.

■ An active load considerably increases the differential gain of a MOSFET amplifier.

■ The range of vid for which the circuit exhibits a linear DC characteristic is much higher for MOSFETs

than for BJTs. For MOSFETs, this range is approximately equal to the pinch-down voltage ⏐Vp⏐
(typically 2 V to 5 V), compared to VT (26 mV) for BJTs.
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9.6 BJT Current Sources

The BJT current sources are similar to MOS sources. Since BJTs have a higher voltage gain as compared

to MOSFETs, BJT sources can offer higher output resistances. The commonly used current sources are the

basic current sources (which were applied in Secs. 7.8.1 and 8.7.1), the modified basic current source, the

Widlar current source, the cascode current source, and the Wilson current source.

9.6.1 Basic Current Source

The simplest current source consists of a resistor and two transistors as shown in Fig. 9.25(a). Transistor Q1

is diode connected, and its C-B voltage is forced to zero: vCB � 0. Thus, the C-B junction is off, and Q1 will

operate in the active region. Transistor Q2 can be in the active region as well as in the saturation region.

Let us assume that Q1 and Q2 are identical transistors whose leakage currents are negligible and whose

output resistances are infinite. Since the two transistors have the same B-E voltages (i.e., VBE1 � VBE2),

the collector and base currents are equal: IC1 � IC2 and IB1 � IB2. Applying KCL at the collector of Q1

gives the reference current:

Since IC1 � �FIB1,

IR = IC1 + 2IB1 = IC1 +

2IC1

bF

IR = IC1 + IB1 + IB2 = IC1 + 2IB1

Microelectronic Circuits: Analysis and Design586

VBE1

R1

VCE2

vx

IC1

IR

IB2IB1

(a)  Circuit (b)  Ideal source (c)  Small-signal equivalent circuit

(e)  Thevenin’s equivalent

A
A

A

A
A

IO

ix

Ro

gm1vbe1

gm2vbe1
rπ1 rπ2 ro2

Ro

Ro

(d)  Practical Norton’s source

Q2Q1

R1

+

−
VBE2

+

−

+VCC

IC2 = IO
IC2 = IO

VTh = IORo

vbe1

+

+

+

−

−

−

FIGURE 9.25 Basic current source
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which gives the collector current IC1 as

(9.83)

(9.84)

If the DC current gain �F �� 2, which is usually the case, Eq. (9.84) is reduced to

Thus, for two identical transistors, the reference and output currents are almost equal. IC2, which is the mir-

ror image of IC1, is known as the mirror current of IC1. For transistors with small values of �F, the current

ratio will not be unity. In practice, however, the transistors may not be identical, and the two collector cur-

rents will have a constant ratio. The equivalent circuit for the ideal current source is shown in Fig. 9.25(b).

For a transistor with finite output resistance, the effect of the Early voltage VA should be taken into

account, and the collector current in Eq. (8.8) can be modified to

(9.85)

If we take into account the variation in the collector current due to the C-E voltage, the ratio of the two

collector currents can be found from

(9.86)

Output Resistance Ro

The small-signal AC equivalent circuit for determining the output resistance is shown in Fig. 9.25(c). Out-

put resistance Ro is the same as ro2; that is,

(9.87)

Thevenin’s equivalent voltage is given by

(9.88)

Norton’s and Thevenin’s equivalents of the current source are shown in Fig. 9.25[(d) and (e)]. If the out-

put of the current source is open-circuited, a voltage of �VTh is expected to appear across transistor Q1.

However, this will not actually happen because transistor Q1 will saturate when the voltage across the cur-

rent source (i.e., the C-E voltage of Q1) reaches zero.

The current source in Fig. 9.25(a) behaves as a current sink rather than a source. A current source

equivalent to this current sink can be obtained by using pnp transistors and a negative power supply. This

arrangement is shown in Fig. 9.26.

VTh = IORo = IC2Ro = IC2 

VA

IC2
= VA

Ro =

vx

ix
= ro2 =

VA

IC2

IC2

IC1
=

1 + VCE2>VA

1 + VCE1>VA

IC = IS cexpaVBE

VT
b - 1 d a1 +

VCE

VA
b

IC1 = IC2 L IR

=

VCC - VBE1

R1
*

1

1 + 2>bF

IC1 = IC2 =

IR

1 + 2>bF
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Q1 Q2

−VCC

R1

IR IC2 = IO FIGURE 9.26 Current source using pnp transistors

Designing a simple basic current source
(a) Design the basic current source in Fig. 9.25(a) to give an output current of IO � 5 �A. The transistor para-

meters are �F � 100, VCC � 30 V, VBE1 � VBE2 � VCE1 � 0.7 V, and VA � 150 V.

(b) Calculate the output resistance Ro, Thevenin’s equivalent voltage VTh, and the collector current ratio if

VCE2 � 20 V.

SOLUTION

VBE1 � VBE2 � VCE1 � 0.7 V, and VA � 150 V.

(a) From Eq. (9.83),

which, for IO � 5 �A, gives IR � (5 �A)(1 � 2 ⁄�F) � 5.1 �A. From Eq. (9.84),

(b) From Eq. (9.87),

From Eq. (9.88),

From Eq. (9.86),

Thus, IC2 � 1.128 � IC1 � 1.128 � 5 �A � 5.64 �A, which agrees, with a degree of error, with the desired

value of IO � 5 �A.

IC2

IC1
=

1 + VCE2>VA

1 + VCE1>VA
=

1 + 20>150

1 + 0.7>150
= 1.128

VTh = VA = 150 V

Ro =

VA

IC2
=

150 V

5 �A
= 30 MÆ

R1 =

VCC - VBE1

IR
=

30 V - 0.7 V

5.1 �A
= 5.75 MÆ

IO = IC2 = IC1 =

IR

1 + 2>bF

EXAMPLE 9.8

D
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� NOTES

1. For a current source of 5 �A, a resistor of 5.75 M	 would be required. Resistors of such high value are very costly

in terms of the die area. Resistors over 50 k	 are generally avoided for IC applications. Thus, this current source is

not suitable for generating a current of less than about 0.6 mA at VCC � 30 V and 0.3 mA at VCC � 15 V.

2. If the output of the current source is open-circuited, a voltage of �VTh � �150 V will not appear across transistor

Q1. Rather, the voltage will be VCE1(sat) � 0.2 V.

9.6.2 Modified Basic Current Source

Notice from Eq. (9.83) that the collector current IC2 (�IC1) differs from the reference current IR by a

factor of (1 � 2 ⁄�F). For low-gain transistors (especially pnp types), IC2 can differ significantly from

IR. The error can be reduced by adding another transistor so that IC2 becomes less dependent on the

transistor parameter �F. This type of circuit is shown in Fig. 9.27(a). Applying KCL at the emitter of

transistor Q3 gives

(9.89)

Since VBE1 � VBE2, it follows that IC1 � IC2. Thus, Eq. (9.89) becomes

The base current of Q3 is related to IE3 by

(9.90)

Using KCL at the collector of Q1 gives

(9.91)IR = IC1 + IB3 = IC1 +

2

bF(1 + bF)
IC2

IB3 =

IE3

1 + bF
=

2

bF(1 + bF)
IC2

IE3 =

2

bF
IC2

IE3 = IB1 + IB2 =

IC1

bF
+

IC2

bF

Differential Amplifiers 589

Q1

Q3

Q2
IB1

IB3
IE3

IB3

(a)  Circuit

vbe1

C1 C2

R1

Ro

B1

vx

ix

ro3

ro2

v3

ro1

(b)  Small-signal equivalent circuit

VBE1

+VCE2

VBE3
IC1

IC3

IR

R1

+

+

−

−

VBE2

+

−

+VCC

IC2 = IQ

gm1vbe1

gm2vbe

gm3v3

rπ1 rπ2

rπ3

+ +
+

−

−

−

FIGURE 9.27 Modified basic current source
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Since IC1 � IC2, Eq. (9.91) gives the output current IO as

(9.92)

which indicates that the reference current IR is related to the output current IO by a factor of only 

[1 � 2 ⁄ (�2
F � �F)]. The reference current can be found from

(9.93)

In the derivation of Eq. (9.92), the output resistances of the transistors are ignored. However, for a finite

transistor output resistance, the collector current ratio in Eq. (9.86) is applicable.

Output Resistance Ro

The small-signal equivalent circuit for determining the output resistance is shown in Fig. 9.27(b). The out-

put resistance Ro is the same as ro2; that is,

(9.94)

Thevenin’s equivalent voltage is given by

(9.95)VTh = IORo = IC2Ro = IC2 

VA

IC2
= VA

Ro =

vx

ix
= ro2 =

VA

IC2

IR =

VCC - VBE1 - VBE3

R1

IO = IC2 =

IR

1 + 2>(b2
F + bF)

Microelectronic Circuits: Analysis and Design590

Designing a simple modified basic current source
(a) Design the modified basic current source in Fig. 9.27(a) to give an output current of IO � 5 �A. The tran-

sistor parameters are �F � 100, VCC � 30 V, VBE1 � VBE2 � VBE3 � 0.7 V, and VA � 150 V.

(b) Calculate the output resistance Ro, Thevenin’s equivalent voltage VTh, and the collector current ratio if

VCE2 � 20 V.

SOLUTION

IO � IC2 � 5 �A, VBE1 � VBE2 � VBE3 � VCE1 � 0.7 V, and VA � 150 V.

(a) From Eq. (9.92),

which, for IO � 5 �A, gives IR � (5 �A)[1 � 2 ⁄ (�2
F � �F)] � 5 �A. From Eq. (9.93),

R1 =

VCC - VBE1 - VBE3

IR
=

30 - 0.7 - 0.7

5 �A

IO = IC2 =

IR

1 + 2>(b2
F + bF)

EXAMPLE 9.9

D
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9.6.3 Widlar Current Source

Biasing currents of low magnitudes, typically on the order of 5 �A, are required in a variety of applica-

tions. Currents of low magnitude can be obtained by inserting a resistance of moderate value in series

with the emitter Q2 in Fig. 9.25(a). A circuit with this modification, as shown in Fig. 9.28(a), is known

as a Widlar current source. As a result of the addition of R2 into the circuit, IC2 is no longer equal to IR,

and the value of IC2 can be made much smaller than that of IC1. This circuit can give currents in the

microampere range, with acceptable circuit resistance values of less than 50 k	.

Using KVL around the B-E loop in Fig. 9.28(a) gives

Since IC2 �� IB2,

(9.96)

Assuming that the transistors have infinite output resistances, VA � �, Eq. (9.85) becomes

which gives

(9.97)

Applying VBE from Eq. (9.97) in Eq. (9.96), we get

VT ln a IC1

IS1
b - VT ln a IC2

IS2
b - IC2R2 = 0   (for bF 77 1)

VBE = VT ln a IC

IS
b

IC = IS exp aVBE

VT
b

VBE1 - VBE2 - IC2R2a1 +

1

bF
b = 0

VBE1 - VBE2 - (IC2 + IB2)R2 = 0

Differential Amplifiers 591

which gives the required value of the resistor as R1 � 5.72 M	.

(b) From Eq. (9.94),

From Eq. (9.95),

From Eq. (9.86),

Neglecting IB3, we have IC1 � IO � 5 �A. Thus, IC2 � 1.123 � IC1 � 1.123 � 5 �A � 5.62 �A, which

agrees, with a degree of error, with the desired value of IO � 5 �A.

IC2

IC1
=

1 + VCE2>VA

1 + (VBE1 + VBE3)>VA
=

1 + 20>150

1 + (0.7 + 0.7)>150
= 1.123

VTh = VA = 150 V

Ro =

VA

IC2
=

150

5 �A
= 30 MÆ
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which, for identical transistors with IS1 � IS2, can be simplified to

This equation gives the relation of IC2 to IC1 and R2 as

(9.98)

The reference current IR can be found from

(9.99)

which is also related to the base and collector currents; that is,

(9.100)

IR = IC1 + IB1 + IB2       

= IC1a1 +

1

bF
b +

IC2

bF

IR =

VCC - VBE1

R1

VT ln a IC1

IC2
b = IC2R2

VT ln a IC1

IS1
*

IS2

IC2
b - IC2R2 = 0

Microelectronic Circuits: Analysis and Design592

ro1

ro2

A

B2

A

vbe1

Ro

vx

ix

ix
i1

(b)  Small-signal equivalent circuit

(c)  Equivalent circuit

(a)  Circuit

VBE1

VBE2

IB3

IB1 IB2

IC1

Q1 Q2

R1

R2

R1

R2

Ro

IR
C1 C2 C1

C2B2

E2+

+

+

−

−

vbe2

+

−

v3

+
+

−

−

−

+VCC

IC2 = IO

gm1vbe1

gm2vbe2

rπ1

rπ2

vbe1

+

−

vx

+

−

vbe2

+

−

ro2

Re

B2

R2

gm2 vbe2
rπ2

FIGURE 9.28 Widlar current source
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Substituting IC1 from Eq. (9.98) into the preceding equation, we get IR in terms of IC2 and R2 as

(9.101)

Thus, IC2 is a nonlinear function of IR and R2. To find IC2, we must solve this transcendental equation by

trial and error, using known values of IR and R2. However, for design purposes, IC2 and IR are known, and

it is necessary only to find the value of R2.

Output Resistance Ro

The small-signal equivalent circuit for determining the output resistance is shown in Fig. 9.28(b). This cir-

cuit can be reduced to Fig. 9.28(c), where Re is the parallel equivalent of r1, 1⁄gm1, ro1, and R1; that is,

(9.102)

Using Eq. (8.42), we can relate the input resistance r1 to the transconductance gm1 and the small-signal

current gain

Since �f �� 1, r1 �� 1 ⁄gm1, and in general R1 �� 1 ⁄gm1, Eq. (9.102) can be approximated by

(9.103)

The collector current flows through the parallel combination of R2 and (r2 � Re), so

(9.104)

The voltage v3 is related to v2 by

(9.105)

The current i1 thus becomes

The test voltage vx is

(9.106)

Substituting v3 from Eq. (9.104) into Eq. (9.106) and simplifying, we get the resistance at the collector of

the transistor:

(9.107)Ro =

vx

ix
= R2 7  (r2 + Re) + ro2 c1 +

gm2r2

r2 + Re
R2 7  (r2 + Re) d

vx = v3 + ro2i1 = v3 + ro2ix - ro2gm2v2

= v3 + ixro2 +

ro2gm2v3r2

r2 + Re
                 

i1 = ix - gm2v2

v2 = -  

v3r2

r2 + Re
= -  

ixr2[R2 7  (r2 + Re)]

r2 + Re

v3 = ix[R2 7  (r2 + Re)]

Re L

1
gm1

r1 =

bf (LbF)

gm1

bf (LbF):

Re = r1 ` ` 1
gm1
` ` R1 7  ro1

IR =

1 + bF

bF
 IC2 exp a IC2R2

VT
b +

IC2

bF

Differential Amplifiers 593
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Since ro2 is large, the first term is much smaller than the second one. If the first term is neglected, Eq. (9.107)

can be reduced to

(9.108)

From Eq. (8.42), we get

(9.109)

(9.110)

Since IC1 �� IC2, r2 �� 1 ⁄gm1 and r2 �� Re; that is,

(9.111)

Substituting Re from Eq. (9.103) into Eq. (9.107) gives

(9.112)

Since �F �� 1 and r2 � �F ⁄gm2, Eq. (9.112) can be rewritten as

(9.113)

Generally, �F �� gm2R2, so Eq. (9.113) can be approximated by

(9.114)

(9.115)

Thus, Ro depends on IC2R2, which is the DC voltage drop across R2. The larger this drop is made, the

higher the output resistance becomes. For the Widlar source, IC2R2 is limited to several hundred millivolts

for practical current ratios, and the corresponding value of VTh is limited to about 10VA.

L ro2a1 +

IC2R2

VT
b

Ro L ro2(1 + gm2R2)

Ro = ro2 

gm2R2(1 + bF) + bF

gm2R2 + bF
= ro2 c 1 + gm2R2

1 + gm2R2>bF
d

Ro L ro2[1 + gm2(R2 7  r2)]

Re + r2 L r2

r2 =

bF

gm2
=

bF

IC2>VT
= VT 

bF

IC2
= bF 

VT

IC1
*

IC1

IC2
=

bF

gm1
*

IC1

IC2

1
gm1

=

1

IC1>VT
=

VT

IC1

Ro L ro2 c1 +

gm2r2

r2 + Re
R2 7  (r2 + Re) d

Microelectronic Circuits: Analysis and Design594

Designing a Widlar current source
(a) Design the Widlar current source in Fig. 9.28(a) to give IO � 5 �A and IR � 1 mA. The parameters are

VCC � 30 V, VBE1 � 0.7 V, VT � 26 mV, VA � 150 V, and �F � 100.

(b) Calculate the output resistance Ro and Thevenin’s voltage VTh. Assume VT � 26 mV.

EXAMPLE 9.10

D
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9.6.4 Cascode Current Source

The emitter resistance R2 in the Widlar current source in Fig. 9.28(a) can be replaced by a basic current

source consisting of two transistors Q3 and Q4. This arrangement, shown in Fig. 9.29, will give a larger

output resistance. In a cascodelike connection, two or more transistors are connected in series so that

their collector biasing currents are almost identical (e.g., transistors Q1 and Q3), whereas in a cascodelike

connection, the transistors operate in parallel fashion so that one transistor drives the other (e.g., Q3 and

Q4). According to Eq. (9.55), the larger the output resistance, the greater the voltage gain of an amplifier

Differential Amplifiers 595

SOLUTION

IC2 � 5 �A, and VT � 26 mV.

(a) From Eq. (9.99),

so R1 � 29.3 k�. From Eq. (9.100),

which gives IC1 � 990 �A. From Eq. (9.98),

so R2 � 27.5 k�.

(b) ro2 � VA ⁄ IC2 � 150 ⁄ (5 �A) � 30 M�. From Eq. (9.110),

Also from Eq. (9.109),

From Eq. (9.112),

Using the approximation in Eq. (9.115), we have

and VTh � RoIC2 � 188.65 M� � 5 �A � 943.3 V

NOTE: The Widlar current source gives a low output current at high output resistance, and Thevenin’s
equivalent voltage is very high.

Ro L 30 MÆ * a1 +

5 �A * 27.5 kÆ

26 mV
b = 188.66 MÆ

Ro L 30 MÆ * [1 + 192.3 �A>V * (27.5 kÆ 7  520 kÆ)] = 180.68 MÆ

gm2 =

IC2

VT
=

5 �A

26 mV
= 192.3 �A>V

r�2 =

VTbF

IC2
= 26 m *

100

5 �
= 520 kÆ

26 mV * ln a990 �A

5 �A
b = 5 �A * R2

1 mA = IC1a1 +

1

100
b +

5 �A

100

1 mA =

30 - 0.7

R1
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becomes. Substituting the output resistance ro4 of transistor Q4 for R2 in Eq. (9.112) gives the output

resistance of this cascode source:

(9.116)

9.6.5 Wilson Current Source

A Wilson current source, shown in Fig. 9.30(a), also gives a high output resistance. However, the output

current is approximately equal to the reference current. Base current IB2, which is the difference between

the reference current IR and the collector current IC1, is multiplied by (1 � �F) to give IE2, which flows in

the diode-connected transistor Q3 and causes a collector current of the same magnitude to flow in Q1.

There is a feedback path that regulates IC1, which is approximately equal to IE2 and IC2. Thus, IC2 remains

very nearly equal to IC1 and nearly constant, giving a high output resistance:

Assuming that the transistors have infinite output resistances, VA � �, and that the transistors are

identical so that IC1 � IC3, we can write

(9.117)

Using Eq. (9.117), we can relate IC2 to IE2 and IC3:

which gives

(9.118)IC3 = IC2 

1 + bF

2 + bF

IC2 = IE2 

bF

1 + bF
= IC3a1 +

2

bF
b  

bF

1 + bF
= IC3 

2 + bF

1 + bF

IE2 = IC3 + IB3 + IB1 = IC3a1 +

1

bF
b +

IC1

bF

= IC3a1 +

2

bF
b                                             

IE2 = (1 + bF)IB2 = (IR - IC1)(1 + bF)

Ro L ro2[1 + gm2(ro4 7  r�2)] = ro2(1 + gm2r�2) = ro2(1 + bF)

Microelectronic Circuits: Analysis and Design596

Basic
current
source

Q1

Q4Q3

Q2

R1

IR

IC2 = IO

+VCC

FIGURE 9.29 Cascode current source
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IC1 is related to the reference current IR by

(9.119)

Since IC3 � IC1, equating Eq. (9.118) to Eq. (9.119) yields

which gives the output current IO � IC2 as

(9.120)

Since �F 		 1, Eq. (9.120) can be approximated by

(9.121)

Thus, the output current almost equals the reference current and is less sensitive to the current gain �F,

which varies in response to temperature changes.

IO L IR

IO = IC2 = IR c (2 + bF)bF

b2
F + 2bF + 2

d = IR c1 -

2

b2
F + 2bF + 2

d

IC1 = IC3 = IC2 

1 + bF

2 + bF
= IR -

IC2

bF

IC1 = IR - IB2 = IR -

IC2

bF
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B3B1

C1

C1

C3

C3

R1

R1

Re

vx

ro1

ro2

ro3

ix

ix

E1

E2

E3 Ro

B2

B1

B3

C2

(a)  Circuit (b)  Small-signal AC equivalent circuit

Ro

ro2

R3

R'e

(c)  Equivalent circuit

IC1

IC2

IC3

IE2

IB1

IB2

IB3

IR

Q1

Q2

Q3

+VCC

gm1v1

gm1v1

gm2v2

gm3v3

gm2v2

rπ1 rπ3

rπ2

rπ2

v2

v1

+

+

+−

v2+ −

−

v1

+

−

−

vx

+

−

v3

+

−

v3

+

−

FIGURE 9.30 Wilson current source
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Output Resistance Ro

The small-signal AC equivalent circuit for determining the output resistance is shown in Fig. 9.30(b),

which can be reduced to Fig. 9.30(c), where Re is the parallel equivalent of ro1, 1 ⁄gm1, and R1 and where

R3 is the parallel equivalent of r�1, r�3, 1 ⁄gm3, and ro3. In general, 1 ⁄gm1 is much smaller than ro1 and R1,

and 1 ⁄gm3 is much smaller than r�1, r�3, and ro3. Thus,

(9.122)

and (9.123)

Applying KVL to the circuit left of r�1, we get

which gives the equivalent resistance R
e as

(9.124)

Since ro1 		 R1,

which, for R1 		 r�2 and gm1R1 		 1, can be simplified to

The output resistance can be found from Eq. (9.107) by substituting R3 for R2 and R
e for (r�2 � Re). That is,

(9.125)

Since ro2 is large, the first term is much smaller than the second one and can be ignored. Equation (9.124)

can be approximated by

(9.126)

Assuming (R3 � R
e) ⁄R
e � 1 ⁄2, R
e � 1 ⁄gm1, and gm1 � gm3, Eq. (9.126) becomes

(9.127)L ro2 a1 +

bF

2
b        

Ro L ro2 a1 +

gm2r�2

2
b

Ro L ro2 c1 +

gm2r�2

R¿e
 (R3 7  R¿e) d

Ro =

vx

ix
= R3 7  R¿e + ro2 c1 +

gm2r�2

R¿e
 (R2 7  R¿e) d

R¿e L

1
gm1

R¿e =

r�2 + R1

1 + gm1R1

R¿e =

v1

i
=

r�2 + (ro1 7  R1)

1 + (ro1 7  R1)gm1

v1 = ir�2 + (ro1 7  R1)(i - gm1v1)

  R3 = r�1 7  r�3 7  1
gm3

 7  ro3 L

1
gm3

Re = ro1 7  R1

Microelectronic Circuits: Analysis and Design598

67722_09_ch09b_p595-640.qxd  2/20/10  8:47 AM  Page 598

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Differential Amplifiers 599

EXAMPLE 9.11

D Designing a Wilson current source
(a) Design the Wilson current source in Fig. 9.30(a) to give IO � 5 �A. The parameters are VCC � 30 V,

VBE1 � VBE2 � VBE3 � 0.7 V, VT � 26 mV, VA � 150 V, and �F � 100. Assume that all transistors are

identical.

(b) Calculate the output resistance Ro and Thevenin’s equivalent voltage VTh.

(c) Use PSpice/SPICE to calculate the output current, the output resistance, and the reference current for

�F � 100 and 400. Assume that all transistors are identical, and VCE � 10 V.

SOLUTION

IC2 � 5 �A, and VT � 26 mV.

(a) From Eq. (9.120),

so IR � 5 �A. The reference current is

That is,

which gives R1 � 5.72 M�.

(b) From Eq. (9.118),

Then

Since

Since

gm2 = 192.3 �A>V
1>gm2 = 26 mV>5 �A = 5.2 kÆ,

gm1 = gm3 = 190.4 �A>V
1>gm1 = 1>gm3 = VT>IC1 = 26 mV>4.95 �A = 5.25 kÆ,

ro2 =

VA

IC2
=

150

5 �
= 30 MÆ

ro1 = ro3 =

VA

IC1
=

150

4.95 �
= 30.3 MÆ

IC3 = IC1 =

5 �A * (1 + 100)

2 + 100
= 4.95 �A

5 �A =

30 - 0.7 - 0.7

R1

IR =

VCC - VBE1 - VBE2

R1

5 �A = IR c1 -

2

(1002
+ 2 * 100 + 2)

d
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Then

From Eq. (9.124),

From Eq. (9.123),

From Eq. (9.126),

and

NOTE: If we use Eq. (9.127),

(c) The Wilson current source for PSpice simulation is shown in Fig. 9.31. We will use parametric sweep for

the model parameter �F of the transistors. The voltage source Vy acts as an ammeter for the output current.

The results of simulation (.TF analysis) are as follows. (The hand calculations are shown in parentheses.)

For �F � 100, the simulation gives

VOLTAGE SOURCE CURRENTS

NAME CURRENT

VCC -5.022E-06

Ro L (30 M)a1 +

100

2
b = 1.53 GÆ

VTh = 1.44 G * 5 � = 7.2 kV

Ro = (30 M) c1 +

192.3 � * 520 k

5.81 k
* 5.15 k 7  5.81 k d = 1.44 GÆ

R3 = 525 k 7  525 k 7  5.25 k 7  30 M L 5.15 kÆ

R¿e =

520 kÆ + (30.3 MÆ 7  5.72 MÆ)

[1 + (30.3 MÆ 7  5.72 MÆ) * 190.4 �A>V]

= 5.81 kÆ                                                               

r�2 = 100 * 5.2 k = 520 kÆ

r�1 = r�3 =

bF

gm1
= 100 * 5.25 k = 525 kÆ

Q1 Q3

Q2

Vy
0 V

0 V

Q2N2222
VCC VCE
30 V 10 V

+

+

−

+

−

−

R1
5.72 MΩ

FIGURE 9.31 Wilson current source for PSpice simulation
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9.6.6 Multiple Current Sources

A DC reference current can be generated in one location and reproduced in another location for biasing

amplifier circuits in ICs. A group of current sources with only one reference current is shown in Fig. 9.32.

This is an extension of the modified basic current source in Fig. 9.25. Transistor Q1 and resistor R1 serve

as the reference for current-sink transistors Q3 through Q6. Transistor Q2 supplies the total base currents

for the transistors and makes the collector current of Q1 almost equal to the reference current IR; that is,

Differential Amplifiers 601

VX 5.022E-06 (IR � 5 �A)

VY 5.006E-06 (IR � 5 �A)

VCE -5.006E-06

**** BIPOLAR JUNCTION TRANSISTORS

NAME Q1 Q2 Q3

IB 4.95E-08 4.73E-08 4.95E-08

IC 4.98E-06 5.01E-06 4.95E-06

VBE 6.37E-01 6.36E-01 6.37E-01

VBC -6.36E-01 -8.73E+00 0.00E+00

VCE 1.27E+00 9.36E+00 6.37E-01

BETADC 1.00E+02 1.06E+02 1.00E+02

GM 1.92E-04 1.94E-04 1.92E-04

RPI 5.22E+05 5.47E+05 5.22E+05 (r�1 � 525 k�, r�2 � 520 k�, r�3 � 525 k�)

RO 3.03E+07 3.17E+07 3.03E+07 (ro1 � 30.3 M�, ro2 � 30 M�, ro3 � 30.3 M�)

**** SMALL-SIGNAL CHARACTERISTICS

I(VY)/VCC=1.739E-07

INPUT RESISTANCE AT VCC=5.730E+06 (R1 � 5.72 M�)

OUTPUT RESISTANCE AT I(VY)�1.602E+09 (Ro � 1.44 G�)

For �F � 400, the simulation gives

I(VY)/VCC=1.738E-07

INPUT RESISTANCE AT VCC=5.730E+06

OUTPUT RESISTANCE AT I(VY)=5.441E+09 (Ro � 6.03 G�)

NOTE: Ro changes from 1.602E�09 � (for �F � 100) to 5.441E�09 � (for �F � 400 �) and

depends on �F, as expected.

IR

IC1

I1 I2 I3

R1

Q1

Q2

Q6Q5Q4Q3

+VCC

−VEE

FIGURE 9.32 Multiple current sources
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IR � IC1. The collector currents I1 and I2 will be mirrors of current IR. Since two transistors Q5 and Q6

are connected in parallel, I3 will be two times IR (i.e., I3 � 2IR). The parallel combination of Q5 and Q6

should be equivalent to a single transistor whose E-B junction has double the area of Q1. Therefore, the

emitter areas of transistors can be scaled in ICs so as to provide multiples of the reference current simply by

designing the transistors so that they have an area ratio equal to the desired multiple.

Microelectronic Circuits: Analysis and Design602

KEY POINTS OF SECTION 9.6

■ Transistors can generate the characteristics of a constant-current source. An ideal current source has

a very high output resistance, and its output current is not sensitive to the transistor parameter �F.

■ Table 9.1 compares various BJT current sources. The output resistances for different BJT sources are

also summarized in the table.

TABLE 9.1 Comparison of BJT current sources

Current Source Output Resistance Beta (�F)

Type Ro Dependency of Io Comments

Basic source ro Not suitable for low currents 

(i.e., typically less than 0.3 mA)

Modified source ro Not suitable for low currents 

(i.e., typically less than 0.3 mA)

Widlar source ro2 (1 � gm2R2) Nonlinear Current as low as 5 �A; higher 

output resistance

Cascode source Not suitable for low currents; higher

output resistance

Wilson source Not suitable for low currents; higher

output resistance

- 2>(bF
2

+ 2bF + 2)ro2(1 + bF>2)

- 2>bFro2(1 + bF)

- 2>(bF
2

+ bF)

- 2>bF

9.7 BJT Differential Amplifiers

The BJT differential pairs are analogous to MOS differential pairs. Since BJTs, in general, have a higher

transconductance compared to identical MOSFETs, BJT differential pairs can give a higher voltage

gain, but they have limitations of a lower input resistance.

9.7.1 BJT Differential Pair with Resistive Load

An emitter-coupled pair, as shown in Fig. 9.33, is commonly used in a differential amplifier. The biasing

current should be such that the transistors operate in the active regions. The DC biasing circuit, which is

shown as a constant-current source, can be either a simple resistor, in which case the equivalent current

generator will be zero, or a transistor current source, which is generally used in ICs.
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DC Transfer Characteristics

The DC transfer characteristic, which gives the relation between the input and output voltages, can be de-

termined from the large-signal analysis, and it should be linear over a wide range. The analysis can be sim-

plified by making the following assumptions:

1. The output resistances of the transistors are infinite: ro � �.

2. The output resistance of the transistor current source is infinite: REE � �.

Using KVL around the loop formed by the two input voltages and the two B-E junctions, we get

(9.128)

Assuming vBE1, vBE2 		 VT and equal leakage currents IS1 � IS2 � IS and using the transistor current

equations, we get

(9.129)

(9.130)

Substituting Eqs. (9.129) and (9.130) into Eq. (9.128) gives

That is,

vB1 - vB2 = VT c ln a iC1

IS
b -   ln a iC2

IS
b d

vB1 - VT ln a iC1

IS
b + VT ln a iC2

IS
b - vB2 = 0

vBE2 = VT ln a iC2

IS2
b = VT ln a iC2

IS
b

vBE1 = VT ln a iC1

IS1
b = VT ln a iC1

IS
b

vB1 - vBE1 + vBE2 - vB2 = 0

Differential Amplifiers 603

vO1

RC RC

IQ

iC1

Q1 Q2

vBE1 vBE2
vB1

iB1 iB2+

+

+ +
−

vB2

+

−

−
vO2
+
−

− −

+VCC

−VEE

REE
IEE

FIGURE 9.33 Emitter-coupled differential pair
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which can be simplified to

(9.131)

where vid � vB1 � vB2 is the differential DC input voltage.

Using KCL at the emitter terminal of the transistors, we get

(9.132)

where � � �F ⁄ (1 � �F) � 1. Solving Eqs. (9.131) and (9.132) for iC1 and iC2, we get

(9.133)

(9.134)

(9.135)

(9.136)

Thus, if iC1 increases, iC2 decreases such that iC1 � iC2 � �IQ � �IEE remains constant.

The plots of the two collector currents are shown as a function of vid in Fig. 9.34(a). Notice that, for

vid 		 VT, iC1 and iC2 become independent of vid and all the currents flow through one of the transistors. For

vid � VT, iC1 and iC2 have an approximately linear relation. The differential voltage change vid required

to shift the current distribution from iC1 � 0.9IQ and iC2 � 0.1IQ to the opposite case, iC1 � 0.1IQ and

iC2 � 0.9IQ, is called the transition voltage; it will have a value of approximately 2VT � 52.6 mV.

L 0  for vid 		 VT

iC2 =

aIQ

1 + exp (vid>VT)

L aIQ  for vid 		 VT

iC1 =

aIQ

1 + exp (-vid>VT)

IQ =

1
a

 (iC1 + iC2)

iC1

iC2
= exp a vB1 - vB2

VT
b = exp a vid

VT
b
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200−40 40 60 80 100 120−20−60−80−100−120

−2VT = −52.6 mV 2VT = 52.6 mV 

(mV) 

0.1

0.2

0.3

0.5−55 mV 55 mV 115 mV

0.7

0.8

0.9

1.0

iC2

iC2iC1

iC1

IC2
IQ IQ

(b)  Differential output voltage

0.99

0.01

0.99

0.01

vid

(a)  Transfer characteristic

0

aIEERC

−aIEERC

3VTVT 2VT−4VT −VT−2VT−3VT 4VT vid

vod

Linear range

IC1,

−115 mV

FIGURE 9.34 Transfer characteristics of emitter-coupled pair
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The DC output voltages are

(9.137)

(9.138)

The differential DC output voltage is

Substituting Eqs. (9.133) and (9.135) into the above equation and simplifying yields

(9.139)

Since tanh for a small value of x, Eq. (9.139) can be approximated by

(9.140)

The plot of vod as a function of vid is shown in Fig. 9.34(b). If vid is zero, vod is also zero, and this

feature allows direct coupling of cascoded stages without introducing DC offsets. Thus, the amplifier is

a true differential, or difference, amplifier, responding only to the difference in the voltages applied to

the two input terminals. If vB1 � �vB2, then vic � (vB1 � vB2) ⁄ 2 is zero and there will be only a dif-

ferential voltage. If, on the other hand, vB1 � vB2, then vid is zero and there will be a pure common-

mode voltage (i.e., no output voltage). However, the range of the differential input voltage vid over which

the emitter-coupled pair exhibits a linear characteristic is very small, typically two or three times VT.

This range can be extended by inserting emitter degeneration resistors, as shown in Fig. 9.35(a); in this

case, the range over which the characteristic is linear is approximately equal to IQRE. The factor by

which the voltage gain is reduced is approximately the same as the factor by which the input range is

increased. The variations of vod with several values of RE are shown in Fig. 9.35(b).

vod L -aIEERCa vid

2VT
b

x L x

vod = aIEERC tanh a- vid

2VT
b

vod = vO1 - vO2 = RC(iC2 - iC1)

vO2 = VCC - iC2RC

vO1 = VCC - iC1RC

Differential Amplifiers 605

vod

RE RE

RC RC

IQ

iC1 iC2

Q1 Q2

−20VT −15VT

(a)  Emitter degeneration

−10VT −5VT 5VT 10VT 15VT 20VT
vid

(b)  Differential output voltage

vBE1 vBE2

vB1 vB2

+ +

+ +

− −

− −

+VCC

−VEE

REE
IEE

aIEERC

−aIEERC

aIEERE = 0 

IEERE = 10VT 

IEERE = 20VT 

FIGURE 9.35 Emitter-coupled pair with degeneration resistors
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Small-Signal Analysis

In studying a BJT differential amplifier, it is often of interest to examine the small-signal behavior for small

DC differential voltages near zero, when the amplifier operates in the linear portion of the transfer char-

acteristic. Circuit properties such as differential voltage gain Ad, common-mode gain Ac, common-mode

rejection ratio (CMMR), common-mode input resistance Ric, and differential mode input resistance Rid can

be determined from the small-signal analysis.

Small Differential Signal Let us assume that the common-mode signal is zero, vic � 0, and only the

differential input voltage vid is applied. This situation is shown in Fig. 9.36(a). If the DC differential bias-

ing is removed, we get the small-signal equivalent circuit shown in Fig. 9.36(b). The input voltage to

one transistor is �vid ⁄ 2, and that to the other transistor is �vid ⁄ 2. Assuming that the two transistors are

identical and the circuit is balanced, the increase in voltage at the emitter junction due to �vid ⁄ 2 will

be compensated for by an equal decrease in voltage due to �vid ⁄ 2. As a result, the voltage at the emit-

ters of the transistors will not vary at all. The emitter junction, which experiences no voltage variation,

can be regarded as the ground potential. Thus, the resistor REE may be replaced by a short circuit, as

shown in Fig. 9.36(b), which shows two identical sides.

The characteristic of a balanced amplifier can be determined from only one side of the amplifier. This

simplified circuit, shown in Fig. 9.37(a), is known as a differential-mode half circuit; its small-signal

equivalent circuit is shown in Fig. 9.37(b). The output voltage vod is given by

which gives the differential voltage gain Ad as

(9.141)

� NOTE If we include the output resistance of Q1, Eq. (9.141) becomes .Ad = -gm(RC 7  ro1)ro1

Ad =

vod

vid
= -gmRC

vod

2
= -gmRC 

vid

2
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vid vid

2 2IQ

ib1 ib2

(b)  Small-signal equivalent circuit(a)  Circuit

vB1 vB2

+

−

+

−
+

+−

−

+VCC

−VEE

−

REE
IEE

RC RC

REE

Q1 Q2

RC RC

Q1 Q2

FIGURE 9.36 Emitter-coupled pair with differential input
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High values of RC and gm are required to give a high value of Ad. An active load (discussed in Sec. 9.6)

rather than a discrete resistance ensures a high value of RC and hence of Ad. From Fig. 9.37(b), we can write

which gives the differential input resistance Rid as

(9.142)

A high value of r� (�VT ⁄ IC)—that is, a low collector biasing current (IC1 � IC2 � IQ ⁄ 2)—is required to

achieve a higher value of Rid.

Small Common-Mode Signal An emitter-coupled pair with only common-mode input vic is shown in

Fig. 9.38(a). If the DC common-mode biasing is removed, the result is the small-signal equivalent circuit

shown in Fig. 9.38(b). Assuming that the two transistors are identical, the collector currents must be iden-

tical, and the voltage at the emitter junction will increase by the same amount in response to inputs at both

transistors. Since the voltage across REE will be the same for both inputs, the resistor REE can be split into

two parallel resistors, each of value 2REE, as shown in Fig. 9.38(c). As a result of symmetry, no current

will flow through the lead that connects the two sides, and ix � 0. Thus, this lead can be disconnected with-

out affecting the circuit behavior; as shown in Fig. 9.38(d), the two half circuits may be considered to be

completely independent. The common-mode behavior can be determined from only one side, as shown in

Fig. 9.39(a). The small-signal equivalent circuit is shown in Fig. 9.39(b), from which we get

(9.143)

which gives the common-mode input resistance Ric as

(9.144)

Equation (9.144) will give a high value for Ric, so Ric should be calculated using r� in the BJT model. The

current through r� can be found from

i� =

vic - vo

r�
=

vic + bFRCib1

r�

Ric =

vic

ib1
= r� + (1 + bF)2REE

vic = ib1r� + ib(1 + bF)2REE

Rid =

vid

ibl
= 2r�

vid

2
= iblr�
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vod

2

ib1

ib1

vbe

iC

RC
gmvbe

(b)  Small-signal equivalent circuit(a)  Equivalent circuit

rπvid

2

vod

2
+

+

−

vid

2

+
++

−
−−−

RC

Q1

FIGURE 9.37 Differential-mode half circuit
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(a)  Common-mode circuit

(c)  Small-signal equivalent circuit with split REE 

(b)  Small-signal equivalent circuit

(d)  Independent half circuits

RC RC

vocvoc

Q1 Q2

+

−

vic

+

−

+

−

ix = 0

2REE 2REE

RC RC

voc voc

Q1 Q2

vic vic

+

−

+

−2REE 2REE

Q1 Q2

vic 
+

−

RC RC

vocvoc

+

−

+

−

REE

RC RC

vocvoc

IQ

Q1 Q2

vIC = VIC + vic 

+

−

+

−

+

−

+VCC

−VEE

REEIEE

FIGURE 9.38 Emitter-coupled pair with common-mode input

voc

ib1

ib1 rμ

rπvbe
gmvbe

(b)  Small-signal equivalent circuit(a)  Common-mode half circuit

ic1RC

RC

Q1

vic

+

+

−

vic

+

+

−
−

−

voc

+

−
2REE 2REE

FIGURE 9.39 Common-mode half circuit
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which, after substitution of ib1 � vic ⁄ [r� � (1 � �F)2REE], gives the effective resistance as

Thus, the common-mode resistance Ric becomes

The common-mode output voltage voc is

which gives the common-mode voltage gain Ac as

(9.145)

(9.146)

Small-Signal CMRR From Eqs. (9.141) and (9.146), we can find the CMRR as

(9.147)

(9.148)

which indicates that a high output resistance REE on the biasing current source will improve the CMRR;

that is, the value of REE should be as large as possible. To obtain a high value of gm (�IC ⁄ VT), the collector

biasing current (IC1 � IC2 � IQ ⁄ 2 � IEE ⁄ 2) should be made large.

The small-signal input currents, which will flow when both vid and vic are applied, can be found by

superposition. Since Ric is common to both ib1 and ib2, we get

(9.149)

(9.150)

The input resistance can thus be represented by the �-equivalent circuit of Fig. 9.40(a), where Ric is

assumed to be much larger than Rid. The T-equivalent circuit is shown in Fig. 9.40(b), and its values

are shown in Fig. 9.40(c).

ib2 =

vic

2Ric
+

vid

Rid

ib1 =

vic

2Ric
+

vid

Rid

L 1 + 2gmREE   for bF 		 1

CMRR = ` Ad

Ac
` = 1 + 2gmREEa1 +

1

bF
b

=

-gmRC

1 + 2gmREE(1 + 1>bF)

Ac =

voc

vic
=

-bFRC

r� + (1 + bF)2REE

voc = -RCic1 = -RCbFib1 = vic c -bFRC

r� + (1 + bF)2REE
d

Ric = [r� + 2REE(1 + bF)] 7  r�

r� + (1 + bF)2REE

Ri� =

r�

1 + bFRC>[r� + (1 + bF)2REE]

Differential Amplifiers 609
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Rid

Rid

Rid

2

2ib1

ib1 ib1

ib2 ib2 ib2

(a)  o-equivalent circuit  (b)  T-equivalent circuit (c)  T-equivalent circuit

rπ

rπ

2Ric

2Ric

Ric 2REE(1 + b)

FIGURE 9.40 �- and T-equivalent circuits

Finding the performance parameters of an emitter-coupled pair The parameters of the emitter-

coupled pair in Fig. 9.36(a) are �F � 100, REE � 50 k�, IQ � 1 mA, VCC � 15 V, and RC � 10 k�.

(a) Calculate the DC collector currents through the transistors if vid � 5 mV.

(b) Assuming iC1 � iC2, calculate Ad, Ac, and CMRR; Rid and Ric; and the small-signal output voltage if 

vB1 � 20 mV and vB2 � 10 mV. Assume VT � 26 mV.

SOLUTION

(a) From Eq. (9.133),

and

(b) We know that iC1 � iC2 � 1 mA ⁄ 2 � 0.5 mA. Thus,

From Eq. (9.141),

From Eq. (9.146),

Ac =

-gmRC

1 + 2gmREE(1 + 1>bF)
                                                                   

=

-19.23 mA>V * 10 kÆ

1 + 2 * 19.23 mA>V * 50 kÆ * (1 + 1>100)
= - 0.099 V>V

Ad = -gmRC = -19.23 m * 10 k = -192.3 V>V

gm =

iC1

VT
=

0.5 mA

26 mV
= 19.23 mA>V

iC2 = 1 m - 0.543 m = 0.457 mA

iC1 =

aIQ

1 + exp (-vid>VT)
=

0.99 * 1 mA

1 + exp (-5  m>26  m)
= 0.543 mA

a = bF>(1 + bF) = 100>(1 + 100) = 0.99.

EXAMPLE 9.12
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� NOTE To apply Eq. (9.10) and other equations in Sec. 9.2, we must have ⏐vid⏐ � VT. The DC collector voltage

of a transistor is

Thus, for ⏐Ad⏐ � 192.3, the maximum differential voltage will be vid � 10 ⁄192.3 � 52 mV. Therefore, to allow out-

put voltage swing due to the input voltages, VCC must be greater than ICRC.

VC = VCC - ICRC = 15 V - 0.5 mA * 10 kÆ = 10 V

Differential Amplifiers 611

Thus, CMRR � ⏐Ad ⁄ Ac⏐ � 192.3 ⁄ 0.099 � 1942.4 (or 65.77 dB). From Eq. (9.148),

We know that r� � �F ⁄gm � 100 ⁄ 19.23 m � 5.2 k�. From Eq. (9.142),

From Eq. (9.144),

We know that vid � 20 � 10 � 10 mV, and vic � (20 � 10) ⁄ 2 � 15 mV. From Eq. (9.10),

vo = Advid + Acvic = -192.3 * 10 mV - 0.099 * 15 mV = -1924.5 mV

Ric = r� + (1 + bF)2REE = 5.2 k + (1 + 100) * 2 * 50 k = 10.1 MÆ

Rid = 2r� = 2 * 5.2 k = 10.4  kÆ

CMRR L 1 + 2gmREE = 1 + 2 * 19.23 m * 50 k = 1924

Designing an emitter-coupled pair
(a) Design an emitter-coupled pair as shown in Fig. 9.41 in which one input terminal is grounded. The output

is taken from the collector of transistor Q1. The biasing current is IEE � 1 mA, and VCC � VEE � 15 V. The

transistors are identical. Assume VBE � 0.7 V, VT � 26 mV, VA � �, and �F � 100. A small-signal voltage

gain of A1 � �250 V⁄ V is required.

(b) Calculate the design values of Ad, Ac, and CMRR.

SOLUTION

(a) IEE � 1 mA. Since vB2 � 0, we can write

REEIEE � VBE � VEE � 15 V

Thus,

We have

iC1 = iC2 =

IEE

2
=

1 mA

2
= 0.5 mA

REE =

15 - 0.7

1 m
= 14.3 kÆ

EXAMPLE 9.13

D
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and

Since vB2 � VB2 � vb2 � 0, vb2 � 0. Then

vid � vb1 � vb2 � vb1

and

From Eq. (9.10), we get

(9.151)

Substituting for Ad and Ac from Eqs. (9.141) and (9.146) gives the voltage gain A1 as

(9.152)

Substituting A1 � �250, gm � 19.23 mA ⁄ V, REE � 14.3 k�, and �F � 100 into Eq. (9.152) gives 

RC � 25.95 k�.

(b) From Eq. (9.141),

From Eq. (9.146),

Thus, CMRR � ⏐Ad ⁄ Ac⏐� 499.01 ⁄0.897 � 556.3 (or 54.91 dB).

Ac =

-19.23 mA>V * 25.95 kÆ

1 + 2 * 19.23 mA>V * 14.3 kÆ * (1 + 1>100)
= -0.897

Ad = -gmRC = -19.23 m * 25.95 k = -499.01

A1 =

vo1

vb1
=

1

2
 (Ac + Ad) = -

1

2
  c gmRC

1 + 2gmREE(1 + 1>bF)
+ gmRC d

vo1 = Acvic +

Advid

2
= Ac 

vb1

2
+

Advb1

2
=

vb1

2
(Ac + Ad)

vic =

vb1 + vb2

2
=

vb1

2

gm =

iC1

VT
=

0.5 mA

26 mV
= 19.23 mA>V

vo

RC RC

IQ

Q1 Q2

vB1 

VBE 

+

+

+

−

−

−

vB2 = 0

−VEE = −15 V

VCC = +15 V

REEIEE

FIGURE 9.41 Emitter-coupled pair with single input
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9.7.2 BJT Differential Amplifiers with Basic 
Current Mirror Active Load

We saw in Sec. 9.7.1 that the differential gain of a differential pair with a resistive load RC is �gmRC �
�RCIC ⁄ VT � �RCIQ ⁄ 2VT. In differential amplifiers, a very small value of biasing current IQ, in the

microampere range, is often used. As a result, a very large value of RC, on the order of megaohms, will

be required to give a substantial voltage gain. However, a large value of RC will cause a large DC volt-

age drop, reducing the collector voltage to VCC � RCIQ ⁄ 2, which will be substantially less than VCC.

This low collector voltage will reduce the allowable input voltage range of the amplifier.

Active devices such as transistors occupy much less silicon area than medium-size or large resistors.

In practical amplifiers, the load resistor RC is normally replaced by a constant-current source, which

offers a very high load resistance to the amplifier and hence can give a high voltage gain. This type of

load, known as an active load, has a small voltage drop, typically 0.7 V, and hence allows a wider input

voltage range.

A differential amplifier with a basic current source as the active load is shown in Fig. 9.42. The

active load consists of transistors Q3 and Q4. Since their B-E voltages are the same, their collector

currents will be equal. That is, iC3 iC4. Thus, the current through Q4 will be the mirror of the cur-

rent through Q3. Under quiescent conditions, the differential amplifiers will be balanced such that

IC1 � IC2. Since IC1 � IC2 and IC3 � IC4, we can find the quiescent load current:

Since �F 		 1, IO will be very small.

IO = IB3 + IB4 =

IC3 + IC4

bF
L

IC1 + IC2

bF
=

aIQ

bF
=

IQ

1 + bF

L

Differential Amplifiers 613

vOQ1

Q3 Q4

Q2

vB2

RL

iB3 iB4

CL

iOiO
iC3

iC1

iC4

iC2

Load next stage

IQ

vB1

+

+

−

+

−
−

+VCC

−VEE

REE
IEE

FIGURE 9.42 Differential amplifier with a basic current mirror active load
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Small-Signal Analysis

Small Differential Signal If the input voltages change by a small differential amount vid, the collec-

tor current of Q1 will change by a small amount gmvid ⁄ 2, and the collector current of Q3 will change by

the same amount. Since iC4 is a mirror of iC3, the collector current of Q4 will change by gmvid ⁄ 2. The B-E

voltage of Q2 will decrease by vid ⁄ 2, causing its collector current to change by an amount �gmvid ⁄ 2. The

equivalent half circuit is shown in Fig. 9.43(a), and its small-signal equivalent appears in Fig. 9.43(b).

Using KCL at the collector of transistors Q2 and Q4, we can find the output voltage vo in terms of vid:

After simplification, we can find the differential voltage Ad as

(9.153)

For ro2 � ro4 � ro and the no-load condition (RL � �), Eq. (9.153) becomes

(9.154)

Substituting gm � IC ⁄ VT and ro � VA ⁄ IC into Eq. (9.154), we get

(9.155)

which is a constant for a given transistor. For typical values of VA � 100 V and VT � 25.8 mV, the differen-

tial gain becomes Ad � �100 V⁄(2 � 25.8 mV) � �1938. Thus, we can see that with an active load, a very

large voltage gain can be obtained with only a single amplifier stage. Also, the gain Ad depends only on the

physical parameters VA and VT. Since VT is temperature dependent, Ad will be temperature dependent too.

Ad = - a IC

VT
b a VA

2IC
b = -  

VA

2VT

Ad = -  

gmro

2

Ad =

vo

vid
= -gm(ro2 7  ro4 7  RL)

- 2 * gmvid

2
=

vo

ro2
+

vo

ro4
+

vo

RL
         

= voa 1
ro2

+

1
ro4

+

1

RL
b
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Q2

Q4

ro2

ro4

RL

RL
RLRovid

vid

2

2
gm

vidgm 2
vidgm 2

vidgm 2

(a)  Equivalent half circuit (b)  Small-signal equivalent circuit

Gmvid 

(c)  Transconductance
       representation

vo
vo

+

+

+ − −

−

FIGURE 9.43 Equivalent basic current mirror circuit

67722_09_ch09b_p595-640.qxd  2/20/10  8:47 AM  Page 614

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



The differential input resistance Rid is given by

(9.156)

Equation (9.156) is not valid for the no-load condition—that is, when IC � 0. Substituting r� � �FVT ⁄ IC

into Eq. (9.156) gives

(9.157)

which indicates that a lower biasing current IQ will give a higher value of Rid while still maintaining a high

voltage gain Ad. A very low value of IQ, however, will affect the frequency and transient responses of the

amplifier, which is undesirable. If a low biasing current is desired to achieve a high input resistance, then

a MOSFET differential amplifier is preferable because the amplifier can be operated at a relatively higher

value of biasing current without affecting the frequency and transient responses.

The output resistance Ro is the parallel combination of ro2 and ro4; that is,

(9.158)

(since ro2 � ro4).

A differential amplifier is normally followed by other stages. The input resistance RL of the next

stage acts as a load of the amplifier and hence influences the overall voltage gain. The amplifier is of-

ten represented as a transconductance amplifier so that the short-circuit current and the effect of load re-

sistance on the output voltage can be determined easily. This arrangement is shown in Fig. 9.43(c). The

total current is 2gmvid ⁄ 2 � gmvid, which gives the effective Gm as

(9.159)

Small Common-Mode Signal The common-mode input resistance Ric can be found from Eq. (9.144).

The approximate value of the common-mode gain Ac can be found from Eq. (9.145) by replacing RC by Ro4.

For practical amplifiers, Ac is generally very small and can be ignored in finding the output voltage.

9.7.3 Differential Amplifier 
with Modified Current Mirror

Let us use the modified basic current shown in Fig. 9.27(a) as the active load. This arrangement is shown

in Fig. 9.44. The active load consists of transistors Q3, Q4, and Q5. The addition of Q5 makes the ratio

iC4 ⁄ iC3 independent of current gain �F, and iC4 approximates a true mirror of iC3. Transistors Q6 and Q7

belong to the second stage and act as the load of the differential amplifier. Q6 and Q7 form a compound

transistor (Darlington pair), in which the emitter current of Q6 becomes the base current of Q7. As a result,

the effective current gain becomes �2
F such that iC7 � �2

FiB6.

Gm = gm =

IC

VT
=

IQ

2VT

Ro = ro2 7  ro4

=

ro

2
         

Rid = 2
bFVT

IC
= 2 *

bFVT

IQ>2 =

4bFVT

IQ

Rid =

vid

id
= 2r�  (for IC 7 0)

Differential Amplifiers 615
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Under quiescent conditions with identical transistors, IC1 � IC2 � IQ, IC1 � IC2, and IC3 � IC4. Thus,

IB5 � IB6, so IE5 � IE6; that is,

Thus, the collector current of Q7 becomes IC7 � �FIB7 � IQ. This current mirror causes the quiescent cur-

rent of the next stage to have the same value as the differential amplifier while having the same perfor-

mance as the amplifier of Fig. 9.42.

IB7 = IE6 = IE5 = IB3 + IB4 =

IC3 + IC4

bF
=

IQ

bF

Microelectronic Circuits: Analysis and Design616

IQ

Q1 Q2

Q5

Q7

Q6

Q4
Q3

iOiO
iC3

iC1
vO

vB1 vB2 

iB3 iB4 

+

−

+

+

−

−

−VEE

−VEE−VEE

+VCC

REE
IEE

iB7 = iB3 + iB4 

iC4 = iC3 iC7 ≈ IEE

iC2 = iC1

FIGURE 9.44 Differential amplifier with a modified current

mirror active load

Analyzing a BJT differential amplifier with a current mirror active load The parameters of the dif-

ferential amplifier in Fig. 9.44 are �F � 100, IQ � 20 �A, and VCC � 15 V. Calculate Ad, Rid, Ro, and the overall

voltage gain with load Ad(load). Assume VT � 26 mV and VA � 100 V.

SOLUTION

We have

IB6 =

IQ

bF7bF8
=

20 �A

100 * 100
= 2 nA

IC1 = IC2 = IC4 =

20 �A

2
= 10 �A

EXAMPLE 9.14
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9.7.4 Cascode Differential Amplifier

Notice from Eq. (9.154) that the differential gain increases with the output resistance Ro of the differential

amplifier. Transistors are often connected in cascode configurations to increase the output resistance and

also to improve the frequency response. A common modification to Fig. 9.44 is shown in Fig. 9.45. Tran-

sistors Q5 and Q6 are connected in a common-base configuration and form a common-base differential

stage. Note that Q5 and Q6 must be biased by connecting the base terminals of Q5 and Q6 to the DC supply

VCC through a potential divider.

The equivalent half circuit is shown in Fig. 9.46(a), which can be simplified to Fig. 9.46(b). Q4 is

replaced by its equivalent circuit. R
o, which is the equivalent output resistance of the Q2 and Q6 combi-

nation, can be determined from the test circuit shown in Fig. 9.46(c). The emitter resistance of Q6 is the

parallel combination of r�6 and ro2; that is,

(9.160)

(since ro2 		 r�6). Using Eq. (9.114), we get R
o:

R
o � ro6(1 � gm6R
E) � ro6(1 � gm6r�6)

� ro6(1 � �F6) �F6ro6 (9.161)L

R¿E = r�6 7  ro2 L r�6

Differential Amplifiers 617

From Eq. (9.155),

From Eq. (9.156),

and

Since Q6 and Q7 form a compound transistor, its effective B-E voltage is that of two B-E junctions in series. Thus,

The effective transconductance is Gm � gm � 387.6 �A ⁄ V. Thus, the overall voltage gain with load Ad(load) is

Ad(load) � �Gm(Ro � RL) � �387.6 �A ⁄ V � (5 M� � 26 M�) � �1625 V⁄ V

RL = 2r�6 =

2VT

IB6
=

2 * 26 mV

2 nA
= 26 MÆ

Ro = ro2 7  ro4 =

ro

2
=

10 MÆ

2
= 5 MÆ

Rid = 2r� = 2 * 260 kÆ = 520 kÆ

Ad = -  

VA

2VT
= -  

100 V

2 * 26 mV
= -1923 V> V

r� =

bFVT

IC
=

100 * 26 mV

10 �A
= 260 kÆ

ro2 = ro3 = ro =

VA

IC
=

100 V

10 �A
= 10 MÆ

gm =

IC2

VT
=

10 �A

26 mV
= 387.6 �A>V
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Since all devices are biased at the same current ro6 � ro3 � ro2 � ro, all �F are the same. Thus,

R
o � �Fro (9.162)

The output resistance of the amplifier becomes

Ro � ro � R
o � ro � �Fro ro (9.163)

The differential gain becomes

Ad � �gmRo � �gmro (9.164)

L

Vbias

vid

2
gm

vid

2
gm

vid

2
gm

vid

2
gm

vid

2
gm

IQ

Q1

Q3

Q5 Q6

Q4

Q2

vB1 

vO 

+

−
vB2 

+

−

+

−

−VEE

+VCC

REE
IEE

FIGURE 9.45 Cascode differential amplifier

B

A

ix

vx

ix

ro

ro

ro2vO

(a)  Half circuit (b)  Equivalent circuit (c)  Determination of R'o 

B

A

A

gm6v1 ro6vid

2

vid

2

gm

vid

2
gm

vid

2
gm

vid

2
gm

vid

2
gm

Q4

Q6

Q2

+

+
−

−

vx

v1

+

+

−−
R'o

R'o

Ro = ro || R'o R'o = 

R'E = ro2 || rπ6 ≈ rπ6 

R'o = = ro6(1 + gm6R'E) 

rπ6 

FIGURE 9.46 Circuit for determination of output resistance R
o
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Substituting gm � IC ⁄ VT and ro � VA ⁄ IC into Eq. (9.164), we get

(9.165)

Thus, the differential gain is twice that of the modified current mirror amplifier in Fig. 9.44. Transistor Q6

offers a very high resistance seen from the output side.

Transistor Q6 offers a load resistance RL1 seen from the collector of Q2. RL1 can be determined from

the test circuit shown in Fig. 9.47; it is the parallel combination of ro2, ro6, and r�6 (referred to as the

emitter of transistor Q6). That is,

(9.166)

which will have a low value. Thus, transistor Q5 (or Q6) acts as the current buffer, accepting the signal current

(gmvid ⁄ 2) from the collector of Q1 at a low resistance RL1 and delivering an almost equal current (gmvid ⁄ 2) to

the load at a very high resistance R
o. The low resistance at the collector of Q2 improves the frequency response.

Additionally, the internal capacitances of Q6 (from collector to base and emitter to base) are connected to the

ground, and there is no Miller multiplication effect. As a result, the high cutoff frequency is increased.

RL1 = ro2 7  r�6

1 + bF
 7  ro6 K

r�6

1 + bF

Ad = -  

VA

VT

Differential Amplifiers 619

ro4

ro2

ro6

RL1

gm6
vid

2

vid

2

gm4 gm2 = gm4  = gm6  = gm

ro = ro2  = ro4  = ro6

vid

2

gm2
vid

2

rπ6 

rπ2 
+

−
RL1 = ro2 ||

rπ6

1 + bF

rπ6

1 + bF
≈

FIGURE 9.47 Circuit for determination of load resistance RL1 at the

collector of Q2

KEY POINTS OF SECTION 9.7

■ The DC transfer characteristic of a BJT differential pair is nonlinear. However, a BJT differential pair

is normally operated in the linear region where vid � VT.

■ The values of the load resistance RC and the current source resistance REE should be large for large

values of differential gain and CMRR, respectively. A discrete resistor limits the maximum differen-

tial input voltage range.

■ The voltage gain is gmRC for the difference output and gmRC ⁄ 2 for the single-sided output. A small

biasing current IQ increases the transconductance and the voltage gain; however, the differential input

resistance is reduced.

■ An active load increases the differential gain considerably. The gain is directly proportional to the ratio

VA ⁄ VT. Also, a cascodelike connection increases the gain.
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9.8 BiCMOS Differential Amplifiers

There are two established silicon technologies for the design of integrated circuits: BJT technology and

CMOS technology using NMOS and PMOS. Each type has distinct advantages and disadvantages. An emerg-

ing technology called BiCMOS technology uses the bipolar-CMOS (BiCMOS) process and combines n- and

p-channel MOSFETs together with either npn or pnp BJTs (or sometimes both) on the same semiconductor

chip. A BiCMOS circuit utilizes the advantages of each type to provide the desired circuit functions.

9.8.1 BJT versus CMOS Amplifiers

We will begin by considering the basic BJT and CMOS amplifiers. Figure 9.48(a) shows a BJT amplifier

with active load that is similar to the half circuit of a BJT differential pair. The output resistance is given by

(9.167)

where VA is the Early voltage. Typically, VA � 50 V and IC � 5 �A, so ro � 50 V⁄ (5 �A) � 10 M�.

Assuming that the current source load has infinite resistance, the voltage gain is given by

(9.168)

which is independent of the biasing current IC. Since typically VA � 50 V and VT � 25.8 mV at room

temperature, the intrinsic gain of a BJT amplifier is Ad � �1938 V⁄ V. The input resistance is

(9.169)

which is generally low. Typically, �F � 60 and IC � 5 �A, so Ri � 60 � 25 mV⁄5 �A � 300 k�. Although

lowering the value of IC will increase Ri, it will lower the gm of the transistor and hence the upper frequency

limit of the amplifier—that is, fT in Eq. (8.168).

Ri = r� = bF 

VT

IC

Ad = -gmRo = -gmro       

= -  

IC

VT
*

VA

IC
= -  

VA

VT
  

Ro = ro =

VA

IC
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vO

Ro Ro

vi

M1Q1

IQ IQ

(a)  BJT (b)  CMOS

+

+VDD +VDD

+

−
vi

+

−
−

vO

+

−

FIGURE 9.48 Basic BJT and CMOS amplifiers
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Differential Amplifiers 621

Now consider the MOSFET amplifier shown in Fig. 9.48(b). The output resistance is given by

(9.170)

where VM is the channel modulation voltage. Typically, VA � 20 V and ID � 5 �A, so ro � 20 V⁄(5 �A) �
4 M�. Assuming that the current source load has infinite resistance, the voltage gain is given by

(9.171)

Thus, the gain is inversely proportional to �ID� and will increase as the biasing current is lowered.

Decreasing the DC biasing current, however, reduces the amplifier bandwidth. For example, if ID � 5 �A,

VM � 20 V, and Kn � 25 �A ⁄ V2, Ad � �89 V⁄ V.

In summary, for the same value of biasing current ID, the values of gm and ro are much larger for a

BJT amplifier than for a MOSFET amplifier—typically 2.5 times as large. The VA of a BJT amplifier

(typically 50 V) is greater than the VM of a MOSFET (typically 20 V). The voltage gain of a BJT ampli-

fier is greater than that of a MOSFET amplifier by a factor of about 10. However, a MOSFET amplifier

has a practically infinite input resistance.

9.8.2 BiCMOS Amplifiers

A BiCMOS amplifier combines the best features of BJT and MOSFET amplifiers. It consists of cascode-

like connections of BJTs and MOSFETs. The basic half circuit for a BiCMOS configuration is shown in

Fig. 9.49(a). The MOSFET M1 acts as the driving device, and the BJT Q1 acts as the load. The cascode

configuration is shown in Fig. 9.49(b). The BJT Q1 acts as the driving device, and the MOSFET M1 and

Ad = -gmRo = -gmro                                  

= -22IDKnaVM

ID
b = -2aKn

ID
b1>2

  VM

Ro = ro =

VM

ID

gm
vid

2
gm

vid

2

gm
vid

2
gm

vid

2

Q3 Q4

RSSISS

M1

M1 M1 M2

vbias

vbias

vbiasQ1

Q1

Q2
vO

vO

vO

R'o R'o R'o

R'D

(a)  Basic BiCMOS configuration (b)  Cascode BiCMOS configuration (c)  BiCMOS amplifier

IQ IQ

IQ
vi 

+

+ +
+

−
vi 

+

−

vG1 vG2 
+

−

+

−

−

−

−

+VCC +VCC

+VDD

−VSS

FIGURE 9.49 BiCMOS amplifier
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the BJT Q2 act as the load. A BiCMOS amplifier is shown in Fig. 9.49(c); this amplifier is identical to the

CMOS amplifier in Fig. 9.14. As its abbreviation indicates, the current mirror in a BiCMOS is bipolar

rather than unipolar, as in MOS devices. Transistors M1 and M2 are the amplifying devices. Transistor Q4

acts as the load of transistor M2. The output resistance Ro is the parallel combination of the output resis-

tance ro2 � 2VM ⁄ IQ for transistor M2 and the output resistance ro4 � 2VA ⁄ IQ for transistor Q4; that is,

(9.172)

(9.173)

The differential voltage gain Ad is given by

(9.174)

where gm, which is the transconductance of the driving MOSFET M2, is given by Eq. (9.54). Substituting

(ro4 � ro2) � 2VAVM ⁄ IQ(VA � VM) and gm � �2�K�n�IQ� into Eq. (9.174), we get

(9.175)

Since ro4 	 ro2, Ro and Ad will be greater for a BiCMOS amplifier than for a CMOS amplifier.

9.8.3 Cascode BiCMOS Amplifiers

Like the cascode BJT amplifier in Fig. 9.45, BiCMOS amplifiers can use cascodelike transistors to increase

the voltage gain. This arrangement is shown in Fig. 9.50. Transistors Q5 and Q6 are connected in a CB

configuration and form a CB differential stage. As shown in Fig. 9.46(c), the emitter resistance R
E of Q6

is the parallel combination of r�6 and ro2; that is,

R
E � r�6 � ro2 r�6 (9.176)

(since ro2 		 r�6). Using Eq. (9.114), we get R
o as 

R
o � ro6(1 � gm6R
E) � ro6(1 � gm6r�6)

� ro6(1 � �F6) �F6ro6 (9.177)

Since all devices are biased at the same current ro6 � ro4 � ro, all �F are the same. Thus, R
o, which is the

equivalent output resistance of the Q2 and Q6 combination, is given by

R
o � �Fro (9.178)

Thus, the output resistance of the amplifier becomes

Ro � ro � R
o � ro � �Fro ro (9.179)

The differential voltage gain becomes

Ad � �gmRo � �gm1ro (9.180)

L

L

L

Ad = - 22KnIQ 

2VMVA

IQ(VA + VM)

Ad =

vo

vid
= -gm(ro2 7  ro4)

=

2VAVM

IQ(VA + VM)

Ro = R¿o 7  R¿D = ro2 7  ro4
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Substituting gm � �2�K�n�IQ� and ro � 2VA ⁄ IQ into the preceding equation, we get

(9.181)

which gives a greater voltage gain than Eq. (9.175).

9.8.4 Double-Cascode BiCMOS Amplifiers 

A very high gain can be obtained by double cascoding, as shown in Fig. 9.51. There are two cascode con-

nections: the first connects BJTs Q1, Q2, Q3, and Q4, and the second connects MOSFETs M5 and M6. The

resistance R
S looking from the collector of Q4 will be

R
S � ro4(1 � �F4) �F4ro4 (9.182)

which will be the source resistance of M6. Using Eq. (9.33), we can find the output resistance R
o of M6 as

R
o ro6(1 � gm6R
S) � ro6(1 � gm6�F4ro4) (9.183)

ro6gm6�F4ro4 (9.184)

Like Q2 and Q4, transistors Q8 and Q10 are also connected in cascode, and their equations will be similar

to those for Q2 and Q4. From Eq. (9.177), the resistance looking from the collector of Q8 is

R
D � ro8(1 � �F8) �F8ro8 (9.185)M

M

M

M

Ad = - 22KnIQ  

2VA

IQ
= -2VAA

2Kn

IQ
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2
gm

vid

2

gm
vid

2
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vid

2
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M11

M1 M2
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R'o

vG1 vG2 
+

−

+

+

−

−

ro4 = ro

FIGURE 9.50 Cascode BiCMOS amplifier
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Thus, the output resistance of the amplifier becomes

Ro � R
D � R
S � (ro6gm6�F4ro4) � (�F8ro8) (9.186)

� �Fro (for ro4 � ro8 � ro, �F8 � �F) (9.187)

The differential voltage gain becomes

Ad � �gmRo � �gm(ro6gm6�F4ro4) � (�F8ro8) (9.188)

� �gm�Fro (9.189)

where gm � IQ ⁄ 2VT. Equation (9.189) shows a considerable increase in the voltage gain.
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vO

IQ ISS

ISS

VGS = VDD + VSS

6

Q7

Q3

Q8

Q10Q9

Q4

Q1 Q2
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vid

2

gm
vid

2

gm
vid

2

gm
vid

2

gm
vid

2

M12 M11

M13

M14

M15

M5
M6

M17

M16

−VSS

+VDD

vG1 vG2 
+

+

+

−

−

+

−

−

R'o

R'S ≈ b6ro4

R'D ≈ b8ro8

FIGURE 9.51 Double-cascode BiCMOS amplifier

Analyzing BiCMOS amplifiers The DC biasing current of a BiCMOS amplifier is kept constant at 

IQ � 10 �A. All bipolar transistors are identical, with VA � 50 V and �F � 40. Also, the MOS transistors

are identical, with VM � 20 V, Kn � 25 �A ⁄ V2, W � 30 �m, and L � 10 �m. Assume VT � 25.8 mV. 

EXAMPLE 9.15
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Differential Amplifiers 625

Determine the differential voltage gain Ad for single-ended output (a) for the BiCMOS amplifier in Fig. 9.49(c),

(b) for the cascode BiCMOS amplifier in Fig. 9.50, and (c) for the double-cascode BiCMOS amplifier in

Fig. 9.51.

SOLUTION

VA � 50 V, �F � 40, VM � 20 V, Kn � 25 �A ⁄ V2, W � 30 �m, L � 10 �m, and ID � IC � IQ ⁄2 �

10 �A ⁄2 � 5 �A.

(a) We have

Ro � ro2 � ro4 � 4 M� � 10 M� � 2.86 M�

gm2 � �2�K�nI�Q� � �2� �� 2�5� �� �� 1�0� �� � 22.36 �A ⁄ V

Thus, the differential voltage becomes

Ad � �gm2Ro � �22.36 � � 2.86 M � �63.9

(b) We have

R
o � �Fro6 � 40 � 10 M� � 400 M�

Ro � ro4 � R
o � 10 M � 400 M � 10 M�

gm2 � �2�K�nI�Q� � �2� �� 2�5� �� �� 1�0� �� � 22.36 �A ⁄ V

Thus, the differential voltage becomes

Ad � �gm2Ro � �22.36 � � 10 M � �223.6 V⁄ V
(c) From Eq. (9.187),

Ro � �Fro4 � 40 � 10 M � 400 M�

Thus, the differential voltage gain becomes

Ad � �gm2Ro � �193.8 �A ⁄ V � 400 M� � �77,520 V⁄ V
which is considerably larger than for the other two configurations.

gm2 =

IQ

2VT
=

10 �A

2 * 25.8 mV
= 193.8 �A>V

ro4 = ro6 =

2VA

IQ
=

2 * 50 V

10 �A
= 10 MÆ

ro4 =

2VA

IQ
=

2 * 50 V

10 �A
= 10 MÆ

ro2 =

2VM

IQ
=

2 * 20 V

10 �A
= 4 MÆ
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Microelectronic Circuits: Analysis and Design626

9.9 Frequency Response of Differential 
Amplifiers

The transistors (either MOSFETs or BJTs) in differential amplifiers have capacitance—hence, the gain of

such amplifiers will be frequency dependent [5–7]. The techniques in Chapter 2 for analyzing frequency

response can be applied to find the frequency response of differential amplifiers. In this section, we con-

sider only the differential gain with passive and active loads. RC represents the output resistance of the

active source.

9.9.1 Frequency Response with Resistive Load

Let us first consider the differential half circuit shown in Fig. 9.52(a). Replacing the transistor by its frequency

model gives the circuit in Fig. 9.52(b). The transistor can be either a BJT or a MOSFET. We can apply the

same model and analysis for MOSFETs by substituting r� � ∞, C� Cgs and C� Cgd in the derivations.

Since the input signal is vid ⁄2, the r�, C�, and C� parameters of the transistor model are sealed by a factor

of 2. Since gm(RC � ro1) 		 1, C� will dominate the high cutoff frequency �H. If we replace C� ⁄ 2 by its ef-

fective Miller capacitance CM, we get the equivalent circuit shown in Fig. 9.52(c) and Eq. (2.98); that is,

(9.190)CM = aC�

2
b [1 + gm(RC 7  ro1)]

LL

KEY POINTS OF SECTION 9.8

■ A BiCMOS amplifier combines the advantages of BJT and MOS technologies to achieve the desir-

able circuit functions of infinite input resistance and a very large voltage gain and CMRR.

■ BJT and MOS transistors can be connected in cascode to give an extremely large output resistance

and voltage gain.

(b)  High-frequency equivalent circuit

2

Cµ

2

Cµ

2
[1 + gm(RC || ro1)]

ro1 RC

gmvid

2rπ
Cπ

RC

(a)  Half circuit

vO

(c)  Simplified equivalent circuit

CM

CM =

CMvid

2

vid +

+
+

− −
− 2

2rπ
Cπvid 

+

−

FIGURE 9.52 Differential half circuit and high-frequency equivalent
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Thus, the high cutoff frequency �H is given by

(9.191)

which, for RC � ro1 � ro and gm(RC � ro1) 		 1, can be approximated by

(9.192)

The signal source resistance Rs � 0. The effective resistance for C� ⁄ 2 will be RC� � (2r� � Rs) � 0.

Thus, the break frequency due to C� ⁄ 2 will be at infinity and will not influence �H in Eq. (9.192). There-

fore, the frequency-dependent differential gain is given by

(9.193)

where Ado � gm(ro2 � ro4) is the low-frequency differential gain with differential output voltage.

9.9.2 Frequency Response with Active Load 

Now let us consider the output circuit for the amplifier with an active load, as shown in Fig. 9.42. The AC

equivalent of that circuit is shown in Fig. 9.53(a). Replacing the transistors by their frequency model, we get

Fig. 9.53(b). Since the effective transconductance is 2gm, the Miller capacitance CM from Eq. (2.98) becomes

(9.194)

Thus, the high cutoff frequency �H is given by

(9.195)vH =

1

2r�{C�>2 + (C� >2)[1 + 2gm(ro2 7  ro4)]}

CM = aC�

2
b [1 + 2gm(ro2 7  ro4)]

Ad( jv) =

Ado

1 + jv>vH

vH =

1

2r�(C�>2)gmro>2 =

2

r�C�gmro
=

2

r�C�gmRC

vH =

1

2r�(C�>2 + CM)
=

1

2r�{C�>2 + (C�>2) [1 + gm(RC 7  ro1)]}
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C4

E4

E2

E4
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(b)  High-frequency equivalent circuit(a)  AC equivalent circuit
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vid
2

vidvid
2

+

+
+

+
+

−

−
−

−
−

2
2rπ
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2
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FIGURE 9.53 Differential amplifier with active load and high-frequency

equivalent
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9.10 Design of Differential Amplifiers

Differential amplifiers are used as the input stage and are designed for a high differential gain, a high CMRR,

and high differential and common-mode input resistances. The design of a differential stage involves the fol-

lowing steps:

Step 1. Identify the specifications: the differential gain Ad, the CMRR, the input resistance Rid, and

the DC supply voltages VCC and VEE (or VDD and VSS).

Step 2. Select the type of differential amplifier (BJT, CMOS, or BiCMOS).

Step 3. Determine the biasing current IQ required for the desired differential gain and input resistance.

Step 4. Choose the type of current source (BJT or MOSFET) and determine its component ratings.

Use the standard values of components. (See Appendix E.)

Step 5. For an active load with a current mirror, choose the type of current source (BJT or MOSFET)

needed to obtain the desired voltage gain and determine its component ratings.

Step 6. Determine the voltage, current, and power ratings of active and passive components.

Step 7. Analyze and evaluate the complete differential amplifier to check for the desired specifications.

Step 8. Use PSpice/SPICE to simulate and verify your design, using the standard values of compo-

nents with their tolerances.

which, for ro2 � ro4 � ro and 2gm(ro2 � ro4) 		 1, can be approximated by

(9.196)

Therefore, the frequency-dependent differential gain is given by

(9.197)

where Ado � �2gm(ro2 � ro4) is the low-frequency differential gain with an active load and a single-

sided output.

Notice from Eq. (9.192) that the high cutoff frequency is double that for an amplifier with an active

load and single-sided output. However, this high cutoff frequency for an amplifier with a passive load is

obtained at the expense of the output voltage gain. For this reason, the first stage of a wide-band amplifier

often uses a balanced circuit with differential voltage when the CMRR is not the prime consideration.

Ad( jv) =

Ado

1 + jv>vH

vH =

1

2r�>(C�>2)gmro
=

1

r�C�gmro
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KEY POINTS OF SECTION 9.9

■ The transistors in differential amplifiers have capacitance; hence, the gain of such amplifiers will be

frequency dependent and exhibit a high-pass characteristic.

■ The high cutoff frequency for an amplifier with a passive load is obtained at the expense of the out-

put voltage gain. For this reason, the first stage of a wide-band amplifier often uses a balanced circuit

with differential voltage.
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Summary

Active current sources are commonly employed in integrated circuits to bias transistor circuits at appro-

priate operating points. There are various types of current sources. The output current of a good source is

independent of the transistor parameters and offers a high output resistance. The design of BJT current

sources can be simplified by ignoring the base currents of transistors and by assuming a constant voltage

drop between the base and the emitter. Diode-connected BJTs and MOSFETs rather than diodes are normally

used in current sources to give matching mirror characteristics.

A current source can be either a source or a sink, depending on how it is connected. Current mir-

rors are often used as an active load to increase the output resistance and the voltage gain of a differen-

tial amplifier. Also, cascodelike connections increase the voltage gain.

Emitter-coupled (or source-coupled) amplifiers offer the advantage of direct coupling of cascoded

stages. They are usually used as the input stage of differential amplifiers to give a high input resis-

tance and a high CMRR. However, the range of the differential input voltage is very small (typically

two to three times VT for the BJT amplifier). The CMRR depends on the output resistance of the bias-

ing current source. Thus, a current source with a high value of output resistance is highly desirable.

Source-coupled differential pairs offer a higher input resistance than emitter-coupled pairs, but they

have a low CMRR.
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Review Questions

1. What are the advantages and disadvantages of a basic current source?
2. What are the advantages and disadvantages of a modified current source?
3. What are the advantages and disadvantages of a Widlar current source?
4. What are the advantages and disadvantages of a cascode current source?
5. What are the advantages and disadvantages of a Wilson current source?
6. What are the differences between Widlar and Wilson current sources?
7. What is a current mirror load?
8. What is the common-mode rejection ratio (CMRR)?
9. What are the advantages of an emitter-coupled pair?

10. What is the DC characteristic of an emitter-coupled pair?
11. What design criteria will yield a large value of CMRR in an emitter-coupled pair?

12. What are the advantages of a source-coupled pair?

Differential Amplifiers 629
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13. What is the DC characteristic of a source-coupled pair?

14. What design criteria will yield a large value of CMRR in a source-coupled pair?

15. What is the purpose of cascodelike connections of transistors?

Problems

The symbol indicates that a problem is a design problem. The symbol indicates that you can check the solu-

tion to a problem using PSpice/SPICE.

Assume that the device parameters are as follows: diodes, IS � 10�13 A and ID(min) � 1 mA to ensure conduc-

tion; transistors, �F � hfe � 50, VBE � 0.7 V, IS � 10�14 A, and VCE(sat) � 0.2 V.

9.3 MOSFET Current Sources

9.1 The parameters of the MOSFET current source in Fig. 9.4 are Vt � 1 V, IO � 20 �A, IR � 20 �A, VDD �
15 V, and VM � 40 V. The channel lengths are L1 � L2 � 10 �m and L3 � 100 �m, and Kx � 20 �A ⁄ V2.

Calculate the required values of (a) Kn1, W1, (b) Kn2, W2, (c) Kn3, W3, and (d) the output resistance Ro of

the current source. Assume VGS1 � 1.5 V and VDS1 � 5 V.

9.2 a. Design the cascode current source in Fig. 9.6(a) to give IO � 10 �A. Assume VDD � 10 V. All MOSFETs

are identical and have L � 20 �m, W � 60 �m, Vt � 1 V, Kx � 20 �A ⁄ V2, and VM � 40 V.

b. Calculate the output resistance Ro and Thevenin’s equivalent voltage VTh.

9.3 a. Design the modified Wilson current source in Fig. 9.7(c) to give IO � 10 �A. Assume VDD � 10 V

and VM � 40 V. All MOSFETs are identical and have L � 10 �m, W � 40 �m, Kx � 20 �A ⁄ V2, and

VM � 40 V.

b. Calculate the output resistance Ro and Thevenin’s equivalent voltage VTh.

9.4 Design a MOSFET current source so that Ro � 50 k� at an output current of IO � 1 mA.

9.5 Design a MOSFET current source so that Ro � 500 k� at an output current of IO � 0.1 mA.

9.6 The Widlar current source shown in Fig. P9.6 has and The MOS

parameters are and Determine 

(a) the output current Io, (b) the output resistance ro2, and (c) the value of Rref.

+VDD

M2 M1

Io

R

Iref

Rref

−

FIGURE P9.6

(W>L)1 = (W>L)2 = 20.ƒ VM ƒ = 100 V,Vt = 1 V,Kn = 100 �A>V2,
VDD = 12 V.R = 2 kÆ,Iref = 50 �A,

PD
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9.7 Design the modified Wilson current source in Fig. P9.7 to give IO � 10 �A by determining the resistance

Rref. Assume VDD � 12 V. All MOSFETs are identical and have L � 10 �m, W � 40 �m, Kx � 50 �A V2,

and VM � 100 V. Calculate the output resistance Ro and Thevenin’s equivalent voltage VTh. 

9.8 The current source shown in Fig. P9.8 has Iref � 150 �A and VDD � 12 V. The NMOS parameters are 

Kn � 200 �A V2, Vt � 1 V, VM � �100 V, and . Determine (a) the

gate–source voltages ( ), (b) the drain–source voltages ( ) if the devices are

to operate in the active region, and (c) the value of Rref.

9.9 Repeat Prob. 9.8 if the current source in Fig. P9.8 has only two MOSFETs.

+VDD

Iref

Rref

VDS1

+

−

VDS2

+

−

VDS3

+

−
VGS3

+

VGS2

+

VGS1

M1

M2

M3

+

FIGURE P9.8

VDS3VDS2,VDS1,VGS3VGS2,VGS1,
(W>L)1 = (W>L)2 = (W>L)3 = 20>

+VDD

M4 M2

M3 M1

IoIref

Rref

VGS3

VGS2

+

+

−

−

VGS1

+

−

FIGURE P9.7

>
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9.4 MOS Differential Amplifiers

9.10 The parameters of the MOS differential pair in Fig. 9.8 are RSS � 150 k�, IQ � 1 mA, VDD � 15 V, and

RD � 5 k�. The MOSFETs are identical and have Kn � 1.5 mA V2, W L � 1, and Vt � 1.2 V. 

a. Calculate the DC drain currents through the MOSFETs if vid � 10 mV.

b. Assuming ID1 � ID2, calculate Ad, Ac, and CMRR; Rid and Ric; the small-signal output voltage if 

vg1 � 5 mV and vg2 � 10 mV; and the drain voltage VD.

9.11 Repeat Prob. 9.10 if the active biasing current source is replaced by resistance RSS � 150 k�; that is, IQ � 0.

9.12 Design a MOS differential pair as shown in Fig. 9.13 in which one input terminal is grounded. The output

is taken from the drain of transistor M1. The DC biasing current is IQ � 1 mA, and VDD � VSS � 15 V. The

MOSFETs are identical and have Kn � 1.5 mA V2 and Vt � 1.2 V. 

a. For a small-signal voltage gain of A1 � �20 V⁄ V.

b. Calculate the design values of Ad, Ac, and CMRR.

9.13 Design the CMOS amplifier shown in Fig. 9.16 by determining the W⁄L ratios of the MOSFETs and 

the threshold voltage Vt. The differential voltage gain should be Ad � 50 V⁄ V at biasing current IQ � 1 mA.

Assume identical transistors whose channel modulation voltage is VM � 40 V, channel constant is Kx �
10 �A ⁄ V2, and channel length is L � 10 �m. The W⁄ L ratio of the current source is unity, and VDD �
VSS � 10 V.

9.14 A CMOS amplifier is shown in Fig. P9.14. The parameters for the NMOS are Vt � �2 V, VM � �40 V, and

VGS � �4 V at ID � 1 mA; the parameters for the PMOS are Vt � �3 V, VM � 40 V, and VGS � �6 V at

ID � 1 mA. Calculate (a) Ad, Ac, and CMRR and (b) Rid and Ric.

9.15 The DC biasing current of the cascoded MOS amplifier shown in Fig. 9.19(a) is kept constant at IQ � 50 �A

and VDD � VSS � 5 V. All MOS transistors are identical and have VM � 50 V, Kn � 50 �A V2, W � 50 �m,

and L � 10 �m.

a. Determine the differential voltage gain Ad for single-ended output at the drain terminal of M4. 

b. Use PSpice to verify the result.

>

M5 M6

M7

M8M4M3

Kx = 8.5 µA/V2

M1
M2

30
10

vO

vG1 vG2

+

VDD = +5 V

VSS = −5 V

−

+

−
+

−

30
10

30
10

30
10

30
10

30
10

30
10

30
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FIGURE P9.14

>

>>
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9.16 The MOS parameters of the CMOS amplifier shown in Figure P9.16 are Kn � 100 �A ⁄ V2, VtN � 1 V, VtP �
1.5 V, |VM| � 100 V, L � 10 �m, (W ⁄L)1 � 60, (W ⁄L)7 � (W ⁄L)8 � 120, and (W ⁄L)2 � (W ⁄L)3 � (W ⁄L)4 �
(W ⁄ L)5 � (W ⁄L)6 � 30. The DC supply voltages are VDD � VSS � 5 V, the reference current is to be set at 

Iref � 100 �A, and 

a. Determine the value of Rref and VGS6.

b. Calculate Ad, Ac, and CMRR. 

c. Determine the value of capacitor Cx to limit the upper frequency at fH � 500 kHz.

9.17 Design a CMOS amplifier as shown in Fig. P9.16 by determining the W ⁄L ratios of the MOSFETs and the

threshold voltage Vt. The small-signal voltage gain should be Ad � 250 V⁄ V at biasing current Iref � 100 �A.

Assume identical transistors whose channel modulation voltage is VM � 70 V, channel constant is Kx �
10 �A ⁄ V2, and channel length L � 10 �m. Also, the width (W ⁄L)6 � 1 and VDD � VSS � 5 V.

9.5 Depletion MOS Differential Amplifiers

9.18 The parameters of the depletion MOS differential pair in Fig. 9.22 are RSS � 50 k�, IQ � 1 mA, VDD �
VSS � 30 V, and RD � 2 k�. The MOSFETs are identical and have Vp � �4 V and IDSS � 20 mA.

a. Calculate the DC drain currents through the MOSFETs if vid � 30 mV.

b. Assuming ID1 � ID2, calculate Ad, Ac, and CMRR; Rid and Ric; and the small-signal output voltage if

vg1 � 50 mV and vg2 � 20 mV.

9.19 Repeat Prob. 9.18 if the transistor current source is replaced by resistance RSS � 100 k�; that is, 

ISS � 0.

9.20 a. Design a depletion MOS differential pair as shown in Fig. 9.13 in which one input terminal is

grounded. The output is taken from the drain of transistor M2. The DC biasing current is IQ � 5 mA, and

VDD � VSS � 15 V. The MOSFETs are identical and have Vp � �4 V and IDSS � 20 mA. A small-

signal voltage gain of ⏐A2⏐� 20 V⁄ V is required.

b. Calculate the design values of Ad, Ac, and CMRR.

M8

M5
M4

M2 M3

M6 M1

M7

+VDD

−VSS

vG2

vG1

vo

iD3iD2

Iref

Rref

iD1

Cx

CL++

+

−

FIGURE P9.16
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9.21 A depletion MOS amplifier is shown in Fig. P9.21. The MOS parameters are Vp � 4 V, IDSS � �400 �A,

VM � 40 V, IQ � 200 �A, and VDD � VSS � 15 V.

a. Calculate the DC drain currents through the MOSFETs if vid � 10 mV.

b. Assuming ID1 � ID2, calculate Ad, Ac, and CMRR; Rid and Ric; and the small-signal output voltage if

vg1 � 20 mV and vg2 � 10 mV.

9.6 BJT Current Sources

9.22 The parameters of the basic current source in Fig. 9.25(a) are �F � 150, R1 � 20 k�, VCC � 15 V, VBE1 �
VBE2 � 0.7 V, and VA � 100 V. Calculate (a) the output current IO � IC2, (b) the output resistance Ro,

(c) Thevenin’s equivalent voltage VTh, and (d) the collector current ratio IC2 ⁄ IC1 if VCE2 � 30 V.

9.23 a. Design the basic current source in Fig. 9.25(a) to give an output current of IO � 200 �A. The transistor

parameters are �F � 100, VCC � 30 V, VBE1 � VBE2 � VCE1 � 0.7 V, and VA � 150 V.

b. Calculate the output resistance Ro, Thevenin’s equivalent voltage VTh, and the collector current ratio if

VCE2 � 30 V.

9.24 The parameters of the modified current source in Fig. 9.27(a) are �F � 150, R1 � 10 k�, VCC � 15 V,

VBE1 � VBE2 � VBE3 � 0.7 V, and VA � 100 V. Calculate (a) the output current IO � IC2, (b) the output

resistance Ro, (c) Thevenin’s equivalent voltage VTh, and (d) the collector current ratio IC2 ⁄ IC1 if

VCE2 � 30 V.

9.25 a. Design the modified basic current source in Fig. 9.27(a) to give an output current of IO � 50 �A. The

transistor parameters are �F � 150, VCC � 30 V, VBE1 � VBE2 � VBE3 � 0.7 V, and VA � 100 V.

b. Calculate the output resistance Ro, Thevenin’s equivalent voltage VTh, and the collector current ratio if

VCE2 � 20 V.

9.26 The multiple transistors of the current source in Fig. P9.26 have �F � 150, R1 � 10 k�, VCC � 15 V,

and VA � 100 V. The B-E voltages are equal, VBE � 0.7 V. Calculate (a) the output current IO, (b) the

output resistance Ro, (c) Thevenin’s equivalent voltage VTh, and (d) the collector current ratio if 

VCE2 � 15 V.

M3 M4

M1 M2

IQ

vS1 vS2vo

+

−VSS

+VDD

+

−−

+

−

FIGURE P9.21
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9.27 a. Design the Widlar current source in Fig. 9.28(a) to give IO � 10 �A and IR � 2 mA. The parameters are

VCC � 30 V, VBE1 � 0.7 V, VT � 26 mV, VA � 150 V, and �F � 100.

b. Calculate the output resistance Ro and Thevenin’s equivalent voltage VTh.

9.28 Design a Widlar current source as shown in Fig. 9.28(a) to produce a 10-�A output current. Assume 

�F � 100, VCC � 30 V, and R1 � 30 k�. Calculate the output resistance Ro.

9.29 Determine the output current IO and the output resistance Ro of the current source circuit in Fig. P9.29.

Assume VCC � 30 V, R1 � 20 k�, R2 � 10 k�, VBE � 0.7 V, VA � 150 V, and �F � 100.

9.30 a. Design the Wilson current source in Fig. 9.30(a) to give IO � 10 �A. The parameters are VCC � 30 V,

VBE � 0.7 V, VT � 26 mV, VA � 100 V, and �F � 150.

b. Calculate the output resistance Ro and Thevenin’s equivalent voltage VTh.

9.31 For the Wilson current source in Fig. P9.31, determine the output current IO and the output resistance Ro.

Assume VCC � 20 V, VBE � 0.7 V, VT � 26 mV, VA � 150 V, and �F � 150.

IOR1

Q1 Q3

Q2

+VCC

15 kΩ

FIGURE P9.31

R1

R2

IO

Q2Q1

+VCC

FIGURE P9.29

R1

Ir IO
RO

Q1 Q2 Q3 Q5Q4

+VCC

FIGURE P9.26
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9.32 Repeat Prob. 9.31 for VCC � 30 V.

9.33 For the current source in Fig. P9.33, determine the output resistance Ro and Thevenin’s equivalent voltage

VTh. Assume VCC � 30 V, VBE � 0.7 V, VT � 26 mV, VA � 150 V, and �F � 150.

9.34 Determine the sensitivity S of output current IO to supply voltage VCC for the circuit in Fig. P9.34. S is

defined as

9.35 Design a BJT current source so that Ro � 50 k� at an output current of IO � 1 mA.

9.36 Design a BJT current source so that Ro � 500 k� at an output current of IO � 1 mA.

9.7 BJT Differential Amplifiers

9.37 The parameters of the emitter-coupled pair in Fig. 9.33 are �F � 150, REE � 20 k�, IQ � 0.25 mA, VCC �
12 V, and RC � 10 k�.

a. Calculate the DC collector currents through the transistors if vid � 10 mV.

b. Assuming IC1 � IC2, calculate Ad, Ac, and CMRR; Rid and Ric; and the small-signal output voltage if 

vB1 � 30 mV and vB2 � 20 mV. Assume VT � 26 mV.

9.38 a. Design an emitter-coupled pair as shown in Fig. 9.41, in which one input terminal is grounded. The out-

put is taken from the collector of transistor Q2. The biasing current is IQ � IEE � 10 mA, and VCC �
�VEE � 12 V. The transistors are identical. Assume VBE � 0.7 V, VT � 26 mV, �F � 100, and VA � 40 V.

A small-signal voltage gain of A1 � �150 V⁄ V is required.

b. Calculate the design values of Ad, Ac, and CMRR.

IO
R1

Q1

Q2

+VCC = 15 V

10 kΩ

R2
1.5 kΩ

FIGURE P9.34

S =

VCC>IO

dIO>dVCC

IO

R1

Q1

Q2

Q3

+VCC = 15 V

15 kΩ

R2
500 Ω

FIGURE P9.33
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9.39 A differential amplifier is shown in Fig. P9.39. The transistors are identical. Assume VBE � 0.7 V, VT � 26 mV,

�F � 50, and VA � 40 V. Calculate the values of Ad, Rid, Ac, Ric, and CMRR.

9.40 The parameters of the differential amplifier in Fig. 9.44 are �F(npn) � 100, �F(pnp) � 50, VA � 40 V, 

IQ � 10 �A, and VCC � 10 V. Calculate Ad, Rid, Ro, and the overall voltage gain with load Ad(load). Assume

VT � 26 mV.

9.41 The parameters of the differential amplifier in Fig. 9.45 are �F(npn) � 100, �F(pnp) � 50, VA � 40 V, 

IQ � 5 �A, and VCC � 10 V. Calculate Ad, Rid, Ro, and the overall voltage gain with load Ad(load). Assume

VT � 26 mV.

9.42 A differential amplifier is shown in Fig. P9.42. The transistors are identical. Assume VBE � 0.7 V,

VT � 26 mV, �F(npn) � 100, �F(pnp) � 50, VA � 40 V, and VCC � 10 V. Calculate the values of R1, R2, Ad,

Rid, Ac, Ric, and CMRR.

vO

II IQ

R2

R1

Q8 Q7

Q1 Q2

Q3 Q4

Q5 Q6

vB1 
+

−
vB2 

+
+

−

−

+VCC = 10 V

500 μA 5 μA

FIGURE P9.42
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9.43 The parameters of the BJT amplifier shown in Fig. P9.43 are �FN � 100, �FP � 120, |VA| � 100 V, and

VBEN � �VBEP � 0.65 V. The DC supply voltages are VCC � VEE � 5 V, the reference current is to be set

at Iref � 100 �A, and RL � 50 k�. 

a. Determine the value of Rref.

b. Calculate Ad, Ac, and CMRR.

c. Determine the value of capacitor Cx to limit the upper frequency at fH � 500 kHz.

9.44 Design a differential amplifier as shown in Fig. 9.44 to satisfy the following conditions: a differential voltage

gain of Ao �1500 V⁄ V, CMRR of �3500, and load of RL � 50 k�, with a coupling capacitor of CL � �.

Use all BJTs and the cascoded current source, similar to the one in Fig. 9.29. Use PSpice to verify your design

with a vid � 5 �V and vic � 10 mV. Supply voltages are VCC � �VEE � 15 V.

9.8 BiCMOS Differential Amplifiers

9.45 A BiCMOS amplifier is shown in Fig. P9.45. The depletion PMOS parameters are Vp � 4 V, IDSS � 400 �A,

and VM � 100 V. The BJT parameters are �F(npn) � 100, �F(pnp) � 50, and VA � 40 V. Assume VDD �
VEE � 15 V and IQ � 200 �A. Calculate Ad, Ac, and CMRR.

Q5

Q3 Q4

VDD

IQ

M1 M2

vS1 vS2

vO

+

+VDD

−VEE

+

−

−

+

−

FIGURE P9.45
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9.46 The DC biasing current of a BiCMOS amplifier is kept constant at IQ � 5 �A. All bipolar transistors are

identical, with �F(npn) � 100, �F(pnp) � 50, and VA � 40 V. Also, the MOS transistors are identical, with

⏐VM⏐ � 20 V. For the NMOS, Vt � �2 V and VGS � �4 V at ID � 1 mA; for the PMOS, Vt � �3 V and

VGS � �6 V at ID � 1 mA. Determine the differential voltage gain Ad for single-ended output (a) for the

basic BiCMOS amplifier in Fig. 9.49(c), (b) for the cascode BiCMOS amplifier in Fig. 9.50, and (c) for the

double-cascode BiCMOS amplifier in Fig. 9.51.

9.47 A BiCMOS amplifier is shown in Fig. P9.47. The PMOS parameters are Vt � �3 V and VGS � �6 V 

at ID � 1 mA. The BJT parameters are �F(npn) � 100, �F(pnp) � 50, and VA � 40 V. Assume VDD � �VEE

� 15 V and IQ � 200 �A. Calculate Ad, Ac, and CMRR.

9.48 Design a differential amplifier as shown in Fig. 9.51 to satisfy the following conditions: a differential voltage

gain of CMRR of and load of RL 50 k , with a coupling capacitor of 

Use all BJTs and NMOSs. Use PSpice to verify your design with vd 5 V and vc 10 mV. Supply volt-

ages are VCC VEE 12 V.

9.9 Frequency Response of Differential Amplifiers

9.49 The emitter-coupled pair in Fig. 9.33 has REE � 20 k�, IQ � 5 mA, VCC � 12 V, and RC � 10 k�. 

The small-signal transistor parameters are C� � 5 pF, C� � 2 pF, �F(npn) � 100, and �F(pnp) � 50. Find the

frequency-dependent gains Ad( j�) and Ac( j�).

9.50 The emitter-coupled pair in Fig. P9.50 has IQ � 5 mA, VCC � �VEE � 15 V, and RC � 10 k�. The small-

signal transistor parameters are C� � 5 pF, C� � 2 pF, �F(npn) � 100, and �F(pnp) � 50. Find the 

frequency-dependent gains Ad( j�) and Ac( j�).
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+
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−VEE
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9.51 The differential amplifier in Fig. 9.42 has VA � 40 V, IQ � 10 �A at REE � 50 k�, and VCC � �VEE � 15 V.

The small-signal transistor parameters are C� � 5 pF, C� � 2 pF, �F(npn) � 100, and �F(pnp) � 50. Find the

frequency-dependent gains Ad( j�) and Ac( j�).

9.52 The source-coupled pair in Fig. 9.8 has RSS � 50 k�, IQ � 10 mA, VDD � 30 V, and RD � 5 k�. The 

MOSFETs are identical and have and The small-

signal MOS parameters are . Find the frequency-dependent gains and

. 

9.53 The MOS amplifier shown in Fig. 9.14 has and The MOSFETs 

are identical and have and The small-signal

MOS parameters are Find the frequency-dependent gains and

.

9.54 Design a differential amplifier configuration as shown in Fig. P9.54 to obtain a small-signal differential gain,

with and Use any suitable transistors, BJTs, or MOSFETs.

Assume The configuration should be the one that is least expensive. Use PSpice to ver-

ify your design and give the component estimates. 

iC1 iC2

RC1 RC2

VC2VC1

VCC

vic RE

vid

Q1 Q2

−VEE

+
−

+
−

FIGURE P9.54
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Ac( jv)

Ad( jv)Cgs =  5 pF and Cgd =  2 pF.

Vt = 1.2 V.ƒ VM ƒ = 100 V,W>L = 1,Kn = 1.5  mA>V2,

VDD = 15 V.RSS = 50 kÆ, IQ = 1 mA,

Ac( jv)
Ad( jv)Cgs = 5 pF and Cgd = 2 pF

Vt = 1.2 V.ƒ VM ƒ = 100 V,W>L = 1,Kn = 1.5  mA>V2,
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Learning Outcomes
After completing this chapter, students should be able to do

the following:

• Describe the types and the properties of feedback

amplifiers.

• Describe the different feedback configurations, their

properties, and circuit implementations.

• Select the feedback configuration and analyze feed-

back amplifiers to meet specific requirements.

• Design a feedback network to meet desired 

closed-loop gain, the input impedance, and the out-

put impedance.

• Determine the stability conditions of feedback

amplifiers.

• Apply the compensation techniques to stabilize an

unstable amplifier.

Symbols and Their Meanings
Symbol Meaning

Open-loop and closed-loop gain of an

amplifier

Low-frequency open-loop and closed-

loop gain of an amplifier

Input, error, and feedback current 

signals

Input resistances of an amplifier without

feedback and with feedback

Ri, Rif

ii, ie, if

Ao, Aof

A, Af

CHAPTER 10
FEEDBACK

AMPLIFIERS
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10.1 Introduction

Feedback is commonly used in amplifier circuits. A signal that is proportional to the output is compared

with an input or a reference signal so that a desired output is obtained from the amplifier. The difference

between the input and the feedback signals, called the error signal, is amplified by the amplifier. There are

two types of feedback:

• In negative feedback, the output signal (or a fraction of it) is continuously fed back to the input

side and is subtracted from the input signal to create an error signal, which is then corrected by

the amplifier to produce the desired output signal.

• In positive feedback, the output signal (or a fraction of it) is continuously fed back to the input

side and added to the input signal to create a larger error signal, which is then amplified to

produce a larger output until the output reaches the saturation voltage limit of the amplifier.

In negative feedback, the signal that is fed back to the input side is known as the feedback signal,
and its polarity is opposite that of the input signal (i.e., it is out of phase by 180° with respect to the input

signal). Negative feedback in an amplifier has four major benefits: (1) It stabilizes the overall gain of the

amplifier with respect to parameter variations due to temperature, supply voltage, and so on; (2) it increases

or decreases the input and output impedances; (3) it reduces the distortion and the effect of nonlinearity;

and (4) it increases the bandwidth. There are two disadvantages of negative feedback: (1) The overall

gain is reduced almost in direct proportion to the benefits, and it is often necessary to compensate for

the decrease in gain by adding an extra amplifier stage; (2) the circuit may tend to oscillate, in which

case careful design is required to overcome this problem. Negative feedback is also known as degenerative
feedback because it degenerates (or reduces) the output signal.

The op-amp circuits in Chapter 2 use negative feedback. The amplifier gain Af is almost indepen-

dent of the op-amp gain A; it depends on the external circuit elements only. For example, the gain of the

inverting amplifier in Fig. 3.11 is �RF ⁄ R1, which is independent of the op-amp gain A, and the input

impedance is approximately R1. The gain of the noninverting op-amp amplifier in Fig. 3.9 is (1 � RF ⁄ R1),

and its input impedance is very large. The output impedance of both amplifiers is very small.

In positive feedback, the feedback signal is in phase with the input signal. Thus, the error signal is

the algebraic sum of the input and feedback signals, and it is amplified by the amplifier. Thus, the output

may continue to increase, resulting in an unstable situation, and the circuit may oscillate between the lim-

its of the power supplies at the resonant frequency of the amplifier. Positive feedback is often referred to

as regenerative feedback because it increases the output signal. Positive feedback is generally applied in

oscillator circuits, which we will study in Chapter 13. Note that positive feedback does not necessarily

imply oscillations. In fact, positive feedback is quite useful in some applications, such as active filters.
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Symbol Meaning
Output resistances of an amplifier with feedback and without feedback

Equivalent input resistance and output resistance of an amplifier

Input, error, and feedback voltage signals

Oscillation, pole, and crossover frequencies of an amplifier

Pole and dominant pole frequency of an amplifier

Phase angle and transmission loop 

Feedback factor and current gain of a BJTb, bF

f, TL

f, fD

vo, vp, vg

vi, ve, vf

Rie, Roe

Ro, Rof
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Feedback Amplifiers 643

10.2 Feedback

Consider the noninverting op-amp amplifier shown in Fig. 10.1(a). The voltages vs, vf, and ve are related

as follows:

The input and output relationships described by these equations can be represented by a block diagram as

shown in Fig. 10.1(b). The voltage ve, which is the difference between vs and vf, is amplified by the volt-

age gain A. The feedback signal vf is proportional to the output voltage and is fed back to the input side.

Thus, the amplifier feeds the output voltage back to the input side and compares the voltages. There are

two circuits: the amplifier circuit and the feedback circuit (or network) consisting of R1 and RF. The

voltages vs, vf, and ve form a series circuit at the input side as shown in Fig. 10.1(a), whereas vo is applied

directly to the feedback network. That is, the noninverting amplifier uses series-shunt, or voltage-sensing/

voltage-comparing, feedback.

Now consider the inverting op-amp amplifier shown in Fig. 10.2(a). There is a common node at the

input side where the input current ii and the feedback current if meet. The voltages and currents are re-

lated as follows:

since ve � 0 and vo �� ve. The input and output relationships described by these equations are shown by

the block diagram in Fig. 10.2(b). The current ie, which is the difference between ii and if, is amplified

by the transimpedance gain �RiA. The feedback current signal if is proportional to the output voltage.

if =

- ve - vo

RF
L

- vo

RF

ie = ii - if

ve = - Riie

vo = Ave

vf =

R1

R1 + RF
 vo

vo = Ave

ve = vs - vf

A

vo
vs vo

vf

is = ii

b  =

ve

~vs

+

+ +

−

− −

vf

+

+

+

− −

−
R1

RF
A

b

(a)  Noninverting amplifier (b)  Block diagram

R1
R1 + RF

FIGURE 10.1 Feedback representation of noninverting op-amp amplifier
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Thus, the amplifier feeds the output voltage back to the input side and compares the currents. Here, the

feedback network consists of RF. The currents ii, if, and ie form a shunt connection at the input side,

whereas vo is applied directly to the feedback network. Thus, the inverting amplifier uses shunt-shunt, or

voltage-sensing/current-comparing, feedback.

10.3 Characteristics of Feedback 

In the inverting and noninverting amplifiers in Figs. 10.1 and 10.2, the output voltage is fed back directly

to the input side and is compared to either the voltage or the current at the input side. Feedback can be rep-

resented by the general configuration shown in Fig. 10.3, where � is called the feedback ratio (or factor)

and A is the amplifier gain. The units of A could be V/V, A/V, A/A, or V/A, and the units of � will be the

reciprocal of those of A. For the noninverting amplifier, A is in V/V and � is in V/V; for the inverting

amplifier, A is in V/A and � is in A/V. 

� NOTE � is the feedback ratio, whereas �f (��F) is the forward current gain of a bipolar transistor. To
distinguish the feedback factor � from the BJT transistor current gain �F, in this chapter we use the hybrid
parameter hfe for the BJT current gain. 

10.3.1 Closed-Loop Gain 

From Fig. 10.3, we can determine the closed-loop gain and the conditions for obtaining negligible error.

The various signals (either voltages or currents) in Fig. 10.3 are related by the following equations:

(10.1)

(10.2)

(10.3)Sf = bSo

Se = Si - Sf

So = ASe
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FIGURE 10.2 Feedback representation of inverting op-amp amplifier

FIGURE 10.3 General feedback configuration
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where A � open-loop gain of the amplifier

So � output signal

Se � error signal

Sf � feedback signal

Si � input signal

� � feedback factor

Substituting Se from Eq. (10.2) into Eq. (10.1) gives

(10.4)

Substituting Sf from Eq. (10.3) into Eq. (10.4) yields

which gives the overall gain Af with negative feedback as

(10.5)

Af is often known as the closed-loop gain. Equation (10.5) is derived for negative feedback. �A is the gain

around the feedback loop, known as the loop gain or the loop transmission. Let us define TL � �A.

If TL �� 1, Eq. (10.5) becomes

(10.6)

That is, for large values of loop gain TL, the closed-loop gain Af is independent of the open-loop gain A
and depends on the feedback factor � only.

Substituting Sf from Eq. (10.3) and So from Eq. (10.5) into Eq. (10.2) gives the error signal Se:

(10.7)

As TL becomes much greater than 1, Se becomes much smaller than Si, and Si � Sf. Substituting So from

Eq. (10.5) into Eq. (10.3) gives

(10.8)

If TL �� 1, Sf � Si � �So. That is, the output signal So is the amplified version of the input signal Si,

provided � � 1.

With positive feedback, the sign of �A changes and the closed-loop gain becomes

(10.9)

This confirms that the output will continue to increase until the saturation limit. Therefore, the amplifier

can be made to oscillate by making .bA = 1

Af =

So

Si
=

A

1 - bA

Sf =

bA

1 + bA
Si =

TL

1 + TL
Si

Se = Si - Sf = Si - bSo = Si -

bASi

1 + bA
=

Si

1 + bA
=

Si

1 + TL

Af L

1

b

Af =

So

Si
=

A

1 + bA

So = ASi - bASo

So = ASe = ASi - ASf
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10.3.2 Gain Sensitivity

In most practical amplifiers, the open-loop gain A is dependent on temperature and the operating condi-

tions of active devices. The effect of variations in the open-loop gain A can be determined from the sensi-

tivity of the closed-loop gain Af. Differentiating Af in Eq. (10.5) with respect to A gives

(10.10)

If A changes by �A, then Af will change by �Af. Thus, Eq. (10.10) yields

(10.11)

which gives the approximate value of �Af for finite increments in �A. The fractional change in Af is given by

(10.12)

which shows that a fractional change in A of (�A ⁄A) causes a fractional change in Af of (�Af ⁄ Af) such that

If �A ⁄ A is, say, 10%, the change in Af is

only. Thus, the sensitivity of the closed-loop gain Af to the open-loop gain A is defined as

(10.13)

For �A �� 1, which is generally the case, the sensitivity of Af to A becomes very small. Thus, a significant

change in A will cause only a small change in Af.

10.3.3 Feedback Factor Sensitivity 

We can see from Eq. (10.6) that the closed-loop gain Af depends on the feedback factor � only. The effect

of variations of the feedback factor � on the gain Af can be determined. Differentiating Af in Eq. (10.5)

with respect to � gives

(10.14)

If � changes by ��, then Af will change by �Af. From Eq. (10.14), we get

(10.15)

Thus, the fractional change in Af is given by

(10.16)
dAf

Af
= - Af db

dAf = - A2
fdb  (assuming dAf L dAf)

dAf

db
= -  

A2

(1 + bA)2 = -  A2
f

S Af
A =

dAf>Af

dA>A =

1

1 + bA

dAf

Af
=

10

1 + bA
%

dAf

Af
=

1

1 + bA
 adA

A
b

dAf

Af
=

1 + bA

A
  

dA

(1 + bA)2 =

dA>  A

1 + bA
  (assuming dAf L dAf)

dAf =

dA

(1 + bA)2  (assuming dAf L dAf)

dAf

dA
=

(1 + bA) - bA

(1 + bA)2 =

1

(1 + bA)2
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The sensitivity of closed-loop gain Af to the feedback factor � is defined as

(10.17)

For �A �� 1, Eq. (10.17) can be reduced to

(10.18)

Therefore, the gain Af is directly sensitive to any change in the feedback factor �. The negative sign in

Eq. (10.18) signifies that an increase in � will cause a decrease in Af.

� NOTE Although the value of A can be positive or negative depending on the circuit configuration, we will use
only the absolute value of A in equations for negative feedback such as Eq. (10.5).

S Af
b = - 1

S Af
b =

dAf>Af

db>b = - Afb = -  

bA

1 + bA

647Feedback Amplifiers

Finding the effect of changes in the open-loop gain on the closed-loop gain The open-loop gain

of an amplifier is A � 250, and the feedback factor is � � 0.8.

(a) Determine the closed-loop gain Af � So ⁄ Si.

(b) If the open-loop gain A changes by �20%, determine the percentage change in the closed-loop gain Af and

its value.

(c) If the feedback factor � changes by �20%, determine the percentage change in the closed-loop gain Af and

its value.

SOLUTION

A � 250, � � 0.8, and TL � �A � 250 � 0.8 � 200.

(a) From Eq. (10.5),

(b) �A ⁄ A � 20%. From Eq. (10.13),

(c) �� ⁄ � � 20%. From Eq. (10.18),

NOTE: The overall gain Af does not change much with a wide variation in the open-loop gain A. But

the gain Af changes directly with the feedback factor �. In designing a feedback amplifier, special care

should be taken to ensure that the variation in the feedback factor is kept to a minimum.

dAf

Af
= -20%

dAf = -20% * 1.2438 = -0.249

Af = 1.2439 - 0.249 = 0.995

dAf

Af
=

20%
1 + 200

= 0.1%

dAf = 0.1% * 1.2438 = 0.00124

Af = 1.2438 + 0.00124 = 1.245

Af =

250

1 + 200
= 1.2438

EXAMPLE 10.1
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10.3.4 Frequency Response

Negative feedback increases the bandwidth of an amplifier. To prove this, let us consider a simple amplifier

whose open-loop gain A is dependent on the frequency, which can be expressed in Laplace’s domain as

(10.19)

where Ao is open-loop low-frequency gain and fH is open-loop 3-dB break frequency, in Hertz. From

Eq. (10.5), the overall gain is given by

(10.20)

where the feedback factor � is independent of frequency. Substituting A(s) from Eq. (10.19) into Eq. (10.20)

yields

(10.21)

which gives the low-frequency closed-loop gain Aof as

(10.22)

where TLo � �Ao is called the low-frequency loop gain. From Eq. (10.21), the 3-dB break frequency fHf

with feedback becomes

(10.23)

Thus, without feedback, the following equations apply:

Low-frequency gain � Ao

Bandwidth BW � fH

Gain–bandwidth product GBW � Ao fH (10.24)

With feedback, these equations apply:

Bandwidth BWf � fH(1 � �Ao)

Gain–bandwidth product GBWf � AofBWf � Ao fH (10.25)

We can conclude from Eqs. (10.22) and (10.23) that feedback reduces the low-frequency gain by a factor

of (1 � �Ao) but increases the 3-dB frequency by the same amount (1 � �Ao). However, the gain–bandwidth

product remains constant at Ao fH. Negative feedback allows the designer to trade gain for bandwidth,

and it is widely used as a method for designing broadband amplifiers. The gain reduction is generally

compensated for by adding more amplifying stages, which may also be feedback amplifiers. The plots of

magnitude against frequency for Af and A are shown in Fig. 10.4.

Low-frequency gain Aof =

Ao

1 + bAo

fHf = fH(1 + bAo)

Aof =

Ao

1 + bAo

=

Ao

1 + TLo

Af  (s) 

Ao>[1 + s>(2pfH)]

1 + bAo>[1 + s>(2p fH)]
=

Ao

1 + bAo
 1

1 + s>[2pfH(1 + bAo)]

Af  (s) =

A(s)

1 + bA(s)

A(s) =

Ao

1 + s>(2p fH)
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Gain (in dB)

0

20 log Ao 

1 + bAo 
20 log (         ) 

Ao

fH fH (1 + bAo) f (in Hz) Ao fH

FIGURE 10.4 Plots of magnitude against frequency

Finding the effect of feedback on the frequency of an amplifier The feedback factor of a closed-loop

amplifier is � � 0.8. The open-loop gain is expressed as

Determine (a) the closed-loop low-frequency gain Aof, (b) the closed-loop bandwidth BWf, and (c) the gain–

bandwidth product GBW.

SOLUTION

Ao � 250, � � 0.8, and fH � 100.

(a) From Eq. (10.22),

(b) From Eq. (10.23),

(c) From Eq. (10.24),

Gain–bandwidth product GBW � Ao fH � 250 � 100 � 25 � 103

Bwf = 100 * (1 + 250 * 0.8) = 20.1 kHz

Aof =

250

(1 + 250 * 0.8)
= 1.24378

A(s) =

250

1 + s>(2p * 100)

EXAMPLE 10.2

10.3.5 Distortion

An amplifier contains nonlinear devices such as transistors. As a result, the plot of the output signal So

against the input signal Si will not be linear. Thus, if the input signal is a sinusoidal waveform, the output

signal will not be sinusoidal; that is, the output signal will be distorted. The effect of distortion in an am-

plifier is to reduce the gain of the open-loop transfer function. The closed-loop gain Af, however, remains

almost independent of the open-loop gain, as shown by Eq. (10.6). Therefore, negative feedback can

reduce the effect of slope changes on the open-loop transfer function.
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Let us consider an amplifier whose transfer characteristic (vo versus vi) is nonlinear, as shown in

Fig. 10.5. There are four regions of constant gain: A1, A2, A3, and A4. If negative feedback is applied with

a feedback factor of �, Eq. (10.6) can be used as follows to calculate the closed-loop gains corresponding

to the four regions:

Therefore, the slopes of the transfer characteristic in the four regions will be almost equal, and the trans-

fer characteristic will be as shown in Fig. 10.6. The transfer characteristic with negative feedback is much

less nonlinear than that of the original amplifier without negative feedback.

Af3 =

A3

1 + bA3
L

1

b
  for bA3 7 7 1

Af4 =

A4

1 + bA4
L

1

b
  for bA4 7 7 1

Af1 =

A1

1 + bA1
L

1

b
  for bA1 7 7  1

Af2 =

A2

1 + bA2
L

1

b
  for bA2 7 7  1
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−Vo2

−Vo1

Vo1

Vo2

Vo3

−Vo3

−V2 −V1 V1 V2 V3

A4
A3

A2

A1

A1

A2

A3

A4

FIGURE 10.5 Transfer characteristic

without negative feedback

FIGURE 10.6 Transfer characteristic with negative

feedback

vi

vo

0

1
b

1
b

−V3 V3V2V1

−V'o3

−V'o2

−V'o1
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KEY POINTS OF SECTION 10.3

■ Feedback reduces the gain of a feedback amplifier. However, the bandwidth is widened propor-

tionally. Also, feedback reduces the effect of amplifier distortion, nonlinearity, and variations in

amplifier parameters.

■ For a large value of loop-gain TL, the closed-loop gain Af is inversely proportional to the feedback

factor �. That is, Af is sensitive to changes in the feedback network parameters.

Feedback Amplifiers 651

Finding the effect of amplifier nonlinearity on the closed-loop gain The transfer characteristic of

an amplifier without feedback is approximated by the following values of open-loop gain for given ranges of

input voltage vi:

If the feedback factor is � � 0.5, determine the closed-loop gains of the transfer characteristic.

SOLUTION

From Eq. (10.5), the closed-loop gains become

NOTE: As the input voltage vi varies from 0 to 2 mV, the slope of output voltage versus input

voltage (i.e., gain) varies from 1000 to 250 in a nonlinear fashion. But the closed-loop gain Af remains

almost constant.

Af = h

1000

1 + 0.5 * 1000
= 1.996 for 0 6 vi … 0.5 mV

500

1 + 0.5 * 500
= 1.992 for 0.5 mV 6 vi … 1 mV

250

1 + 0.5 * 250
= 1.984 for 1 mV 6 vi … 2 mV

0 for vi 7 2 mV

A = d
1000  for 0 6 vi … 0.5 mV

500   for  0 .5 mV 6 vi … 1 mV

250   for 1 mV 6 vi … 2 mV

0    for vi 7 2 mV

EXAMPLE 10.3
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10.4 Feedback Topologies

The feedback configuration in Fig. 10.3 represents a general form; it does not indicate whether the input

and output signals are voltages or currents. In practical amplifiers, the input and output signals can be ei-

ther voltages or currents. If the output voltage is the feedback signal, it can be either compared with the in-

put voltage to generate the error voltage signal (as shown in Fig. 10.1) or compared with the input current

to generate the error current signal (as shown in Fig. 10.2). Similarly, the output current can be fed back

and either compared with the input voltage to generate the error voltage signal or compared with the input

current to generate the error current signal. Therefore, there are four feedback configurations, depending

on whether the input and output signals are voltages or currents [1].

10.4.1 Feedback Configurations

There are four feedback configurations: series-shunt, series-series, shunt-shunt, and shunt-series. A potential

divider, that is, a resistor (or capacitor) in series with another resistor (or capacitor) can sense a voltage, and

placing a small resistor in the wire and sensing the voltage across it can sense a current. For a voltage sub-

traction, apply the input and the feedback signals to two distinct nodes, whereas for current subtraction,

apply them to a single node. If the feedback signal is taken from the output terminal—for example, as in

Fig. 10.7(c)—then the output side is a shunt feedback; if the feedback signal is taken from the voltage across

a resistor—for example, as in Fig. 10.8(c)—then it is a series connection on the output sides. 

Microelectronic Circuits: Analysis and Design652

FIGURE 10.7 Series-shunt feedback

(a)  Configuration (b)  Op-amp implementation

(c)  CE-CC transistor implementation
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In series-shunt (voltage-sensing/voltage-comparing) feedback, shown in Fig. 10.7(a), the output

voltage vo is the input to the feedback network, and the feedback voltage vf is proportional to the output

voltage vo. The feedback network forms a series circuit with the input voltage vi but a parallel circuit with

the output voltage vo. The input current ii flows through the loop formed by the input voltage, the amplifier,

and the feedback network; that is, vi � vf � ve. A series-shunt implementation using an op-amp is shown

in Fig. 10.7(a). The discrete transistor implementation is shown in Fig. 10.7(c) and the feedback block as

shown in Fig. 10.7(d). 

In series-series (current-sensing/voltage-comparing) feedback, shown in Fig. 10.8(a), the output

current io is the input to the feedback network, and the feedback voltage vf is proportional to the output

current io. The feedback network forms a series circuit with the input voltage and the output current. The

input current flows through the loop formed by the input voltage, the amplifier, and the feedback network;

that is, vi � vf � ve. A series-series implementation using an op-amp is shown in Fig. 10.8(b). The discrete

transistor implementation is shown in Fig. 10.8(c) and the feedback block as shown in Fig. 10.8(d). 

In shunt-shunt (voltage-sensing/current-comparing) feedback, shown in Fig. 10.9(a), the output

voltage vo is also the input to the feedback network, and the feedback current if is proportional to the

output voltage vo. The feedback network is in parallel with both the input and the output voltages. The

input current ii is shared by the amplifier and the feedback network; that is, ii � if � ie. A shunt-shunt

implementation using an op-amp is shown in Fig. 10.9(b). The discrete transistor implementation is

shown in Fig. 10.9(c) and the feedback block in Fig. 10.9(d). 

In shunt-series (current-sensing/current-comparing) feedback, shown in Fig. 10.10(a), the output

current io is the input to the feedback network, and the feedback current if is proportional to the output

Feedback Amplifiers 653

FIGURE 10.8 Series-series feedback 

(a)  Configuration (b)  Op-amp implementation

(c)  CE-CE transistor implementation
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(a)  Configuration (b)  Op-amp implementation

(c)  CE-CC transistor implementation
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FIGURE 10.9 Shunt-shunt feedback

(a)  Configuration (b)  Op-amp implementation

(c)  CE-CE transistor implementation

A

b

vo

(d)  Block diagram

ii

RL

Ri

1 2

~
Current

amplifier
A (in A/A)

Feedback
network

b (in A/A)

Rs

RF R1Feedback
network

vs
io

+vois ie

if

vs
Rs

vs
Rs

is ioii

ii ie

if

if

io

ie

iv

RL

R1RF
io

ioRs

is ii

if

ie
−

+

~+−

Circuit block

FIGURE 10.10 Shunt-series feedback
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current io. The feedback network is in parallel with the input voltage but in series with the output current.

The input current is shared by the amplifier and the feedback network; that is, ii � if � ie. A shunt-

series implementation using an op-amp is shown in Fig. 10.10(b). The discrete transistor implementa-

tion is shown in Fig. 10.10(c) and the feedback block in Fig. 10.10(d).

10.4.2 Feedback Relationships

There are two circuits in a feedback amplifier: the amplifier circuit (or A circuit) and the feedback circuit

(or � circuit). The effective gain is always decreased by a factor of (1 � �A). In series-type arrangements,

both A and � circuits are connected in series, and the effective resistance is increased by a factor of (1 � �A).

In shunt-type arrangements, A and � circuits are connected in parallel, and the effective resistance is de-

creased by a factor of (1 � �A). The effects of different types of feedback are summarized in Table 10.1.

Depending on the type of feedback, an amplifier is normally represented by one of four amplifier topologies:

voltage, current, transconductance, or transresistance. A in Eq. (10.5) simply represents gain, which could

be a voltage gain, a current gain, transconductance, or transresistance of the amplifier under the open-loop

condition. Thus, A could be in units of V/V, A/A, A/V, or V/A.

KEY POINTS OF SECTION 10.4

■ A feedback amplifier can be connected in one of four possible configurations: series-shunt, series-series,

shunt-shunt, or shunt-series.

■ With series feedback, the effective resistance is increased by a factor of (1 � �A), whereas with shunt

feedback the effective resistance is reduced by a factor of (1 � �A).

Feedback Amplifiers 655

TABLE 10.1 Feedback relationships

Gain Input Resistance Output Resistance

Without feedback A Ri Ro

Series-shunt

A (V/V)

� (V/V)

Series-series

A (A/V or )

� (V/A or �)

Shunt-shunt

A (V/A or �)

� (A/V or )

Shunt-series

A (A/A)

� (A/A)

Rof = Ro(1 + bA)Rif =

Ri

1 + bA
Af =

A

1 + bA

�

Rof =

Ro

1 + bA
Rif =

Ri

1 + bA
Af =

A

1 + bA

�
Rof = Ro(1 + bA)Rif = Ri(1 + bA)Af =

A

1 + bA

Rof =

Ro

1 + bA
Rif = Ri(1 + bA)Af =

A

1 + bA
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10.5 Analysis of Feedback Amplifiers

In op-amp circuits, the open-loop gain A is independent of the feedback factor �; that is, the feedback net-

work does not influence A. The first step in analyzing a feedback amplifier is to identify the main ampli-

fier and its feedback network. However, in BJT and MOSFET amplifiers, the feedback is realized internally,

and the feedback network cannot be separated from the main amplifier without affecting the open-loop

gain A. Thus, the feedback network does influence A. The analysis of a feedback amplifier can be simpli-

fied by following these steps:

Step 1. Identify the feedback network.

Step 2. Identify the type of feedback on the input and output sides.

Step 3. Take into account the effects of the feedback network on the open-loop gain A by modify-

ing the amplifier as follows:

a. Short-circuit the shunt feedback side to the ground so that there is no voltage signal to the feedback

network. For example, terminal y of RF in Fig. 10.7(b) would be connected to the ground so that

R1 became parallel to RF.

b. Sever the series feedback side so that there is no current signal to the feedback network. For

example, the inverting terminal x of the op-amp in Fig. 10.8(b) would be disconnected so that

there was no current flowing into the feedback circuit and R1 became in series with RF.

Step 4. Represent the modified amplifier (from step 3) using one of the following equivalent ampli-

fier topologies:

a. Voltage amplifier for series-shunt feedback

b. Transconductance amplifier for series-series feedback

c. Transresistance amplifier for shunt-shunt feedback

d. Current amplifier for shunt-series feedback

Calculate the values of the input resistance Ri, the output resistance Ro, and the open-loop gain A
(representing transconductance, voltage, transresistance, or current) of the amplifier.

Step 5. The output of the amplifier is the input to the feedback network. Find the feedback factor �
from one of the following two-port representations of the feedback network:

a. Voltage gain (V/V) representation for series-shunt feedback

b. Transresistance (V/A) representation for series-series feedback

c. Transconductance (A/V) representation for shunt-shunt feedback

d. Current gain (A/A) representation for shunt-series feedback

Step 6. Calculate the input resistance with feedback from one of the following equations:

(10.26)

(10.27)

Step 7. Calculate the output resistance with feedback from one of the following equations:

(10.28)

(10.29)Rof =

Ro

1 + bA
   for series-shunt and shunt-shunt feedback

Rof = Ro(1 + bA) for shunt-series and series-series feedback

Rif =

Ri

1 + bA
   for shunt-series and shunt-shunt feedback

Rif = Ri(1 + bA) for series-series and series-shunt feedback

Microelectronic Circuits: Analysis and Design656
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Step 8. Use the following feedback equation to find the closed-loop gain Af:

(10.30)

where � is the feedback factor representing the voltage gain, current gain, transconductance, or transresis-

tance of the feedback network.

The V-I representations of the amplifier and its feedback network for different types of feedback are

shown in Table 10.2. It is important to note that the units of A and � are different in each type of repre-

sentation. To use the generalized equations for Rif, Rof, and Af, the specific representation is essential.

� NOTE Since the units of A can be different depending on the type of feedback configuration, we will use the
symbol �g for the open-loop voltage gain of the amplifier.

10.6 Series-Shunt Feedback

Series-shunt feedback is normally applied to a voltage amplifier. The amplifier in Fig. 10.7(a) is replaced

by a voltage amplifier with an input resistance of Ri, an output resistance of Ro, and an open-loop voltage

gain of A (in V/V). This arrangement is shown in Fig. 10.11. The feedback voltage vf is in series with the

input voltage vi and is proportional to the output voltage vo. The feedback network can be considered as a

two-port network, and it can be modeled as a voltage gain circuit, as in Fig. 10.11, with an input resistance

of Ry, an output resistance of Rx, and an open-loop voltage gain of �.

Af =

A

1 + bA

Feedback Amplifiers 657

TABLE 10.2 V-I representations of amplifiers and feedback networks

Feedback Type Amplifier Units of A Feedback Network Units of �

Series-shunt V-V V/V V-V V/V

Shunt-series I-I A/A I-I A/A

Series-series V-I O I-V �
Shunt-shunt I-V � V-I O

~

RL

Ry

Ro

bvo

A circuit

b network

Network to circuit

Ave

1

Rs

Ri

Rx

vs

vf

vi

+

+ +

+

−

− −

+

−
ve

+

−

vo

+

−

−

2

FIGURE 10.11 Series-shunt configuration
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Determination of the model parameters requires separating the feedback network and representing

it as a two-port network of four terminals. The test conditions for determining the parameters of the

feedback network are shown in Fig. 10.12. The model parameters are obtained from three equations. The

first equation is

(10.31)

which is obtained by applying a test voltage of vf at the vf side and shorting the vo side. Note that the voltage

across a short circuit is zero, and no current flows through an open circuit. The second equation is

(10.32)

which is obtained by applying a test voltage of vo at the vo side and open-circuiting the vf side. The third

equation is

(10.33)

which is obtained by applying a test voltage of vo at the vo side and open-circuiting the vf side.

� NOTE In performing tests to find Rx and Ry of a feedback network, it is helpful to remember the following
general rule: Short-circuit the terminals with shunt feedback, and open-circuit the terminals with series feedback.

10.6.1 Analysis of an Ideal Series-Shunt 
Feedback Network

The analysis of series-shunt feedback can be simplified by assuming an ideal feedback network and ne-

glecting the effects of Rs and RL; that is, Rx � 0, Ry � 	, Rs � 0, and RL � 	. An ideal feedback network

is shown in Fig. 10.13(a); it can be represented by the equivalent circuit shown in Fig. 10.13(b). The feed-

back factor � is in V/V, and

(10.34)vo = Ave

b =

vf

vo
`
if =0

  (open-circuited input side)

Ry =

vo

iy
`
if =0

  (open-circuited input side)

Rx =

vf

if
`
vo =0

  (short-circuited output side)
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Feedback
network

vf
vo

vf
if

(a) (b) (c)

vovf

+

−
vf

if

+

−
vo

+

−
Feedback
network

Feedback
network

if = 0

vf

+

−

+

−

if = 0

if = 0
b =

b is obtained from

vo = 0

vo = 0

Rx =

Rx is obtained from Ry is obtained from

iy

vo
iy if = 0

Ry =

FIGURE 10.12 Test conditions for determining the parameters of a series-shunt feedback network
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The feedback signal vf, which is proportional to the output voltage vo, is

(10.35)

and (10.36)

From Eqs. (10.34), (10.35), and (10.36), the equation for the closed-loop voltage gain Af becomes

(10.37)

which is similar to Eq. (10.5). From Eq. (10.36),

Substituting vf from Eq. (10.35) and vo from Eq. (10.34) into the above equation gives

(10.38)

The input current ii is

(10.39)

Substituting vs from Eq. (10.38) gives the input resistance Rif with feedback:

(10.40)

The input resistance Rif is always increased by a factor of (1 � �A) with series feedback at the input side.

The output resistance with feedback, which is Thevenin’s equivalent resistance, can be obtained by

applying a test voltage vx to the output side and shorting the input source. The equivalent circuit for

determining Thevenin’s equivalent resistance is shown in Fig. 10.14. We have

(10.41)

and (10.42)ix =

vx - Ave

Ro

ve + vf = ve + bvx = 0 or ve = - bvx

Rif =

vs

ii
=

ve(1 + bA)

ve>Ri
= (1 + bA)Ri

ii =

ve

Ri

vs = ve + bvo = ve + bAve = ve (1 + bA)

vs = ve + vf

Af =

A

1 + bA

ve = vs - vf

vf = bvo

Feedback Amplifiers 659

FIGURE 10.13 Series-shunt configuration with an ideal feedback network

ve

vf

vi

1 2

~

Ri

Ro

Rof
Rof

Rif vo

Rif

bvo

A circuit

b  circuit

Ave vo

~ Afvs

(a)  Ideal feedback circuit (b)  Equivalent circuit

vs

ii

+

+

+
+

+
+ +

−

vs

+

−

+ +

− −
− −−

− − −
Rif = Ri(1 + bA) 

Af =
A

1 + bA 

Rof =
Ro

1 + bA 
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Substituting ve from Eq. (10.41) into Eq. (10.42) yields

(10.43)

which gives the output resistance Rof with feedback as

(10.44)

Thus, the output resistance Rof at the output side is reduced by a factor of (1 � �A). Shunt feedback at the

output side always lowers the output resistance by a factor of (1 � �A).

Series-shunt feedback increases the input resistance by (1 � �A) and reduces the output resistance

by (1 � �A). This type of feedback is normally applied to a voltage amplifier. The input impedance,

output impedance, and overall voltage gain can be written in generalized form in Laplace’s domain of s
as follows:

(10.45)

(10.46)

(10.47)

� NOTES

1. A is the open-loop voltage gain of the amplifier, in V/V.

2. � is the voltage gain of the feedback network and is less than or equal to 1 V/V.

3. TL � �A is the loop gain, which is dimensionless.

4. If the source has an impedance, then the overall voltage gain is reduced. The effective input voltage vi to the

amplifier can be found from 

(10.48)

where Zs is source impedance, Zi is input impedance of the amplifier, and vs is signal source voltage.

vi =

Zi

Zs + Zi
 vs

Af (s) =

A(s)

1 + bA(s)

Zof (s) =

Zo(s)

1 + bA(s)

Zif (s) = [1 + bA(s)]Zi(s)

Rof =

Ro

1 + bA

ix =

vx - A(-bvx)

Ro
=

(1 + bA)vx

Ro
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vf

ve

ii Ro

Ri

bvx

Ave ~ vx

vx

ix

+ +

+
+ +

+

−
− −

− −
−

FIGURE 10.14 Equivalent circuit for

determining output resistance
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10.6.2 Analysis of a Practical Series-Shunt 
Feedback Network

The feedback network in Fig. 10.11 has a finite input resistance Ry and an output resistance Rx, which load

the original amplifier, thereby affecting the performance of the feedback amplifier. The analysis in the pre-

vious section did not take into account the loading effect of the feedback network. The loading effect

can be taken into account by including Rs, Rx, Ry, and RL in the A circuit, as shown in Fig. 10.15(a). The

open-loop parameters are modified accordingly, as shown in Fig. 10.15(b). These modifications allow us to

apply the equations for ideal feedback.

The equivalent input resistance Rie is given by

(10.49)

where Rs is the source resistance. The equivalent output resistance Roe is given by

(10.50)

Using the voltage divider rule in Fig. 10.15(a), we see that the output voltage vo is given by

(10.51)

where ve is the voltage across Ri but not across Rie. We need to find the voltage across Ri. Using the voltage

divider rule gives ve as

Substituting ve into Eq. (10.51) gives the modified open-loop gain Ae:

(10.52)

If Rie, Roe, and Ae are substituted for Ri, Ro, and A, respectively, Eqs. (10.34) through (10.48) can be applied

to calculate the closed-loop parameters Rif, Rof, and Af.

Ae =

vo

ve1
=

Ry||RL

(Ry||RL) + Ro
*

Ri

Ri + Rx + Rs
A

ve =

Ri

Ri + Rx + Rs
 ve1

vo =

Ry||RL

(Ry||RL) + Ro
 Ave

Roe = Ro|| Ry||RL

Rie = Ri + Rx + Rs

Feedback Amplifiers 661

ve

vo

vove1

is is

vf

~

bvo

A circuit Equivalent A circuit

b  circuit b  circuit

Ave

Rof

Ae = 
vo
ve1

~

Rie

Roe

Aeve1

(b)  Simplified equivalent circuit(a)  Practical circuit

Rs Ro

RyRL
Rx

Ri

Rif

Rof
vs

+

+

+
+

+

+
+

−

− −

+

−

vo

+
+

−
−−

−

vo

+

−−
bvo

+

−
−

ve1

vf

Rif

vs

+

+

+−

−

−

FIGURE 10.15 Practical series-shunt feedback
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Finding the performance of a noninverting amplifier with series-shunt feedback The nonin-

verting amplifier shown in Fig. 10.7(b) has RL � 10 k� and Rs � 5 k�. The feedback resistors are R1 � 10 k�
and RF � 90 k�. The op-amp parameters are Ri � 2 M� and Ro � 75 �, and the open-loop voltage gain is

�g � 2 � 105.

(a) Determine the input resistance seen by the source Rif � vs ⁄ is, the output resistance Rof, and the closed-loop

voltage gain Af � vo ⁄ vs.

(b) Use PSpice/SPICE to verify your results.

SOLUTION

RL � 10 k�, Rs � 5 k�, R1 � 10 k�, RF � 90 k�, Ri � 2 M�, Ro � 75 �, and �g � 2 � 105. Replacing the

op-amp by its equivalent circuit gives the amplifier shown in Fig. 10.16(a).

(a) The steps in analyzing the feedback network are as follows:

Step 1. R1 and RF, which constitute the feedback network as shown in Fig. 10.16(a), produce a feedback voltage

vf proportional to the output voltage vo.

EXAMPLE 10.4

ve

vf
1 2

1 2

~

RF

R1

Ro
RL

Rs
Ri

Rof

Rif

vo
ve1

R1

R1 + RF

(a)  Amplifier

Ave

b  circuit

vf

ve

~

Rie
Roe

R1 R1

R1

RF
RF

Ro

RL

RF

Ri

Rs

Ave

(b)  Equivalent A circuit (c)  b determination   

~

vs

is

+

+

+ +

−

vel

+

+

+

−
−

vo vo

+

+

−

−

+

−

−

−

−
vo

+

−
−

Rx = R1 || RF
Ry = R1 + RF if = 0

Ae = b = 

FIGURE 10.16 Noninverting amplifier with series-shunt feedback
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Step 2. The amplifier uses series-shunt feedback. Thus, A must be in V/V; A � �g � 2 � 105.

Step 3. The effect of the feedback network at the input side is taken into account by short-circuiting the shunt

feedback at the output side. Similarly, the effect at the output side is taken into account by severing the series

feedback at the input side. We ground RF on side 2 and sever the feedback circuit on side 1 from Ri. This mod-

ification is shown in Fig. 10.16(b). Then

Step 4. If we represent the amplifier of Fig. 10.16(b) by an equivalent voltage amplifier, the input resistance is

and the output resistance is

From Eq. (10.52), the modified open-loop gain Ae is

Step 5. From Fig. 10.16(c), the feedback factor � is given by

Step 6. The input resistance (seen by the source) with feedback is

Step 7. The output resistance with feedback is

Step 8. The closed-loop voltage gain Af is

which is very close to the closed-loop gain we would get if we were to use Eq. (3.18):

(b) The series-shunt feedback circuit for PSpice simulation is shown in Fig. 10.17. The results of PSpice

simulation are shown below, with hand calculations to the right:

V(5)/VS=9.999E+00=9.999 Af � 9.99

INPUT RESISTANCE AT VS=3.967E+10=39.67 G� Rif � 39.67 G�

OUTPUT RESISTANCE AT V(5)=3.776E-02=37.7 m� Rof � 37.8 m�

The PSpice results are very close to the hand-calculated values.

Af = 1 +

RF

R1
= 1 +

90 k

10 k
= 10

Af =

vo

vs
=

Ae

1 + bAe
=

1.9698 * 105

1 + 0.1 * 1.9698 * 105
= 9.999 V>  V

Rof =

Roe

1 + bAe
=

74.4

1 + 0.1 * 1.9698 * 105
= 3.778 mÆ

Rif =

vs

is
= Rie(1 + bAe) = 2014 k * (1 + 0.1 * 1.9698 * 105) = 39.67 GÆ

b =

vf

vo
`
if =0

=

R1

R1 + RF
=

10 k
10 k + 90 k = 0.1 V>  V

Ae =

(R1 + RF)||RL

(R1 + RF)||RL + Ro
*

Ri

Rs + Ri + (R1||RF)
A

   
=

[(10 k + 90 k)||10 k] * 2000 k * 2 * 105

[(10 k + 90 k)||10 k + 75] (5 k + 2000 k + 9 k)
= 1.9698 * 105

Roe = Ro  ‘  (R1 + RF)  ‘  RL = 75  ‘  (10 k + 90 k)  ‘  10 k = 74.4 Æ

Rie = Rs + Ri + (R1  ‘   

RF) = Rs + Ri + Rx = 5 k + 2 M + 9 k = 2014 kÆ

Rx = R1 ‘  RF = 10 k  ‘  90 k = 9 kÆ

Ry = R1 + RF = 10 k + 90 k = 100 kÆ
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0

0

1

1

4

2

3

3

2 5

5

6

7

U1~vs
 1 V

+

−
R1

10 kΩ

RF
90 kΩ

RL

10 kΩ

Rs
5 kΩ

+

−

μA741

V−

V+ −

−

VCC
15 V−

+

VEE
15 V−

+

FIGURE 10.17 Series-shunt feedback network for PSpice simulation

Finding the performance of a BJT amplifier with series-shunt feedback The AC equivalent circuit

of a BJT amplifier is shown in Fig. 10.18(a). The transistor can be modeled as shown in Fig. 10.18(b). The DC

bias currents of the transistors are IC1 � 0.5 mA, IC2 � 1 mA, and IC3 � 5 mA. The transistor parameters are

hfe � hfe1 � hfe2 � hfe3 � 100 and r
 � ro � 	.

(a) Use the techniques of feedback analysis to calculate the input resistance Rif, the output resistance Rof, and

the closed-loop voltage gain Af.

(b) Use PSpice/SPICE to check your results.

EXAMPLE 10.5

vovf

~

Q1

Q2

Q3

Rif Rofb  circuit

(a)  Amplifier (b)  BJT model

is

rπ

hfeib
gmvbe

CB

E

ib

2

1

vs

ve

vi

+

+ +

+
−

−

− −

+

−
vbe

+

−

Rs
150 Ω R1

9 kΩ

R2
5 kΩ

RE
100 Ω

RF
650 Ω RL

100 Ω

vs = vf + vel
vi = vf + ve

FIGURE 10.18 Three-stage amplifier with series-shunt feedback

NOTE: The main objective of PSpice/SPICE simulation in this chapter is to verify the techniques for

analyzing feedback amplifiers. To verify hand-calculated results, we will use the simple DC op-amp

model shown in Fig. 3.7 and the simple � model for BJTs. If we were to run simulations using the

model provided in PSpice/SPICE, the results would differ slightly.
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NOTE: The following analysis can also be applied to MOSFET amplifiers by substituting a very large

value of the B-E resistance tending to infinity, .

SOLUTION

For IC1 � 0.5 mA, Eqs. (8.40) and (8.42) give

For IC2 � 1 mA,

For IC3 � 5 mA,

(a) The steps in analyzing the feedback network are as follows:

Step 1. RE and RF, which constitute the feedback network, produce a feedback voltage proportional to the out-

put voltage. The input voltage vi is compared with the feedback signal vf. The error voltage ve � vi � vf is the

B-E voltage of transistor Q1. The block diagram representing the feedback mechanism is shown in Fig. 10.19(a).

The feedback network is shown in Fig. 10.19(b).

gm3 =

IC3

VT
=

5 mA

25.8 mV
= 193.8 mA>V

r�3 =

hfe * 25.8 mV

IC3
=

100 * 25.8 mV

5 mA
= 516 Æ

gm2 =

IC2

VT
=

1 mA

25.8 mV
= 38.76 mA>V

r�2 =

hfe * 25.8 mV

IC2
=

100 * 25.8 mV

1 mA
= 2.58  kÆ

gm1 =

IC1

VT
=

0.5 mA

25.8 mV
= 19.38 mA>V

r�1 =

hfe * 25.8 mV

IC1
=

100 * 25.8 mV

0.5 mA
= 5.16 kÆ

1>r� M 0r�

FIGURE 10.19 Equivalent circuits for Example 10.5

vbe1

vi
vbe2

vbe3

vo

1 2

A1

b

(a)  Block diagram

RF

R1

R2
RF

RE

RL

Ri Roe

RE

(c)  Small-signal AC equivalent circuit

(b)  Feedback circuit

Rs

RE RF

~

vo
ve1

vevi

vf

vo
+

−

if = 0

Ae =

vf

+

−

is = ib1

ib2

ib3

ve1

+

+ +

−

+

+

−

− −

−

vo

+

+

−

−

rπ1

rπ2

rπ3

gm1vbe1

gm2vbe2

gm3vbe3

Rie

Rx = RE || RF

Ry = RE + RF
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RE + RF
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Step 2. The amplifier uses series-shunt feedback. Thus, the voltage gain A must be expressed in V ⁄ V.

Step 3. The effect of the feedback network is taken into account at the input side by shorting RF at side 2 to

the ground, as shown in Fig. 10.19(b), and at the output side by removing the feedback network from the

emitter of Q1. These modifications are shown in the small-signal AC equivalent circuit in Fig. 10.19(c).

Step 4. If we represent the amplifier of Fig. 10.19(c) by an equivalent voltage amplifier, the input resistance

at the base of Q1 is

The input resistance is

The output resistance is

Thus,

Therefore, the open-loop voltage gain A is given by A � vo ⁄ vi � 1725.7 V⁄ V

and

Step 5. From Fig. 10.19(b) and Eq. (10.33), the feedback factor � is given by

Step 6. The input resistance (seen by the source) with feedback is

Step 7. The output resistance with feedback is

Step 8. The closed-loop voltage gain Af is

Af =

vo

vs
=

Ae

1 + bAe
=

1707.3

1 + 0.1333 * 1707.3
= 7.47 V>  V

Rof =

Roe

1 + bAe
=

33.74

1 + 0.1333 * 1707.3
= 0.147 Æ

Rif =

vs

is
= Rie(1 + bAe) = 14.06 kÆ * (1 + 0.1333 * 1707.3) = 3.21 MÆ

b =

vf

vo
`
if =0

=

RE

RE + RF
=

100

100 + 650
= 0.1333 V>V

Ae =

vo

ve1
=

ARi

Rs + Ri
=

1725.7 * 13.91 k
150 + 13.91 k = 1707.3 V>  V

vo =

vb3 * (1 + gm3r�3)[RL ‘  (RF + RE)]

5r�3 + (1 + gm3r�3)[RL  ‘  (RF + RE)]6
=

(1.825 * 103
* vi) * (1 + 193.8 m * 516)(100  ‘  750)

[516 + (1 + 193.8 m * 516)(100  ‘   750)]
= 1725.7vi

= -55 k  ‘  [516 + (1 + 193.8 m * 516)(100  ‘  750)]6 * 38.76 m * (-14.412vi) = 1.825 * 103vi

vb3 = -{R2  ‘  [r�3 + (1 + gm3r�3)(RL  ‘   (RF + RE))]6gm2vbe2

vb2 = vbe2 = - (R1  ‘  r�2)gm1vbe1 = - (9 k  ‘  2 .58 k) * 19.38 m * 0.371vi = -14.412vi

Vbe1 = a r�1

Ri
bvi = a 5.16 k

13.91 k bvi = 0.371vi

Roe = RL||(RF + RE)|| a R2 + r�3

1 + gm1r�1
b = 100||750|| a5 k + 516

101
b = 33.74 Æ

Rie =

vel

ib1
= Rs + Ri = Rs + r�1 + (1 + gm1r�1)(RE||RF) = 150 + 13.91 k = 14.06 kÆ

Ri =

vi

ib1
= r�1 + (1 + gm1r�1)(RE||RF) = 5.16 k + 101 * (100||650) = 13.91 kÆ
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Feedback Amplifiers 667

(b) The series-shunt feedback network for PSpice simulation is shown in Fig. 10.20. The results of PSpice

simulation (.TF analysis) are shown below, with hand calculations to the right:

V(8)/VS=7.468E+00=7.468 V/V Af � 7.47 V/V

INPUT RESISTANCE AT VS=3.214E+06=3.214 M� Rif � 3.21 M�

OUTPUT RESISTANCE AT V(8)=1.460E-01=0.146 � Rof � 0.147 �

Note the close agreement between the results obtained by PSpice and the hand calculations.

~

F1 F2 F3

0

100 A/A 100 A/A 100 A/A
75

6411

2

83

1

0

vs
 1 V

+

−

Rs
150 Ω

RE
100 Ω

RF
650 Ω

RL
100 Ω

R2
5 kΩ

R1
9 kΩ

Rπ1
5.16 kΩ

Rπ2
2.58 kΩ

Rπ3
516 kΩ

FIGURE 10.20 Series-shunt feedback network for PSpice simulation

10.7 Series-Series Feedback

Series-series feedback is normally applied to a transconductance amplifier. For the series-series feedback

amplifier in Fig. 10.8(a), we obtain the equivalent circuit shown in Fig. 10.21 if we represent the op-amp

by its transconductance model. A is the open-loop transconductance gain of the op-amp in A/V. That is,

Ave � �gve ⁄Ro and A � �g ⁄Ro. The feedback voltage vf is proportional to the load current io. The feedback

network can also be modeled in transimpedance form with an input resistance of Ry, an output resistance

of Rx, and a transimpedance of � in V/A.

KEY POINTS OF SECTION 10.6

■ Series-shunt feedback is applied to voltage amplifiers. This type of feedback increases the input

resistance and reduces the output resistance by a factor of (1 � �A).

■ The amplifier is represented by a voltage amplifier and the feedback network as a voltage gain. Both

A and � are in units of V/V.

■ The loading effect of a feedback network can be taken into account by remembering the following

general rule: Short-circuit the terminals with shunt feedback, and open-circuit the terminals with

series feedback.
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The test conditions for determining the parameters of the feedback network are shown in Fig. 10.22.

The parameters of the model can be obtained from three equations. The first equation is

(10.53)

which is obtained by applying a test voltage of vf at side 1 and open-circuiting side 2. The second

equation is

(10.54)

which is obtained by applying a test voltage of vy at side 2 and open-circuiting side 1. The third

equation is

(10.55)

which is obtained by applying a test voltage of vy at side 2 and open-circuiting side 1.

b =

vf

io
`
if =0

  (open-circuited input side)

Ry =

vy

io
`
if =0

  (open-circuited input side)

Rx =

vf

if
`
io =0

  (open-circuited output side)
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vf
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+
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+

−

+
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FIGURE 10.21 Series-series configuration

FIGURE 10.22 Test conditions for determining the parameters of a series-series feedback network
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10.7.1 Analysis of an Ideal Series-Series 
Feedback Network

Let us assume an ideal series-series feedback network—that is, Rx � 0, Ry � 0, Rs � 0, and RL � 0. The

feedback amplifier in Fig. 10.21 can be simplified to the one in Fig. 10.23(a), which can be represented by

the equivalent circuit shown in Fig. 10.23(b). For this circuit,

which gives the closed-loop transconductance gain Af as

(10.56)

Using KVL around the input side, we get

which gives the closed-loop input resistance Rif as

(10.57)

To determine the output resistance with feedback, let us apply a test voltage vx, as shown in Fig. 10.24:

which gives the closed-loop output resistance Rof as

(10.58)Rof =

vx

ix
= Ro(1 + bA)

vx = Ro(io - Ave) = Ro(io + bAio) = Ro(1 + bA)io

Rif =

vs

is
= Ri(1 + bA)

vs = Riis + vf = Riis + bio = Riis + bAve = Riis + bARiis

Af =

io
vs

=

A

1 + bA

io = Ave

vf = bio

vs = ve + vf =

io
A

+ bio =

1 + bA

A
 io

Feedback Amplifiers 669

FIGURE 10.23 Ideal series-series feedback network
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+

+
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−
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� NOTES

1. A is the open-loop transconductance of the amplifier, in A/V.

2. � is the transresistance of the feedback network, in V/A.

3. TL � �A is the loop gain, which is dimensionless.

10.7.2 Analysis of a Practical Series-Series 
Feedback Network

The analysis in the previous section did not take into account the loading effect of the feedback network.

The open-loop parameters of the amplifier in Fig. 10.25(a) can be modified to include the loading effect

due to Rs, Rx, Ry, and RL, providing the equivalent ideal feedback network in Fig. 10.25(b). The modified

parameters are given by

(10.59)

(10.60)

� NOTE It may appear from Fig. 10.25(b) that Ro would have to be in parallel with (Ry � RL) for us to find Roe
in Eq. (10.60), but if we convert the current source Ave to a voltage source, we see that the effective resistance used
to find the current io becomes (Ro � Ry � RL).

Roe = Ro + Ry + RL

Rie = Rs + Ri + Rx

Microelectronic Circuits: Analysis and Design670
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+
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FIGURE 10.24 Test circuit for finding
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FIGURE 10.25 Practical series-series feedback amplifier
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+
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(10.61)

(10.62)

Substituting ve from Eq. (10.62) into Eq. (10.61) gives the modified open-loop transconductance Ae:

(10.63)

If the values of Ri, Ro, and A are replaced by Rie, Roe, and Ae, respectively, then Eqs. (10.56) through

(10.58) can be applied to calculate the closed-loop parameters Rif, Rof, and Af.

Ae =

io
ve1

=

RoRi

(Ro + RL + Ry)(Rs + Ri + Rx)
 A

ve =

Ri

Ri + Rx + Rs
 ve1

io =

Ro

Ro + RL + Ry
 Ave

Feedback Amplifiers 671

Finding the performance of a noninverting amplifier with series-series feedback The nonin-

verting amplifier shown in Fig. 10.8(b) has RL � 4 � and Rs � 5 k�. The feedback resistance is RF � 5 �. The

op-amp parameters are Ri � 2 M� and Ro � 75 �, and the open-loop voltage gain is �g � 2 � 105.

(a) Determine the input resistance seen by the source Rif � vs ⁄ is, the output resistance Rof, and the closed-loop

transconductance gain Af � io ⁄ vs.

(b) Use PSpice/SPICE to verify your results.

SOLUTION

RL � 4 �, Rs � 5 k�, RF � 5 �, Ri � 2 M�, Ro � 75 �, and �g � 2 � 105. Replacing the op-amp in Fig. 10.8(b)

by its equivalent circuit gives the amplifier shown in Fig. 10.26(a).

(a) The steps in analyzing the feedback network are as follows:

Step 1. RF constitutes the feedback network, and it produces a feedback voltage vf proportional to the output

current io.

Step 2. The amplifier uses series-series feedback. Thus, A must be in A/V:

Step 3. The effect of the feedback network is taken into account by severing RF from the op-amp at side 1 and

from RL at side 2. This modification is shown in Fig. 10.26(b). Then

Step 4. If we represent the amplifier of Fig. 10.26(b) by an equivalent voltage amplifier, the input resistance is

and the output resistance is

Roe = Ro + RF + RL = 75 + 5 + 4 = 84 Æ

Rie = Rs + Ri + Rx = Rs + Ri + RF = 5 k + 2 M + 5 L 2005 kÆ

Rx = RF = 5 Æ

Ry = RF = 5 Æ

A =

mg

Ro
=

2 * 105

75
= 2.67 kA>V

EXAMPLE 10.6
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We find the modified open-loop transconductance gain Ae from Eq. (10.63):

Step 5. From Fig. 10.26(c), the feedback factor � is given by

Step 6. The input resistance (seen by the source) with feedback is

Step 7. The output resistance with feedback is

Rof = Roe(1 + bAe) = 84 * (1 + 5 * 2.375 * 103) = 997.6 kÆ

Rif =

vs

is
= Rie(1 + bAe) = 2005 k * (1 + 5 * 2.375 * 103) = 23.81 GÆ

b =

vf

iy
`
io =0

= RF = 5 Æ

Ae =

RoRi

(Ro + RL + RF)(Rs + Ri + RF)
A

=

75 * 2000 k * 2.67 kA>V
(75 + 4 + 5)(5 k + 2000 k + 5)

= 2.375 * 103 A>V

Microelectronic Circuits: Analysis and Design672

FIGURE 10.26 Noninverting amplifier with series-series feedback

(a)  Amplifier

(c)  b  determination  
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Rs
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(b)  Equivalent circuit
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+
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−
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+

−
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+
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vf

+

−

vy

+

−
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+
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Feedback Amplifiers 673

Step 8. The closed-loop transconductance gain Af is

(b) The series-series feedback circuit for PSpice simulation is shown in Fig. 10.27. The results of

PSpice/SPICE simulation (.TF analysis) are shown below, with hand calculations to the right:

I(VX)/VS=2.000E-01=0.2 Af � 200 mA/V 

INPUT RESISTANCE AT VS=2.381E+10=23.81 G� Rif � 23.81 G�

OUTPUT RESISTANCE AT I(VX)=9.976E+05=997.6 k� Rof � 997.6 k�

The PSpice results are very close to the hand-calculated values.

Af =

io

vs
=

Ae

1 + bAe
=

2.375 * 103

1 + 5 * 2.375 * 103
= 200 mA>V

1

4

2

32

3

1

00

5

5

6

6

7

U1~Vs
 1 V

+

−

Vx
 0 V

+−

Rs
5 kΩ

RF
5 Ω

RL
4 Ω

+

− −

μA741

VCC
15 V−

+

VEE
15 V−

+
V−

V+

FIGURE 10.27 Series-series feedback network for PSpice simulation

Finding the performance of a BJT amplifier with series-series feedback The AC equivalent cir-

cuit of a feedback amplifier is shown in Fig. 10.28. The DC bias currents of the transistors are IC1 � 0.5 mA,

IC2 � 1 mA, and IC3 � 5 mA. The transistor parameters are hfe � hfe1 � hfe2 � hfe3 � 100 and r
 � ro � 	.

(a) Use the techniques of feedback analysis to calculate the input resistance Rif, the output resistance Rof, and

the closed-loop transconductance gain Af � io ⁄ vs.

(b) Use PSpice/SPICE to check your results.

NOTE: The following analysis can also be applied to MOSFET amplifiers by substituting a very

large value of the B-E resistance tending to infinity, 

SOLUTION

For IC1 � 0.5 mA, Eqs. (8.40) and (8.42) give

gm1 =

IC1

VT
=

0.5 mA

25.8 mV
= 19.38 mA >  V

r�1 =

hfe * 25.8 mV

IC1
=

100 * 25.8  mV

0.5 mA
= 5.16  kÆ

1>r� M 0.r�

EXAMPLE 10.7
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For IC2 � 1 mA,

For IC3 � 5 mA,

(a) The steps in analyzing the feedback network are as follows:

Step 1. R3, RF, and R4 constitute the feedback network. The input voltage vi is compared with the feedback

signal vf. An error voltage ve � vi � vf is the input to the base of the transistor Q3. The block diagram repre-

senting the feedback mechanism is shown in Fig. 10.29(a). The feedback network is shown in Fig. 10.29(b).

Step 2. The amplifier uses series-series feedback. Thus, the transconductance gain A must be expressed in A/V.

Step 3. The effect of the feedback network is taken into account at the input side by removing the network

from the emitter of Q1 at side 2, as shown in Fig. 10.29(b), and at the output side by removing the network from

the emitter of Q1 at side 1. These modifications are shown in the small-signal equivalent circuit in Fig. 10.29(c).

Step 4. If we represent the amplifier in Fig. 10.29(c) by an equivalent transconductance amplifier, the input

resistance is

The output resistance seen at the collector of Q3 is

	Ro = ro =

Ri = r�1 + (1 + gm1r�1)[R4||(RF + R3)] = 5.16 k + 101 * (100||750) = 14.07 kÆ

Rie = Ri + Rs = 14.07 k + 150 = 14.22 kÆ

gm3 =

IC3

VT
=

5 mA

25.8 mV
= 193.8 mA >  V

r�3 =

hfe * 25.8 mV

IC3
=

100 * 25.8 mV

5 mA
= 516 Æ

gm2 =

IC2

VT
=

1 mA

25.8 mV
= 38.76 mA >  V

r�2 =

hfe * 25.8 mV

IC2
=

100 * 25.8 mV

1 mA
= 2.58  kÆ

FIGURE 10.28 Three-stage amplifier with series-series feedback
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Feedback Amplifiers 675

From Fig. 10.29(c), we get

Therefore, the open-loop transconductance A is given by A � io ⁄ vi � 19.14 A ⁄ V.

Step 5. From Eq. (10.55), the feedback factor � is given by

b =

vf

io
`
if =0

=

R3R4

R3 + R4 + RF
=

100 * 100

100 + 100 + 650
= 11.76 V>A

io = gm3vbe3 = 193.8 m * 98.766 vi = 19.14vi

=

(1.825 * 103
* vi) * 516

[516 + (1 + 193.8 m * 516)(100   ‘   750)]
= 98.766 vi

vo =

vb3 * r�3

5r�3 + (1 + gm3r�3)[R3  ‘ (RF + R4)]6

= 1.805 * 103 vi

= -55 k  ‘  [516 + (1 + 193.8 m * 516)(100  ‘  750)]6 * 38.76 m * (-14.25vi)

vb3 = -{R2 ƒ  ƒ [r�3 + (1 + gm3r�3)(R3 ƒ  ƒ  

(RF + R4))]6gm2vbe2

vb2 = vbe2 = - (R1 ‘  r�2)gm1vbe1 = - (9 k ‘  2 .58 k) * 19.38 m * 0.367vi = -14.25vi

Vbe1 = a r�1

Ri
bvi = a 5.16 k

14.07 k bvi = 0.367vi

FIGURE 10.29 Equivalent circuits for Example 10.7
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Step 6. The input resistance with feedback is

Step 7. The output resistance with feedback is

	

Since the output is taken across RC, the output resistance of the amplifier is

Step 8. The closed-loop transconductance gain Af is

(b) The series-series feedback amplifier for PSpice simulation is shown in Fig. 10.30. The results of PSpice

simulation (.TF analysis) are shown below, with hand calculations to the right.

I(VU)/VS=8.379E-02=83.79 mA/V Af � 84.66 mA/V

INPUT RESISTANCE AT VS=3.215E+06=3.215 M� Rif � 3.18 M�

OUTPUT RESISTANCE AT I(VU)=8.639E+13 � Rof � 	

The PSpice results are very close to the hand-calculated values.

Af =

io

vs
=

18.94

1 + 11.76 * 18.94
= 84.66 mA >V

Rout = Rof   ‘   RC = RC = 500 Æ

Rof = Ro(1 + bA) =

Rif =

vs

is
= Rie(1 + bAe) = 14.22 kÆ * (1 + 11.76 * 18.94) = 3.18 MÆ

FIGURE 10.30 Series-series feedback network for PSpice simulation
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KEY POINTS OF SECTION 10.7

■ Series-series feedback is applied to transconductance amplifiers. This type of feedback increases both

the input resistance and the output resistance by a factor of (1 � �A).

■ The amplifier is represented by a transconductance amplifier and the feedback network as a 

transresistance gain. A is in units of A/V, and � is in units of V/A.
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10.8 Shunt-Shunt Feedback

In shunt-shunt feedback, as shown in Fig. 10.9(a), the feedback circuit is in parallel with the amplifier.

Although any amplifier can be represented by any of the four types, the analysis of shunt-shunt feedback

can be simplified by representing the amplifier in transresistance form. This is shown in Fig. 10.31, in

which the amplifier has an input resistance of Ri, an output resistance of Ro, and an open-loop transresis-

tance gain of A (in V/A). That is, A � �gRi. The feedback current if is proportional to the output voltage

vo. The feedback network is modeled in transconductance form with an input resistance of Ry, an output

resistance of Rx, and an open-loop transconductance gain of �.

The test conditions for determining the parameters of the feedback network are shown in Fig. 10.32.

Given that the voltage across a short circuit is zero and no current flows through an open circuit, the

model parameters can be defined by three equations. The first equation is

(10.64)

which is obtained by applying a test voltage of vf at side 1 and short-circuiting side 2. The second equation is

(10.65)Ry =

vo

iy
`
vf =0

  (short-circuited input side)

Rx =

vf

if
`
vo =0

  (short-circuited output side)

Feedback Amplifiers 677
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RLAie
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+

−

+

−
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+
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+
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if vo = 0
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Rx =
vo
iy vf = 0Ry =
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FIGURE 10.31 Shunt-shunt feedback

FIGURE 10.32 Test conditions for determining the parameters of a shunt-shunt feedback network
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which is obtained by applying a test voltage of vo at side 2 and short-circuiting side 1. The third

equation is

(10.66)

which is obtained by applying a test voltage of vo at side 2 and short-circuiting side 1.

10.8.1 Analysis of an Ideal Shunt-Shunt 
Feedback Network

Let us assume an ideal shunt-shunt feedback network—that is, Rs � 	, Rx � 	, Ry � 	, and RL � 0. The

feedback amplifier in Fig. 10.31 is simplified to that shown in Fig. 10.33(a), which can be represented by

the equivalent circuit shown in Fig. 10.33(b). The output voltage vo becomes

(10.67)

The feedback current if is proportional to the output voltage vo. That is,

(10.68)

and (10.69)

Substituting ie from Eq. (10.69) and if from Eq. (10.68) into Eq. (10.67), we get the closed-loop transresistance

Af as

(10.70)

From Eq. (10.69),

Substituting if from Eq. (10.68) and vo from Eq. (10.67) into the above equation gives

(10.71)is = ie + bvo = ie + bAie = ie(1 + bA)

is = ie + if

Af =

vo

is
=

A

1 + bA

ie = is - if

if = bvo

vo = Aie

b =

if
vo
`
vf =0

  (short-circuited input side)
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FIGURE 10.33 Ideal shunt-shunt feedback circuit
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The error current ie is related to vi by

(10.72)

Using is from Eq. (10.71) and vi from Eq. (10.72), we can find the input resistance with feedback Rif:

(10.73)

The input resistance of an amplifier with shunt feedback at the input side is always decreased by a factor

of (1 � �A).

The output resistance with feedback Rof, which is Thevenin’s equivalent resistance, can be obtained

by applying a test voltage vx to the output side and open-circuiting the input current source. The equivalent

circuit for determining Thevenin’s equivalent output resistance is shown in Fig. 10.34. We have

(10.74)

and (10.75)

Substituting ie from Eq. (10.74) into Eq. (10.75) yields

(10.76)

which gives the output resistance with feedback Rof as

(10.77)

Thus, shunt feedback at the output always lowers the output resistance by a factor of (1 � �A).

The input impedance, the output impedance, and the overall gain can be written in generalized form

in Laplace’s domain as follows: 

(10.78)

(10.79)

(10.80)Af (s) =

A(s)

1 + bA(s)

Zof (s) =

Zo(s)

1 + bA(s)

Zif (s) =

Zi(s)

1 + bA(s)

Rof =

Ro

1 + bA

ix =

vx + bAvx

Ro

=

(1 + bA)vx

Ro

ix =

vx - 4ie
Ro

ie = - if = -bvx

Rif =

vi

is
=

ieRi

ie(1 + bA)
=

Ri

1 + bA

vi = Riie

Feedback Amplifiers 679

ixie

if Rof

Aie

vx
bvx

Ri

Ro

+

+

−

vx

+

−−
FIGURE 10.34 Equivalent circuit for

determining output resistance
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� NOTES

1. A is the open-loop transresistance of the amplifier, in V/A.

2. � is the transconductance of the feedback network, in A/V.

3. TL � �A is the loop gain, which is dimensionless.

4. If the source has an input impedance of Zs, then the total impedance Zin seen by the source will be

(10.81)

10.8.2 Analysis of a Practical Shunt-Shunt 
Feedback Network

The open-loop parameters of the amplifier in Fig. 10.35(a) can be modified to include the loading effect

due to Rs, Rx, Ry, and RL, producing the equivalent ideal feedback circuit in Fig. 10.35(b). The modified

parameters are given by

(10.82)

(10.83)

and (10.84)

where ie is the current through Ri only, not through Ri and Rs � Rx. Thus, by the current divider rule, ie is

given by

(10.85)

Substituting ie from Eq. (10.85) into Eq. (10.84) gives the modified open-loop transresistance gain Ae:

(10.86)

With these values of Rie, Roe, and Ae, we can use the equations in the preceding section to calculate the

closed-loop parameters Rif, Rof, and Af.

Ae =

vo

ie1
=

Ry ‘ RL

Ry ‘ RL + Ro
*

Rs ‘ Rx

Rs ‘ Rx + Ri
 A

ie =

Rs ‘ Rx

Rs ‘ Rx + Ri
 ie1

vo =

Ry ‘ RL

(Ry ‘ RL) + Ro
 Aie

Roe = Ro||Ry||RL

Rie = Rs||Ri||Rx

Z in(s) =

vs

is
= Z if (s) + Zs(s)

Microelectronic Circuits: Analysis and Design680

(a)  Practical circuit

if

if

Ro
ie1 ie1ie

Ri Aieis

(b)  Simplified equivalent circuit

if

Rof

Roe

Rie

Rif

isRx

Rs

Ry RL

A circuit

b  circuit b  circuit

vo

++

−

vo

+

−
−

Aeiel

+

−

bvo bvo

FIGURE 10.35 Practical shunt-shunt feedback amplifier
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Feedback Amplifiers 681

Finding the performance of an inverting amplifier with shunt-shunt feedback The inverting am-

plifier shown in Fig. 10.9(b) has Rs � 2 k�, RL � 5 k�, and RF � 8 k�. The op-amp parameters are Ri � 2 M�
and Ro � 75 �, and the open-loop voltage gain is �g � 2 � 105.

(a) Determine the input resistance seen by the source Rif � vi ⁄ is, the output resistance Rof, the closed-loop

transresistance Af � vo ⁄ is, and the voltage gain Avf � vo ⁄ vs.

(b) Use PSpice/SPICE to verify your results.

SOLUTION

RL � 5 k�, Rs � 2 k�, RF � 8 k�, Ri � 2 M�, Ro � 75 �, and �g � 2 � 105. Replacing the op-amp in

Fig. 10.9(b) by its equivalent circuit gives the amplifier shown in Fig. 10.36(a).

(a) The steps in analyzing the feedback network are as follows:

Step 1. RF constitutes the feedback network, and it produces a feedback current if proportional to the output

voltage vo.

Step 2. The amplifier uses shunt-shunt feedback. Thus, A must be in V/A. Converting the voltage-controlled

voltage source to a current-controlled voltage source, we get

which gives the open-loop transresistance A:

A = -mgRi = -2 * 105
* 2 * 106

= -4 * 1011 V>A

vo = -mgve = -mgR iie = Aie

EXAMPLE 10.8

b  circuit

(c)  b determination  

(a)  Amplifier

vi

ie
if Ro

RL

is ii

Aie

RofRif

Ro

Rs

Rs RF Ri

Ri

RF

(b)  Equivalent circuit

ie

Aie RF RLie1

ie1

Rie Roe

RF
if

1
2

vs
Rs

+

+

+−

−

vo

+

−

vo

+

−

−
A = − mgRi

vf = 0

if
vo vf = 0

b = 1
RF

= −

FIGURE 10.36 Inverting op-amp amplifier
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Microelectronic Circuits: Analysis and Design682

Step 3. The effect of the feedback network is taken into account by shorting RF to the ground at sides 1 and 2.

This arrangement is shown in Fig. 10.36(b). Then

and

Step 4. If we represent the amplifier of Fig. 10.36(a) by an equivalent transresistance amplifier, as shown in

Fig. 10.36(b), we have

and

From Eq. (10.86), we find that the modified open-loop transresistance gain Ae is

Step 5. From Fig. 10.36(c), the feedback factor � is given by

The loop gain is

TL � �Ae � 125 
 � 312.1 � 106 � 39.02 k�

Step 6. The input resistance at the input side of the op-amp is

Step 7. The output resistance with feedback is

Step 8. The closed-loop transresistance gain Af is

Therefore, the overall voltage gain is vo ⁄ vs � �4.

NOTE: Substituting R1 � Rs in Eq. (3.40) gives the voltage gain of the inverting amplifier as RF ⁄ Rs �
�8 k ⁄ 2 k � �4.

Af =

vo

is
=

Ae

1 + bAe
=

Ae

1 + TL

=

-312.1 * 106

1 + 39.02 * 103
= -8 kÆ

vo = a vo

vs
bvs = a vo

is
b a is

vs
bvs = a -8 k

2 k bvs = -4vs

Rof =

Roe

1 + bAe
=

Roe

1 + TL
=

73.2 Æ

1 + 39.02 * 103
= 1.876 mÆ

Rif =

Rie

1 + bAe
=

Rie

1 + TL

=

1.6 kÆ

1 + 39.02 * 103
= 41.0 mÆ

�

�
b =

if
vo
`
vf =0

= -

1

RF
= -125 


=

- (8 k ‘ 5 k) * (2 k ‘ 8 k) * 4 * 1011

(8 k ‘ 5 k + 75)(2 k ‘ 8 k + 2 M)
= -312.1 MÆ

Ae =

vo

ie1
=

-RF ‘ RL

(RF ‘ RL) + Ro
*

Rs ‘ RF

Rs ‘ RF + Ri
 A

Roe = Ro ‘ RF ‘ RL = 75 ‘ 8 k ‘ 5 k = 73.2 Æ

Rie = Rs ‘ Ri ‘ RF = 2 k ‘ 2 M ‘ 8 k = 1.6 kÆ

Rx = RF = 8 kÆ

Ry = RF = 8 kÆ
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Feedback Amplifiers 683

(b) The shunt-shunt feedback circuit for PSpice simulation is shown in Fig. 10.37. The results of the simulation

(.TF analysis) are shown below, with hand calculations to the right:

V(5)/Is=-8.000E+03=-8 k� Af � �8 k�

INPUT RESISTANCE AT IS=4.097E–02=40.97 m� Rif � 41.0 m�

OUTPUT RESISTANCE AT V(5)=1.876E-03=1.876 m� Rof � 1.876 m�

The PSpice results are very close to the hand-calculated values.

11

4
2

3

0

0

5

5
6

7

U1

Rs

RF

0

Is
 1 μA +

−

8 kΩ

RL
5 kΩ

+

−

μA741

V−

V+ −

−

VCC
15 V−

+

VEE
15 V−

+

FIGURE 10.37 Shunt-shunt feedback circuit for PSpice simulation

Finding the performance of a BJT amplifier with shunt-shunt feedback The parameters of the

amplifier in Fig. 10.38 are RC1 � 5 k�, RE � 2.5 k�, RC2 � 5 k�, RF � 4 k�, and Rs � 200 �. The DC bias

currents of the transistors are IC1 � 0.5 mA and IC2 � 1 mA. The transistor parameters are hfe � hfe1 � hfe2 � 150

and r
 � ro � 	.

EXAMPLE 10.9

ii

if

ie
Q1

Q2
~

Rif

vs

+

−
vo

+

−

Rs
200 Ω

RC2
5 kΩ

RF
4 kΩ

RC1
5 kΩ

RE
2.5 kΩ

FIGURE 10.38 AC equivalent of two-stage amplifier with shunt-shunt feedback
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Microelectronic Circuits: Analysis and Design684

(a) Use the techniques of feedback analysis to calculate the input resistance Rif, the output resistance Rof, and

the closed-loop transresistance gain Af.

(b) Use PSpice/SPICE to check your results.

NOTE: The following analysis can also be applied to MOSFET amplifiers by substituting a very large

value of the B-E resistance tending to infinity, .

SOLUTION

For IC1 � 0.5 mA, Eqs. (8.40) and (8.42) give

For IC2 � 1 mA,

The feedback current if is proportional to the output voltage vo. The effective input current to the amplifier is

ie � ii � if.

(a) The steps in analyzing the feedback network are as follows:

Step 1. RF acts as the feedback network. The feedback current if is proportional to the output voltage vo. The

effective input current to the amplifier is ie � ii � if. The functional block diagram is shown in Fig. 10.39(a).

Step 2. The amplifier uses shunt-shunt feedback, as shown in Fig. 10.39(b). Thus, the units of the gain A must

be V/A.

Step 3. The effect of the feedback network can be taken into account at the input side by short-circuiting RF

to the ground at side 2 in Fig. 10.39(b), and at the output side by short-circuiting RF to the ground at side 1.

These modifications are shown in the small-signal AC equivalent circuit in Fig. 10.39(c).

Step 4. If we represent the amplifier in Fig. 10.39(c) by an equivalent transresistance amplifier, the resistance

at the base of the amplifier is

The input resistance of the amplifier is

The output resistance of the amplifier is

Thus,

vb1 = Rieis = 190.3is

Roe = RF ‘ RC2 = 4 k ‘ 5 k = 2.22  kÆ

Rie =

vi

is
= Rs  ‘  RF  ‘  [r�1 + (1 + gm1r�1)(RE  ‘  r�2)]

= 200  ‘  4 k ‘  [7.74 k + 151(2.5 k  ‘  3.87 k)] = 190.3 Æ

Rb =

vi

ib1
= r�1 + (1 + gm1r�1)(RE ‘ r�2) = 7.74 k + 151(2.5 k ‘ 3.87 k) = 237 kÆ

gm2 =

IC2

VT
=

1 mA

25.8 mV
= 38.76 mA >  V

r�2 =

hfe * 25.8 mV

IC2
=

150 * 25.8 mV

1 mA
= 3.87 kÆ

gm1 =

IC1

VT
=

0.5 mA

25.8 mV
= 19.38 mA >  V

r�1 =

hfe * 25.8 mV

IC1
=

150 * 25.8 mV

0.5 mA
= 7.74 kÆ

1>r� M 0r�
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Feedback Amplifiers 685

Therefore, the open-loop transresistance A is given by A � vo ⁄ is � �15.865 kA ⁄ V.

Step 5. Using Eq. (10.66), we find that the feedback factor � is

and

Step 6. The input resistance seen by the current source is

Step 7. The output resistance with feedback is

Rof =

Roe

1 + bAe
=

2.22 kÆ

1 + 0.25 mA>V * 15.865 kV>A = 447 Æ

Rif =

vi

is
=

Rie

1 + bAe
=

190.3 Æ

1 + 0.25 mA >V * 15.865 kV>A = 38.3 Æ

bAe = -15.865 kV>A * a -  

1

4 kV>A b = 3.966

b =

if

vo
`
vf =0

= -  

1

RF
= -  

1

4 k = -0.25 mA >  V

vo = - (RF  ‘  RC2)io = - (4 k  ‘  5 k) * 7.136is = -15.865 * 103
* is

io = gm2vbe2 = 38.76 m * 184.11is = 7.136is

vbe2 =

vb1 * (1 + gm1r�1)(RE  ‘  r�2)

[r�1 + (1 + gm1r�1)(RE  ‘  r�2)]

=

(190.3 * is) * (1 + 193.8 m * 7.74 k)(2.5 k ‘ 3.87 k)

[7.74 k + (1 + 193.8 m * 7.74 k)(2.5 k ‘ 3.87 k)]
= 184.11is

FIGURE 10.39 Equivalent circuits for Example 10.9

if

RF

b

(b)  Feedback circuit(a)  Block diagram

(c)  Small-signal AC equivalent

vf

if iy

RoeRie

RF

RE

Rs

RF

RC1

RC2
vo~

1 2

ii vo

+ +−

−

ib = ie

vy = vo

A = Zm

ie1

Rb

is vi

+

+

+

+

−

−

−

−

+

−

rπ1

vb1 ib1

vbe2

vbe1

rπ2 ib2

gm1vbe1

gmvbe2
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Microelectronic Circuits: Analysis and Design686

Step 8. The closed-loop transresistance gain Af is

(b) The shunt-shunt feedback amplifier for PSpice simulation is shown in Fig. 10.40. The results of

PSpice/SPICE simulation (.TF analysis) are shown below, with hand calculations to the right:

V(5)/Is=-3.19E+03=-3.19 kV/A Af � �3.195 kV/A

INPUT RESISTANCE AT Is=3.854E+01=38.54 � Rin � 38.3 �

OUTPUT RESISTANCE AT V(5)=4.5E+02=450 � Rof � 447 �

The PSpice results are very close to the hand-calculated values.

Af =

vo

is
=

-15.865 kV>A
1 + 0.25 mA>V * 15.865 kV>A = -3.195 kV>A

FIGURE 10.40 Two-stage shunt-shunt feedback network for PSpice simulation

Is
1 mA

RE

F2
150 A/A

0

1

2
6

4
5

F1
150 A/A

+

− Rs
200 Ω

7.74 kΩ

2.5 kΩ
RC1

5 kΩ
RC2

5 kΩ

RF
4 kΩ

Rπ1

3.87 kΩ
Rπ2

10.9 Shunt-Series Feedback

In shunt-series feedback, as shown in Fig. 10.10(a), the feedback network is in parallel with the amplifier

at the input side and in series with the amplifier at the output side. The amplifier is represented as a cur-

rent amplifier. This is shown in Fig. 10.41, in which the amplifier has an input resistance of Ri, an output

resistance of Ro, and an open-loop current gain of A (in A/A); that is, A � �gRi ⁄ Ro.

KEY POINTS OF SECTION 10.8

■ Shunt-shunt feedback is applied to transresistance amplifiers. This type of feedback reduces both the

input and the output resistances by a factor of (1 � �A).

■ The amplifier is represented by a transresistance amplifier and the feedback network as a 

transconductance gain. A is in units of V/A, and � is in units of A/V.
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The feedback current if is proportional to the output current io. The feedback network is modeled in

gain form, with an input resistance of Ry, an output resistance of Rx, and a current gain of �. The test con-

ditions for determining the parameters of the feedback network are shown in Fig. 10.42. The parameters

of the model are defined by three equations. The first equation is

(10.87)

which is obtained by applying a test voltage of vf at side 1 and open-circuiting side 2. The second

equation is

(10.88)

which is obtained by applying a test voltage of vy at side 2 and short-circuiting side 1. The third equation is

(10.89)

which is obtained by applying a test voltage of vy at side 2 and short-circuiting side 1.

b =

if
iy
`
vf =0

  (short-circuited input side)

Ry =

vo

iy
`
vf =0

  (short-circuited input side)

Rx =

vf

if
`
iy =0

  (open-circuited output side)

Feedback Amplifiers 687

FIGURE 10.41 Shunt-series feedback amplifier

ie

io

io

io

Ri

RL

RoAieii if

ii

Rx Ry

A circuit

b  circuit

bio

FIGURE 10.42 Test conditions for determining the parameters of a shunt-series feedback circuit

ifif

Feedback
network

(c)(b)(a)

1 21
2

1
2 vo vo

if

+

−
vo

+

−vf = 0

iy

if
iy vf = 0

b =

vf

+

−

iy = 0

vf = 0

vf
if iy = 0

iy

Rx =
vo
iy vf = 0

Ry =

Feedback
network

Feedback
network

b is obtained from Rx is obtained from Ry is obtained from
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10.9.1 Analysis of an Ideal Shunt-Series 
Feedback Network

Let us assume an ideal feedback network—that is, Rx � 	, Ry � 0, and RL � 0. The feedback amplifier

in Fig. 10.41 can be simplified to the one in Fig. 10.43. The feedback factor � is in A/A.

If RL �� Ro, it can be shown that

(10.90)

(10.91)

(10.92)

� NOTES

1. A is the open-loop current gain of the amplifier, in A/A.

2. � is the current gain of the feedback network, in A/A.

3. TL � �A is the loop gain, which is dimensionless.

10.9.2 Analysis of a Practical Shunt-Series 
Feedback Network

The open-loop parameters of the amplifier in Fig. 10.44(a) can be modified to include the loading effect

of Rs, Rx, Ry, and RL, producing the equivalent ideal feedback network shown in Fig. 10.44(b). The

modified parameters are given by

(10.93)

and (10.94)Roe = Ro + Ry + RL

Rie = Ri  ‘ Rx

Af =

io
ii

=

A

1 + bA

Rof = Ro(1 + bA)

Rif =

vi

ii
=

Ri

1 + bA

Microelectronic Circuits: Analysis and Design688

FIGURE 10.43 Ideal shunt-series feedback amplifier

ie

if

if

Aieii

Rifii Afii Rof

io

io

Ro

(b)  Equivalent circuit(a)  Ideal feedback circuit

bio

A circuit

b  circuit

Ri Rif = 

Af =
A

1 + bA 

Ri

1 + bA 

Rof = Ro (1 + bA) 
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It may appear from Fig. 10.44(b) that Ro would have to be in parallel with (Ry � RL) for us to find Roe in

Eq. (10.94), but if we convert the current source Aie to a voltage source, we see that the effective resistance

used to find the current io becomes (Ro � Ry � RL):

(10.95)

(10.96)

From Eqs. (10.95) and (10.96), we can derive the modified open-loop current gain Ae:

(10.97)

If the values of Ri, Ro, and A are replaced by Rie, Roe, and Ae, respectively, Eqs. (10.90) through (10.92)

can be applied to calculate the closed-loop parameters Rif, Rof, and Af.

Ae =

io
ie1

=

RoRx

(Ry + RL + Ro)(Ri + Rx)
 A

ie =

Rx

Ri + Rx
 ie1

io =

Ro

Ry + Ro + RL
 Aie

Feedback Amplifiers 689

FIGURE 10.44 Practical shunt-series feedback amplifier

io

io

io

io

(a)  Practical circuit (b)  Simplified equivalent circuit

ie

if

ie1

Aieii if

ie1

Rie A1ie1ii Roe

bio

A circuit

b  circuit

bio

A circuit

b  circuit

Rx Ro

RL Ry

Ri

io

Finding the performance of an inverting amplifier with shunt-series feedback The parameters of

the shunt-series feedback amplifier shown in Fig. 10.10(b) are RL � 5 �, Rs � 2.5 k�, RF � 200 �, and R1 � 5 �.

The op-amp parameters are Ri � 2 M�, Ro � 75 �, and �g � 2 � 105.

(a) Determine the input resistance at the op-amp input Rif � vi ⁄ ii, the output resistance Rof, and the closed-loop

current gain Af � io ⁄ ii.

(b) Use PSpice/SPICE to check your results.

SOLUTION

Rs � 2.5 k�, RF � 200 �, R1 � 5 �, RL � 5 �, Ri � 2 M�, Ro � 75 �, and �g � 2 � 105. Replacing the

op-amp by its equivalent circuit gives the amplifier shown in Fig. 10.45(a).

EXAMPLE 10.10
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(a) Converting the voltage-controlled voltage source to a current-controlled current source, we get

which gives

The effect of the feedback network is taken into account by severing R1 from the load at side 2 and shorting RF

to the ground at side 1, as shown in Fig. 10.45(b). Then

Equation (10.89) gives the feedback factor �:

Equation (10.97) gives the modified open-loop current gain Ae:

Ae =

75 * 205 * 53.33 * 108

(4.88 + 5 + 75)(2 M + 205)
= 483 * 103 A>A

b =

if
iy
`
vf =0

=

R1

RF + R1
=

5

200 + 5
= 24.39 * 10-3 A>A

Roe = Ro + Ry + RL = Ro + (RF  ‘  R1) + RL = 75 + 4.88 + 5 = 84.88 Æ

Rie = Ri  ‘  (RF + R1) = Ri  ‘  Rx = 2 M  ‘  205 = 204.98 Æ

Ry = RF ‘ R1 = 200 ‘ 5 = 4.88 Æ

 Rx = RF + R1 = 200 + 5 = 205 Æ

A =

mgRi

Ro
=

2 * 105
* 2 * 106

75
= 53.33 * 108 A>A

io =

mgvi

Ro
=

mgRiie

Ro
= Aie

FIGURE 10.45 Op-amp with shunt-series feedback
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(a)  Amplifier

b circuit

Aie

(b)  Equivalent circuit

ieie1

Ri Aie
R1

RF

(R1 || RF)

RL
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RF
if

vyR1
1
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The loop gain is

The resistances are

Then

(b) The shunt-series feedback circuit for PSpice simulation is shown in Fig. 10.46. The results of PSpice

simulation (.TF analysis) are shown below, with hand calculations to the right:

I(VX)/Is=4.100E+01=41 Af � 41 

INPUT RESISTANCE AT Is=1.740E-02=17.4 m� Rif � 17.4 m�

OUTPUT RESISTANCE AT I(VX)=1.000E+06=1 M� Rof � 999.6 k�

The PSpice results are very close to the hand-calculated values.

Af =

io

ii
=

483 * 103

1 + 11.763 * 103
L 41

Rif =

Rie

1 + TL
=

204.98

1 + 11.76 * 103
= 17.4 mÆ

Rin =

vs

is
= Rif + Rs = 17.4 m + 2.5 k L 2.5 kÆ

Rof = Roe * (1 + TL) = 84.88 * (1 + 11.76 * 103) = 999.6 kÆ

TL = bAe = 24.39 * 10-3
* 483 * 103

= 11.76 * 103

FIGURE 10.46 Shunt-series feedback circuit for PSpice simulation
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KEY POINTS OF SECTION 10.9

■ Shunt-series feedback is applied to current amplifiers. This type of feedback reduces the input resistance

and increases the output resistance by a factor of (1 � �A).

■ The amplifier is represented by a current amplifier and the feedback network as a current gain. Both

A and � are in units of A/A.
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10.10 Feedback Circuit Design

The feedback factor � is the key parameter of a feedback amplifier and modifies its closed-loop gain Af.

The type of feedback used depends on the requirements for input resistance Rif and output resistance Rof.

If A is independent of �, designing a feedback amplifier requires finding the value of � that will yield the

desired value of Af, Rif, Rof, or bandwidth BW. The design becomes cumbersome if A depends on the

feedback network—that is, on �. The following iterative steps, however, will simplify the design process:

Step 1. Decide on the type of feedback needed to meet the specifications. Use Table 10.1 as a guide.

Step 2. Disconnect the feedback link; that is, make sure no feedback is present.

Step 3. Find the approximate open-loop parameters A, Ri, and Ro of the amplifier.

Step 4. Find the values of feedback factor � and feedback resistance(s) that will satisfy the closed-

loop requirement. Use the relations in Table 10.1.

Step 5. Using the feedback resistance(s), recalculate the open-loop parameters A, Ri, and Ro.

Step 6. Find the closed-loop parameters Af, Rif, and Rof.

Step 7. Repeat steps 3 through 5 until the desired closed-loop condition is satisfied. Normally, a

number of iterations will be required.

Microelectronic Circuits: Analysis and Design692

Designing a series-shunt feedback circuit Feedback is applied to a voltage amplifier whose open-

loop parameters are Ri � 4.5 k�, Ro � 500 �, low-frequency voltage gain A � �450 V/V, and bandwidth

BW � fH � 10 kHz. The load resistance is RL � 10 k�. Determine the values of the feedback network so

that the following specifications are satisfied:

(a) Bandwidth with feedback fHf � 1 MHz, Rif � Ri, and Rof � Ro

(b) Rif � 50Ri and Rof � Ro

(c) Rif � Ri and Rof � Ro ⁄ 250

SOLUTION

Ri � 4.5 k�, Ro � 500 �, A � �450 V/V, and fH � 10 kHz.

(a) Since the input resistance Rif should increase and the output resistance Rof should decrease, we can see from

Table 10.1 that the feedback must be of the series-shunt type. Thus, we can use the equations derived in

Sec. 10.6. The feedback network consists of R1 and RF, as shown in Fig. 10.47. Since A is negative, the

value of vf will be negative. Thus, vf is added to vs rather than subtracted from it (i.e., vs � vf � ve), and this

is accomplished by connecting the feedback signal to the negative terminal of vs. To minimize the loading

effects, (R1 � RF) must be much larger than RL. The condition

(10.98)

is generally satisfied by choosing R1 � RF � 10RL. Since the gain–bandwidth product remains constant,

Eq. (10.24) gives AfH � Af fHf. That is,

450 * 10 kHz = Af * 1 MHz

(R1 + RF) 7 7 RL

EXAMPLE 10.11

D
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Feedback Amplifiers 693

which gives Af � 450 ⁄ 100 � 4.5 V/V. From Eq. (10.37),

which gives � � 0.22. The feedback factor � is related to R1 and RF by

(10.99)

which, for � � 0.22 and RL � 10 k�, gives

and

(b) Since Rif � 50Ri and Rif � Ri(1 � �A) from Eq. (10.40), we get

50 � 1 � �A (for negative feedback)

which, for ⏐A⏐ � 450, gives � � 0.109. For � � 0.109 and RL � 10 k�, Eq. (10.99) gives

and

(c) Since Rof � Ro ⁄ 250 and Rof � Ro ⁄ (1 � �A) from Eq. (10.44), we get

250 � 1 � �A

which, for ⏐A⏐ � 450, gives � � 0.5533. For � � 0.5533 and RL � 10 k�, Eq. (10.99) gives

and

NOTE: The above solution gives approximate values for the designer to start with. More accurate

values of Af, Rif, and Rof could be found by considering the loading effects of the feedback network

and the load resistance (as in Example 10.4). The design steps should be repeated until the desired

specifications are met.

R1 = 10RL - RF = 100 k - 55 k = 45 kÆ

RF = 10bRL = 10 * 0.5533 * 10 k L 55 kÆ

R1 = 10RL - RF = 100 k - 11 k = 89 kÆ

RF = 10bRL = 10 * 0.109 * 10 k L 11 kÆ

R1 = 10RL - RF = 100 k - 22 k = 78 kÆ

RF = 10bRL = 10 * 0.22 * 10 k = 22 kÆ

b =

RF

R1 + RF
=

RF

10RL

4.5 =

450

1 + 450b

Ave

vf

vo

RF

R1

~vs

ve

+

+

++ +

−

−
−

−
−

Ri
4.5 kΩ

Ro
500 Ω

RL
10 kΩ

FIGURE 10.47 Amplifier with series-shunt feedback
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Microelectronic Circuits: Analysis and Design694

Designing a shunt-series feedback circuit An amplifier with shunt-series feedback is shown in

Fig. 10.48. The amplifier has R1 � 6.6 k�, R2 � 2 k�, RC1 � 5 k�, R3 � 5 k�, R4 � 10 k�, RE � 500 �,

and RC2 � 5 k�. The transistor parameters are hfe � 150, r� � r�1 � r�2 � 2.58 k�, and ro � 	.

(a) Determine the value of feedback resistor RF so that the closed-loop current gain Af is 10% of the open-loop

current gain A.

(b) Use PSpice/SPICE to check your results.

NOTE: The following analysis can also be applied to MOSFET amplifiers by substituting a very large

value of the B-E resistance , tending to infinity, 

SOLUTION

The feedback current if is proportional to the emitter voltage ve � vf, which in turn is proportional to the output

current io � �ic. The feedback mechanism is shown in Fig. 10.49(a) and the feedback network in Fig. 10.49(b).

Replacing the transistors by their small-signal model gives the small-signal AC equivalent circuit of the ampli-

fier shown in Fig. 10.49(c),

(a) We have

Step 1. Assume that there is no feedback—that is, RF � 	.

Step 2. Find the open-loop parameters A, Ri, and Ro. The input resistance of the amplifier is

The output resistance of the amplifier is

	 and  Roe = RoRo = ro =

Ri =

vs

is
= RB1 ‘ rp1 = 1.53 k ‘ 2.58 k = 962.4 Æ

gm =

hfe

r�
=

150

2.58 k = 5.814 mA>V
RB1 = R1 ‘ R2 = 6.6 k ‘ 2 k = 1.53 kÆ

RB2 = R3 ‘ R4 ‘ RC1 = 5 k ‘ 10 k ‘ 5 k = 2 kÆ

1>r� M 0.r�

EXAMPLE 10.12

D

FIGURE 10.48 Two-stage amplifier with shunt-series feedback

if

is ie

RF

R2 R4

R3

Q1

Q2
vo

~

R1
ioRC1
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Feedback Amplifiers 695

From Fig. 10.49(c), we get

Therefore, the open-loop current gain A is given by A � io ⁄ is � �209.2 A ⁄A.

Step 3. Find the values of feedback factor � and resistance RF. Since the closed-loop current gain Af is 10%

of the open-loop current gain A, we can write

That is,

1 � �⏐A⏐ � 10 or � ⏐A⏐ � 9 and

Since the feedback network in Fig. 10.49(b) must be represented by a current amplifier, the feedback factor �
is given by

which, for � � 0.043, gives RF � 11.13 k�.

b =

if
iy
`
vf =0

=

RE

RE + RF
=

500

500 + RF

b =

9

ƒ A ƒ

=

9

209.2
= 0.043

Af =

ƒ A ƒ

1 + b ƒ A ƒ

= 0.1 A

io = gm2vbe2 = 58.14 m * (-3.605is) = -209.2is

vbe2 =

vb2 * r�2

[r�2 + (1 + gm2r�2)RE]

=

(-109.1 * 103is) * 2.58 k

[2.58 k + (1 + 58.14 m * 2.58 k) * 500]
= -3.605is

vb2 = -5RB2 ‘ [r�2 + (1 + gm2r�2)RE]6gm1vbe1

= -52 k  ‘ [2.58 k + (1 + 58.14 m * 2.58 k) * 500]6 * 58.14 m * (962.4is) = -109.1 * 103is

vb1 = vbe1 = Riis = 962.4is

FIGURE 10.49 Equivalent circuits for Example 10.12
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is ie
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b

(c) Small-signal equivalent circuit

if iy

RE RC2
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RE RF
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RC2
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Microelectronic Circuits: Analysis and Design696

Step 4. Find the new open-loop parameters A, Ri, and Ro. RF is included by short-circuiting the shunt feed-

back side and severing the series feedback side. This arrangement is shown in Fig. 10.49(c) by the gray lines.

The input resistance of the amplifier is

The output resistance of the amplifier is

	 and 	

From Fig. 10.49(c), we get

Therefore, the open-loop current gain A is given by A � io ⁄ is � �201.4 A ⁄A.

The closed-loop parameters are as follows:

The feedback will not affect the output resistance; that is, Rof � 	 and

Step 5. Repeating steps 3 to 5 for the second iteration with A � 201.4 A ⁄A, we get the following values:

	

	

 vb2 = -5RB2  ‘  [r�2 + (1 + gm2r�2)(RE   ‘  RF)]6gm1vbe1

= -52 k  ‘  [2.58 k + (1 + 58.14 m * 2.58 k) * (11.13 k  ‘  500)]6 * 58.14 m * (886.2is)

= -100.4 * 103is

vb1 = vbe1 = Riis = 886.2is

Roe = Ro =

Ro = ro =

Ri =

vs

is
= (RF + RE)  ‘  RB1 ‘  r�1 = (10.69 k + 500)  ‘  1.53 k  ‘  2.58 k = 886.2 Æ

RF = 10.69 kÆ

b =

9

ƒ A ƒ

=

9

201.4
= 0.0447

Af =

201.4

1 + 0.043 A >  A * 201.4 A >  A
= 20.85 A >  A

Rif =

Ri

1 + bA
=

887.2

1 + 0.043 A>A * 201.4 A>A = 91.8 Æ

io = gm2vbe2 = 58.14 m * (-3.471 * 103is) = -201.4is

=

(-100.7 * 103is) * 2.58 k
[2.58 k + (1 + 58.14 m * 2.58 k) * (11.13 k ‘ 500)]

= -3.471 * 103is

vbe2 =

vb2 * r�2

[r�2 + (1 + gm2r�2)(RE ‘ RF)]

 vb2 = -5RB2 ‘ [r�2 + (1 + gm2r�2)(RE ‘ RF)]6gm1vbe1

= -52 k ‘ [2.58 k + (1 + 58.14 m * 2.58 k) * (11.13 k ‘ 500)]6 * 58.14 m * (887.2is)

= -100.7 * 103is

vb1 = vbe1 = Riis = 887.2is

Roe = Ro =Ro = ro =

Ri =

vs

is
= (RF + RE) ‘ RB1 ‘ r�1 = (11.13 k + 500) ‘ 1.53 k ‘ 2.58 k = 887.2 Æ
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Feedback Amplifiers 697

Therefore, the open-loop current gain A is given by A � io ⁄ is � �201.1 A ⁄A.

The output resistance with feedback is

Since the output is taken across RC, the output resistance of the amplifier is

and

which is 10% of A � 201.1. Thus, there is no need for further iterations.

(b) The shunt-series feedback amplifier for PSpice simulation is shown in Fig. 10.50. The results of PSpice

simulation (.TF analysis) are shown below, with hand calculations to the right:

I(VZ)/IS=2.002E+01=20.02 Af � 20.13 A/A

INPUT RESISTANCE AT IS=8.803E+01=88.03 � Rif � 88.5 �

OUTPUT RESISTANCE AT I(VZ)=7.991E+13=79.91 T� Rof � 	

Af =

201.1

1 + 0.0447 A>A * 201.1 A>A = 20.13 A>A

Rout = Rof ‘ RC = RC = 5 kÆ

Rof = Ro(1 + bA) = 	

Rif =

Ri

1 + bA
=

886.2

1 + 0.0447 A>A * 201.1 A>A = 88.5 Æ

io = gm2vbe2 = 58.14 m * (-3.466 * 103is) = -201.1is

vbe2 =

vb2 * r�2

[r�2 + (1 + gm2r�2)(RE ‘ RF)]

=

(-100.4 * 103is) * 2.58 k

[2.58 k + (1 + 58.14 m * 2.58 k) * (11.13 k ‘ 500)]
= -3.466 * 103is

FIGURE 10.50 Two-stage shunt-series feedback amplifier for PSpice simulation

RC2

VZ
0 V

IS
1 mA

0

631

7

42

5
+

−

R1
6.6 kΩ

+

−

500 Ω

RF
10.69 kΩ

RC1

5 kΩ

RC3

5 kΩ

R1
10 kΩ RE

500 Ω

R2
2 kΩ

2.58 kΩ
rπ1

2.58 kΩ
rπ2

F1
150 A/A

F2 
150 A/A

NOTE: The output current is measured through a dummy voltage source VZ connected across RC2. If

VZ were connected in series with RC2, PSpice would give a very large output resistance as a result of the

ideal current source of transistor Q2.
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10.11 Stability Analysis

Negative feedback modifies the gain, the input resistance, and the output resistance of an amplifier. It also im-

proves the performance parameters; for example, it reduces both the sensitivity of the gain to amplifier para-

meter changes and the distortion due to nonlinearities. However, negative feedback may become positive,

thereby causing oscillation and instability. So far in this chapter we have assumed that the feedback network

is resistive and the feedback factor � remains constant. But � can depend on frequency. In such cases, the

closed-loop transfer function of a negative feedback circuit in Laplace’s domain of s is given by

(10.100)

10.11.1 Closed-Loop Frequency and Stability 

The open-loop gain A(s) and the feedback factor �(s) are dependent on the frequency. For physical systems,

s � j�, and Eq. (10.100) can be written in the frequency domain as follows:

(10.101)

The loop gain TL( j�) � A( j�)�( j�) is a complex number that can be represented by its magnitude

and phase, as follows:

(10.102)

Whether a feedback amplifier is stable or unstable depends on the magnitude and phase of the loop gain

TL( j�). Consider the frequency �180 at which the phase angle �(�) � �180°, so TL( j�) � �⏐TL( j�)⏐.

Equation (10.101) becomes

(10.103)

and the feedback becomes positive. However, the value of Af( j�180) will depend on the following conditions:

1. If ⏐TL( j�180)⏐ � 1, the denominator (1 � ⏐TL( j�180)⏐) will be less than unity; that is, ⏐Af( j�180)⏐ �
�A( j�180)� . In this case, the feedback system will be stable.

2. If ⏐TL( j�180)⏐ � 1, the denominator (1 � ⏐TL( j�180)⏐) will be zero, and Af( j�180) will be infinite;

that is, the amplifier will have an output with zero input voltage, and the loop will oscillate without

Af (  jv180) =

A(  jv180)

1 - ƒ TL( jv180) ƒ

TL( jv) = A( jv)b( jv) = ƒ A( jv)b( jv) ƒ e 
jf(v)

= ƒ TL( jv) ƒ  ∠f

Af ( jv) =

A( jv)

1 + A( jv)b( jv)

Af (s) =

So(s)

Si(s)
=

A(s)

1 + A(s)b(s)

KEY POINTS OF SECTION 10.10

■ Designing feedback amplifiers requires determining the type of feedback and the feedback network.

■ It is also necessary to find the component values of the network. A designer normally begins by find-

ing the value of feedback factor � that gives the desired closed-loop gain, with the assumption of an

ideal feedback network. Once initial estimates of the component values have been made, the normal

analysis is performed to verify the closed-loop gain. Normally, several iterations are required to come

to the final solution.

Microelectronic Circuits: Analysis and Design698
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any external input signal. In this case, the feedback system will be an oscillator. Let us assume that

there is no input signal in Fig. 10.3; that is, Si � 0. We get

(10.104)

Since Sf is multiplied by �1 in the summer block at the input side, the feedback causes the signal

Se at the amplifier input to be sustained. Thus, there will be sinusoidal signals of frequency �180 at

the input and output of the amplifier. Under these conditions, the amplifier is said to oscillate at the

frequency �180.

3. If ⏐TL( j�180)⏐ � 1, the denominator (1 � ⏐TL( j�180)⏐) will be greater than unity; that is,

�Af( j�180)� � ⏐A( j�180)⏐. In this case, the feedback system will be unstable. We have

(10.105)

Since Sf is multiplied by �1 in the summer block at the input side, the amplifier oscillates, and the

oscillations grow in amplitude until some nonlinearity reduces the magnitude of the loop gain

�TL( j�180)� to exactly unity. In practical amplifiers, nonlinearity is always present in some form, and

sustained oscillations will be obtained. This type of feedback condition is employed in oscillator

circuits. Oscillators use positive feedback with a loop gain greater than unity; nonlinearity reduces

the loop gain to unity.

We have seen that oscillations can occur in a negative feedback amplifier, depending on the frequency.

The stability of an amplifier is determined by its response to an input or a disturbance. An amplifier is said

to be absolutely stable if the output eventually settles down after a small disturbance. An amplifier is

absolutely unstable if a small disturbance causes the output to build up (i.e., to increase continuously)

until it reaches the saturation limits of the amplifier. The stability of an amplifier depends on its poles.

10.11.2 Poles and Instability

In the above analysis, the denominator of Eq. (10.100) was the key parameter in characterizing the

response of an amplifier. The closed-loop gain Af(s) of an amplifier will be infinite if

(10.106)

Equation (10.106) is called the characteristic equation, and its roots determine the response of the amplifier.

For example, if

the roots are s � �1 � j2. The roots of the characteristic equation are the poles of a system.

10.11.3 Transient Response and Stability 

Consider an amplifier with a pole pair at s � 	o � j�n. If there is any disturbance (such as the closing of

the DC power-supply switch), the equation of the transient response (after conversion from Laplace’s s
domain to the time domain) will contain terms of the following form:

vo(t) = esot[e+jvnt
+ e-jvnt] = 2esot cos (vnt)

1 + A(s)b(s) = s2
+ 2s + 5 = 0

1 + A(s)b(s) = 0

Sf = A( jv180)b( jv180)Se = ƒ TL( jv180) ƒ Se

Sf = A( jv180)b( jv180)Se = ƒ TL( jv180) ƒ Se = -Se

Feedback Amplifiers 699
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This is a sinusoidal output with an envelope of exp (	ot). Thus, the relationship between stability and the

roots of this characteristic equation may be stated as follows:

1. If the poles are in the left half of the s-plane, as shown in Fig. 10.51(a), such that the denominator

is of the form (s � 	o � j�n)(s � 	o � j�n), all roots of the characteristic equation will have neg-

ative real parts, and 	o will be negative. Thus, the response due to initial conditions or disturbances

will decay exponentially to zero as time approaches infinity. The plot of such a response is also

shown in Fig. 10.51(a). Such a system will be stable.

2. If the poles are in the right half of the s-plane, as shown in Fig. 10.51(b), such that the denomina-

tor is of the form (s � 	o � j�n)(s � 	o � j�n), all roots will have positive real parts, and 	o will

be positive. The response will increase exponentially in magnitude as time increases until some

nonlinearity limits its growth. The plot of such a response is also shown in Fig. 10.51(b). Such an

amplifier will be unstable.

3. If the poles are on the j�-axis, as shown in Fig. 10.51(c), such that the denominator is of the form

(s � j�n)(s � j�n), the characteristic equation will not have roots with real parts, and 	o will be

zero. The response will be sustained oscillations, as shown in the plot in Fig. 10.51(c). The output

will be sinusoidal in response to an initial condition or a disturbance. For a feedback amplifier, this

will mean instability. However, for an oscillator circuit, this will mean the normal output.

10.11.4 Closed-Loop Poles and Stability 

The location of the poles of a closed-loop system on a complex plane determines the transient response of

a system. If the poles lie in the left half plane, all time-domain exponential terms decay to zero. If the poles

Microelectronic Circuits: Analysis and Design700
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FIGURE 10.51 Relationship between pole location and transient response
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lie in the right half plane, the system is likely to oscillate because its time-domain response will be grow-

ing exponentially. The plot of the poles as the loop gain varies on a complex plane, is called the root locus
and it indicates how close the systems are to oscillate the system. Let us take an amplifier with one pole

of the open-loop gain relation as given by 

(10.107)

Therefore, the closed-loop gain becomes

(10.108)

This gives the closed-loop pole , which has a real-valued pole in the left half

plane. The pole as shown in Fig. 10.52(a) moves away from the origin as the loop gain increases.

Let us consider an open-loop gain with two poles as given by 

(10.109)

This gives the closed-loop gain as 

(10.110)

This can be solved for the closed-loop two poles as given by 

(10.111)

for � � 0, s1 � ��p1, and s2 � ��p2. As � increases, the poles move toward each other and become equal
at � � �1. For � � �1, they become complex. The pole plot is shown in Fig. 10.52(b).

s1,s2 =

- (vp1 + vp2) ; 2(vp1 + vp2)2
- 4(1 + bAo)vp1vp2

2

Af (s) =

A(s)

1 + bA(s)
=

Ao

A1 + s>vp1 B A1 + s>vp1 B + bAo

=

Aovp1vp2

s2
+ (vp1 + vp2)s + (1 + bAo)vp1vp2

A(s) =

Ao

A1 + s>vp1 B A1 + s>vp1 B

vp = -vo(1 + bAo)

Af (s) =

A(s)

1 + bA(s)
=

Ao>1 + bAo

1 + s>vo(1 + bAo)

A(s) =

Ao

1 + s>vo
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FIGURE 10.52 Closed-loop pole plots
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Finding the stability due to a step input The open-loop gain of an amplifier is given by

Determine the stability of the closed-loop response due to a step input signal. Assume feedback factor �(s) � 1.

SOLUTION

For a step input in Laplace’s domain of s, Si(s) � 1 ⁄ s. From Eq. (10.5), the closed-loop gain is

For a step input, Si(s) � 1 ⁄ s and the output response is given by

Thus, in the time domain, the output response due to a step input becomes

Therefore, at t � 	, so(t) � 	. The amplifier will be unstable because it has a positive pole, s � 1.

so(t) =

1

3
 (e 

t
- e-2t)

So(s) = Af (s)Si(s) =

Af (s)

s
=

1

(s - 1)(s + 2)
=

1

3
 a 1

s - 1
-

1

s + 2
b

Af (s) =

So(s)

Si(s)
=

s>(s2
- 2)

1 + s>(s2
- 2)

=

s

s2
+ s - 2

=

s

(s - 1)(s + 2)

A(s) =

s

s2
- 2

EXAMPLE 10.13

Finding the step response of a feedback amplifier The open-loop gain of an amplifier is given by

Determine the closed-loop step response of the amplifier. Assume feedback factor �(s) � 1.

SOLUTION

For a step input in Laplace’s domain of s, Si(s) � 1 ⁄ s. From Eq. (10.5), the closed-loop gain is

For a step input, the closed-loop response is

Therefore, in the time domain, the output response due to a step input is given by

Therefore, the response due to a step input is oscillatory. The amplifier will be unstable because it has poles on

the j�-axis, s � �j2.

so(t) =

1

4
 (1 -  cos 2t)

So(s) = Af (s)Sf (s) =

1

(s2
+ 4)s

=

1

4
 a1

s
-

s

s2
+ 4
b

Af (s) =

So(s)

Si (s)
=

1>(s2
+ 3)

1 + 1>(s2
+ 3)

=

1

s2
+ 4

A(s) =

1

s2
+ 3

EXAMPLE 10.14
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10.11.5 Nyquist Stability Criterion

If the loop gain TL( j�) � A( j�)�( j�) in Eq. (10.102) becomes �1, the closed-loop gain will tend to be

infinite, and the amplifier will be unstable. Therefore, a feedback amplifier will be unstable if the loop gain

TL( j�) becomes

(10.112)

To satisfy the condition of Eq. (10.112), the magnitude and phase angle of the loop gain must be unity and

�180°, respectively; that is,

(10.113)

(10.114)

Therefore, investigating the stability of an amplifier requires determining the frequency response and char-

acterizing the magnitude and phase angle against the frequency. The frequency response can be represented

by a series of phasors, each at a different frequency. Joining the extremities (i.e., the magnitude points) of

these phasors gives the frequency locus, as shown in Fig. 10.53, which is a plot of magnitude versus phase

in polar coordinates as the frequency � is varied from 0 to �	. This plot is known as a Nyquist plot. The

TL( j�) plot for negative frequencies is the mirror image through the Re-axis (real axis) of the plot for pos-

itive frequencies. The Nyquist plot intersects the negative Re-axis at the frequency �180. If the intersection

occurs to the left of the point (�1, 0), the magnitude of the loop gain at this frequency is greater than unity

and the amplifier will be unstable. On the other hand, if the intersection occurs to the right of the point

(�1, 0), the amplifier will be stable. The point on the locus where the phase is �180° is called the phase
crossover frequency �p (��180); the point on the locus where the gain is unity is called the gain crossover
frequency �g. 

The stability of a system can be determined from the Nyquist criterion for stability, which can be

stated as follows: If the Nyquist plot encircles the point (�1, 0), the amplifier is unstable. This criterion

tests for the poles of loop gain TL(s) in the right half plane [2]. If the Nyquist plot encircles the point (�1, 0),

the amplifier has poles in the right half plane, and the circuit will oscillate. The number of times the plot

encircles the point (�1, 0) gives the number of poles in the right half plane. There are two in Fig. 10.53.

f = ∠TL(  jv) = ;180°

ƒ TL(  jv) ƒ = 1

TL(  jv) = A(  jv)b(  jv) = -1

Feedback Amplifiers 703

FIGURE 10.53 Typical Nyquist plot, or polar plot
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The Nyquist plots of amplifiers with three different characteristics are shown in Fig. 10.54. For plot

A, the loop gain is less than unity. Therefore, oscillations will not build up on the closed loop, and the

amplifier will be absolutely stable. For plot B through (�1, 0), the loop gain is unity, and the poles are

on the imaginary axis. The amplifier will be critically stable on the closed loop. For plot C, the loop gain

is greater than unity, and the amplifier will be absolutely unstable on the closed loop.

10.11.6 Relative Stability

The term “absolutely stable” or “absolutely unstable” tells us what will eventually happen to a system.

However, it does not say how stable or unstable the system is. Relative stability is a measure of the degree

of stability, and it indicates how far the intersection of the frequency locus with the Re-axis is from the

point (�1, 0) on the right side. For good relative stability, the magnitude at the phase crossover frequency

should have a value less than unity, and the phase angle at the gain crossover frequency should not have a

value near �180°.

Gain margin and phase margin are normally used as measures of relative stability. Gain margin
(GM) is defined as the number of decibels by which the magnitude x of the loop gain falls short of unity

when the phase angle is 180°; that is,

(10.115)

Phase margin (PM) is defined as the amount of degrees by which the phase angle � of the loop gain falls

short of �180° when the magnitude is unity; that is,

(10.116)

For adequate relative stability, the gain margin and phase margin should be greater than 10 dB and 45°,

respectively.

PM = fm = 180 - ƒf ƒ

GM = 20 log 1 - 20 log x = 20 log a1
x
b

Microelectronic Circuits: Analysis and Design704

FIGURE 10.54 Nyquist plots
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10.11.7 Effects of Phase Margin

At the gain crossover frequency �g, the magnitude of the loop gain is unity. That is,

or (10.117)

where � is assumed to remain constant and is independent of frequency. The phase margin influences the

transient and frequency responses of a feedback amplifier, and its effects can be determined from Eq. (10.101).

The effects of the phase margin will be illustrated through the analysis of four cases.

ƒ A(  jvg) ƒ =

1

b

ƒ TL(  jvg) ƒ = ƒ A(  jvg) ƒ b = 1

Feedback Amplifiers 705

Finding the phase margin and gain margin of a feedback amplifier Determine the phase margin

and gain margin of a feedback amplifier whose loop gain is given by

SOLUTION

The locus will cross the negative Re-axis when the phase is � � �180° at � � �180 � �p. Thus,

The magnitude at � � �p becomes

That is, x 
 1. Thus, the frequency locus will not encircle the point (�1, 0), and the amplifier will be absolutely

stable on the closed loop. Using Eq. (10.115), we have

The gain crossover frequency �g is found when the gain is unity:

so

The phase angle � (at � � �g) is

Using Eq. (10.116), we have

PM = fm = 180° - 112.4° = 67.6°

fg = 3 tan-1 vg = 3 tan-1 (0.7664) = 3 * 37.47° = 112.4°

(1 + v2
g)3

= 22
   

   or     1 + v2
g = 1.5874  or  vg = 0.7664  rad/s

x = ƒ TL(  jvg) ƒ =

2

(21 + v2
g )3

= 1

GM = 20 log a 1

0.25
b = 12.04 dB

x = ƒ TL(  jv) ƒ =

2

(21 + 3)3
= 0.25

3 tan-1 (vp) = 180°   or    tan-1 vp = 60°   or    vp = 23  rad>s

TL(  jv) =

2

(1 + jv)3

EXAMPLE 10.15

67722_10_ch10_p641-738.qxd  2/20/10  9:04 AM  Page 705

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Case 1. The phase margin is PM � �m � 30°, and ⏐�⏐ � 180° � 30° � 150°. Substituting Eq. (10.117)

into Eq. (10.101) yields

which gives the magnitude of the closed-loop gain as

(10.118)

Therefore, there will be a peak of 1.93 times the low-frequency gain of 1 ⁄ �.

Case 2. The phase margin is PM � �m � 45°, and � � 180° � 45° � 135°.

and (10.119)

In this case, there will be a peak of 1.306 times the low-frequency gain of 1 ⁄ �.

Case 3. The phase margin is PM � �m � 60°, and � � 180° � 60° � 120°.

and (10.120)

In this case, there will be no peak above the low-frequency gain of 1 ⁄ �.

Case 4. The phase margin is PM � �m � 90°, and � � 180° � 90° � 90°.

and (10.121)

In this case, there will be a gain reduction below the low-frequency gain of 1 ⁄ �.

The frequency responses of a transfer function with one pole and a transfer function with two poles are

shown in Fig. 10.55 for various values of the phase margin. For a 90° phase margin, the transfer function

has only one pole. In a two-pole system, as the phase margin is reduced, the gain peak increases until the

gain approaches infinity, and oscillation occurs at a phase margin of �m � 0. After the gain peak (at a nor-

malized frequency of f ⁄ fg � 1), the gain decays with a slope of �40 dB/decade because there are two

poles in the transfer function.

ƒ Af (  jvg) ƒ =

ƒ A(  jvg) ƒ

22
= 0.707 ƒ A(  jvg) ƒ =

0.707

b

Af (  jvg) =

A(  jvg)

1 + e-j90° =

A(  jvg)

1 - j1.0

ƒ Af (  jvg) ƒ = ƒ A(  jvg) ƒ =

1

b

Af (  jvg) =

A(  jvg)

1 + e-j120° =

A(  jvg)

1 - 0.5 - j 0.866
=

A(  jvg)

0.5 - j 0.866

ƒ Af (  jvg) ƒ =

ƒ A(  jvg) ƒ

0.765
= 1.306 ƒ  A(  jvg) ƒ =

1.306

b

Af (  jvg) =

A(  jvg)

1 + e-j135° =

A(  jvg)

1 - 0.71 - j 0.71
=

A(  jvg)

0.29 - j 0.707

ƒ Af (  jvg) ƒ =

ƒ A(  jvg) ƒ

0.517
= 1.93 ƒ  A(  jvg) ƒ =

1.93

b

Af (  jvg) =

A(  jvg)

1 + 1∠f
=

A(  jvg)

1 + e 
jf

=

A(  jvg)

1 + e-j150° =

A(  jvg)

1 - 0.866 - j 0.5
=

A(  jvg)

0.134 - j 0.5
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10.11.8 Stability Using Bode Plots

A Bode plot, which is a plot of magnitude and phase against frequency, is a very convenient method of

determining the stability of an amplifier. The loop gain is plotted in decibels, and the frequency is plotted

on a logarithmic scale. Consider the loop gain with a single pole frequency given by

(10.122)

whose phase angle is � � �TL( j�) � �tan�1 ( f ⁄ fp1). The typical Bode plot is shown in Fig. 10.56(a).

The magnitude of the loop gain is 20 log ⏐TL( j�)⏐ until f � fp1, at which point the loop gain falls at a rate of

20 dB/decade and the phase angle is � � �45°. Phase margin is the difference between 180° and the

phase angle when the gain is 0 dB. Gain margin, which is the value of the magnitude in dB when the phase

angle is �180°, can be read from the plot. Thus, for a single-pole amplifier, � � �90° at TL( j�g) � 1,

and the phase margin is �m � 180 � ⏐�⏐ � 90°. There is no phase crossover, and the gain margin is

infinite. An amplifier with negative feedback will always be stable.

Consider the loop gain with three-pole frequencies given by

(10.123)

whose phase angle can be found from

(10.124)

The typical Bode plot is shown in Fig. 10.56(b). Assuming that the poles are widely separated (i.e., by a

decade: fp3 � 10fp2 � 100fp1), the phase angle � is approximately �45° at the first pole frequency fp1,

(�90° � 45° �) �135° at the second pole frequency fp2, and (�180° � 45° �) �225° at the third pole fre-

quency fp3. The phase angle at TL( j�g) � 1 is � � �270°, which gives a phase margin of �m � 180° � 270°

� �90°; that is, there is no phase margin, and the amplifier will be absolutely unstable. However, at 

� � �p � �180, the loop gain is positive; that is, there is a gain margin.

f = ∠TL(  jv) = - tan-1 a f

fp1
b - tan-1 a f

fp2
b -  tan-1a f

fp3
b

TL(  jv) = A(  jv)b(  jv) =

Ao

(1 + j f>fp1)(1 + j f>fp2)(1 + j f>fp3)

TL(  jv) = A(  jv)b(  jv) =

Ao

1 + jv>vp1
=

Ao

1 + jf>fp1

Feedback Amplifiers 707

FIGURE 10.55 Effect of phase margin on

frequency response
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Rather than plotting the loop gain 20 log ⏐TL( j�)⏐ directly, we can choose to plot 20 log ⏐A( j�)⏐
and 20 log ⏐1 ⁄�( j�)⏐ separately. This approach is shown in Fig. 10.57 for two resistive values of �.

The difference between the two curves gives

The sum of the two phase angles gives

This approach has the advantage of allowing us to investigate the stability of an amplifier for a variety of

feedback networks simply by drawing the lines for 20 log ⏐1 ⁄ �( j�)⏐. For zero gain margin,

That is, the intersection of the 20 log⏐1 ⁄�( j�)⏐plot with the 20 log⏐A( j�)⏐plot gives the critical value of �.

We can see from Fig. 10.57 that the �180° phase occurs on the �40 dB/decade segment of the Bode

plot. Therefore, for stability, the 20 log ⏐1 ⁄ �( j�)⏐ plot should intersect the 20 log ⏐A( j�)⏐ plot at a point

on the �20 dB/decade segment. As a general rule, the difference of slopes at the intersection—which is

called the rate of closure—should not exceed 20 dB/decade.

20 log ƒ A(  jv) ƒ - 20 log ƒ  
1
b

 (  jv) ƒ = 0

∠A(  jv) - ∠ 1
b

 (   jv) = f

20 log ƒ A(  jv) ƒ - 20 log ƒ
1
b

 (  jv) ƒ = 20 log ƒ A(  jv) ƒ + 20 log ƒ b (  jv) ƒ = 20 log ƒ TL(  jv) ƒ
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FIGURE 10.56 Typical Bode plots
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FIGURE 10.57 Separate Bode plots for

A( j�) and 1 ⁄ �( j�)

Finding the phase crossover frequency and the phase margin of an amplifier The open-loop gain

of an amplifier has break frequencies at fp1 � 10 kHz, fp2 � 100 kHz, and fp3 � 1 MHz. The low-frequency

(or DC) gain is Ao � 2 � 105. Calculate (a) the phase crossover frequency fp and (b) the phase margin �m for

� � 0.01, 0.001, and 0.0001.

SOLUTION

The magnitude of the open-loop gain is given by

and the phase angle is

(a) The frequency at which � � �180° is found by iteration as fp � f180 � 333 kHz.

(b) For � � 0.01 and ⏐A( j�)⏐ � 1 ⁄ � � 100, we get fg � 1144.8 kHz by iteration; that is,

Thus, the amplifier will be unstable.

f = -223.4°    and    fm = 180 - ƒf ƒ = -43.4°

f = - tan-1 a f

104
b - tan-1 a f

105 b - tan-1 a f

106 b

ƒ A(  jv) ƒ =

2 * 105

[1 + (  f>104)2]1>2[1 + (  f>105)2]1>2[1 + (  f>106)2]1>2

A(  jv) =

2 * 105

(1 + jf>104 )(1 + jf>105 )(1 + jf>106 )

EXAMPLE 10.16
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For � � 0.001 and ⏐A( j�)⏐ � 1 ⁄ � � 1000, we get fg � 423.3 kHz by iteration; that is,

Thus, the amplifier will be unstable.

For � � 0.0001 and ⏐A( j�)⏐ � 1 ⁄ � � 10,000, we get fg � 124.1 kHz by iteration; that is,

Thus, the amplifier will be stable.

We can conclude that a feedback amplifier can be stable or unstable, depending on the value of �.

f = -143.6°     and    fm = 180 - ƒf ƒ = 36.4°

f = -188.3°      and      fm = 180 - ƒf ƒ = -8.3°

Finding the phase crossover frequency and the phase margin of an amplifier The open-loop

gain of an amplifier has break frequencies at fp1 � 100 kHz, fp2 � 200 kHz, and fp3 � 1 MHz. The low-

frequency (or DC) gain is Ao � 800, and the feedback factor is � � 0.5. Calculate the gain crossover frequency

fg and the phase margin �m.

SOLUTION

The low-frequency loop gain is Ao� � 800 � 0.5 � 400. The magnitude of the loop gain is given by

and the phase angle is

At the gain crossover ⏐TL( j�g)⏐ � 1, the gain crossover frequency fg can be determined from the Bode plot or

by iteration. By iteration, the value of frequency that gives a loop gain of unity is found to be fg � 1917.03 kHz,

and the corresponding value of phase angle is � � �233.5°. Thus, the phase margin is

which is negative, so the amplifier will be unstable.

fm = 180° - ƒf ƒ = 180° - 233.5° = -53.5°

f = - tan-1 a f

fp1
b - tan-1 a f

fp2
b - tan-1 a f

fp3
b

ƒ TL(  jv) ƒ = x =

400

[1 + (  f>fP1)2]1>2[1 + (  f>fp2)2]1>2[1 + (  f>fp3)2]1>2

EXAMPLE 10.17

KEY POINTS OF SECTION 10.11

■ An amplifier with negative feedback can be stable or unstable, depending on the frequency and the

feedback factor �. If the loop gain is ⏐TL( j�)⏐  1 and its phase angle is � � �180°, the amplifier

will be unstable.

■ Nyquist and Bode plots can be used to determine the stability of a feedback amplifier. The degree of

stability is normally measured by the gain margin and the phase margin. A phase margin of 45° is

usually adequate to limit the peak to 30% of the low-frequency gain.
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10.12 Compensation Techniques

We know that if an amplifier has more than two poles, the phase angle of the loop gain could exceed �180°

beyond a certain frequency. An amplifier with negative feedback can be unstable, depending on the

frequency � and the amount of feedback �. The process of stabilizing an unstable feedback amplifier is

called compensation. The basic amplifier of a feedback circuit should be designed with as few stages as

possible because each stage of gain adds more poles to the transfer function, making the compensation

problem more difficult. An amplifier can be stabilized by adding a dominant pole, by changing the domi-

nant pole, by Miller compensation, or by modifying the feedback path [3–5].

10.12.1 Addition of a Dominant Pole

A dominant pole can be introduced into the amplifier so that the phase shift is less than �180° when the

loop gain is unity. Consider a feedback amplifier with loop gain of the form

(10.125)

where �p1 � 2�fp1 rad/s, �p2 � 2�fp2 rad/s, and �p3 � 2�fp3 rad/s. The Bode plot is shown in Fig. 10.58(a).

To compensate the amplifier, a new dominant pole �D � 2�fD is introduced so that �D � �p1 � �p2 � �p3,

and the resultant loop gain becomes

(10.126)TL(  jv) = A(  jv)b =

Ao

(1 + jv>vD)(1 + jv>vp1)(1 + jv>vp2)(1 + jv>vp3)

TL(  jv) = A(  jv)b =

Ao

(1 + jv>vp1)(1 + jv>vp2)(1 + jv>vp3)

Feedback Amplifiers 711

FIGURE 10.58 Compensation by addition of a dominant pole 
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The Bode plot of this modified loop gain is indicated in Fig. 10.58(a) by lighter lines. The introduction

of the dominant pole causes the loop gain to fall at a rate of 20 dB/decade until frequency fp1 is reached.

If the frequency fD of the dominant pole is chosen so that the loop gain is unity at frequency fp1, then

the phase shift at frequency fp1 due to the dominant pole fD is �90°, and the phase shift due to the first

pole fp1 is �45°. At f � fp1, the total phase shift is (�90° � 45° �) �135°, and the phase margin is 

�m � 180° � ⏐�⏐ � 180° � 135° � 45°, which means that the amplifier will be stable. The original

amplifier would have been unstable in the feedback connection. This compensation is achieved at the

expense of bandwidth reduction. The uncompensated unity-gain bandwidth fp1 is much higher than the

compensated unity-gain bandwidth fD. This method of compensation involves a sacrifice of the frequency

capability of the amplifier and is often known as narrowbanding.

A dominant pole can be implemented by adding a capacitor Cx in such a manner that it adds a break

frequency to the basic amplifier. With this approach, illustrated in Fig. 10.58(b) showing two possible

locations, fD is given by

(10.127)

where R is the resistance seen by capacitor Cx.

fD =

1

2pRCx

Microelectronic Circuits: Analysis and Design712

Stabilizing an amplifier by adding a dominant pole Stabilize the amplifier in Example 10.17 by

adding a dominant pole so that the phase margin is 45°.

SOLUTION

Since the gain–bandwidth product must remain constant, the low-frequency loop gain should be reduced from

Ao� (or 800 � 0.5 � 400) at fD to unity at fp1 (�100 kHz) with a �20 dB/decade slope, which indicates a

direct proportionality; that is, fD � Ao� � fp1 � 1, which gives

Therefore, the modified loop gain is given by

TL(  jv) = A(  jv)b =

400

(1 + jf>fD)(1 + jf>fp1)(1 + jf>fp2)(1 + jf>fp3)

fD =

fp1

Aob
=

100 * 103

400
= 250 Hz

EXAMPLE 10.18

� NOTES

1. It is assumed in determining fD that the break frequency fp2 does not affect the phase shift. However, in this

example, fp2 is close to fp1 and will contribute to the phase shift. The gain crossover frequency, which is obtained

by iteration, is fg � 74,795 Hz, the phase shift is � � �151°, and the phase margin is �m � 180° � 151° � 29°,

which is less than the desired phase margin of 45°.

2. This method of compensation gives an approximate value for the dominant pole frequency. Fine-tuning is

necessary to obtain the desired phase margin.

3. The value of fD, which can be adjusted to obtain a phase margin of 45°, is 152 Hz at a gain crossover frequency

of fg � 52.106 kHz.
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10.12.2 Changing the Dominant Pole

In the compensation method just discussed in Sec. 10.12.1, a dominant pole was added to the amplifier,

and the original amplifier poles were assumed to be unaffected. This approach reduces the bandwidth con-

siderably. A second method of compensation is to change the dominant pole, adding a capacitor to the am-

plifier in such a way that the original dominant frequency fp1 is reduced so that it performs the compensa-

tion function. That is, the original pole fp1 is moved to the left so that fD � fp1. This modification is shown

in Fig. 10.59. For a 45° phase margin in a unity feedback amplifier, fD must cause the gain to fall to unity

at fp2. Thus, fp2 will become the unity-gain bandwidth. Since fp2 is five or ten times the frequency fp1, this

method gives a substantial improvement in bandwidth.

The dominant pole is changed by adding a capacitor internally to the amplifier. One way of doing

so is shown in Fig. 10.60(a) for the differential stage of an op-amp. The differential half circuit is shown

in Fig. 10.60(b), and the small-signal equivalent circuit is shown in Fig. 10.60(c). The current is is the

collector current of Q2, Ci is the internal capacitance, and Ri is the effective resistance; that is, Ci � C�4,

and Ri � RC1 � ro2 � r�4. Thus, the dominant pole frequency can be found from

(10.128)

where Cx is the additional capacitance that is added to give the desired dominant frequency. The disadvantage

of this method is that the value of Cx is usually quite large (typically �1000 pF). Thus, it will be difficult—if

not impossible—to realize a compensating capacitor in an IC chip. The maximum practical size of a

monolithic capacitor is about 100 pF.

fD = fp1 =

1

2pRi(Ci + Cx)

Feedback Amplifiers 713

FIGURE 10.59 Compensation by changing the dominant pole
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We have assumed that the addition of Cx will reduce the original dominant pole frequency fp1 so

that it performs the compensation function. However, the higher-frequency poles of the amplifier will

also be changed by the addition of Cx. In practice, the effect of Cx on the pole positions is usually

evaluated by computer simulation. Another estimate of Cx is made on the basis of the new data, and this

process of trial and error continues until the desired stability condition is reached, usually after several

iterations.

Microelectronic Circuits: Analysis and Design714

FIGURE 10.60 Typical implementation of a dominant pole change
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+

+

− −

−VEE

To output
stage

(a)  Compensation of an amplifier by introduction of a capacitor

(b)  Differential half circuit

(c)  Equivalent circuit of an output stage

vo

vs

Finding the compensating capacitance to modify the dominant pole The equivalent circuit of an

output stage is shown in Fig. 10.60(c), where Ri � 24 k� and Ci � 20 pF.

(a) Find the break frequency fp.

(b) Find the additional capacitance Cx that will move the break frequency to fD � 40 kHz.

SOLUTION

(a) The break frequency fp is given by

(b) An additional capacitance Cx will move the break frequency to fD; that is,

which, for fD � 40 kHz, gives Ci � Cx � 165.8 pF; that is, Cx � 165.8 � 20 � 145.8 pF.

fD =

1

2p(Ci + Cx)Ri

fp =

1

2pCiRi
=

1

2p * 20 * 10-12
* 24 * 103

= 331.6 kHz

EXAMPLE 10.19
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10.12.3 Miller Compensation and Pole Splitting

In a third compensation method, a small capacitance (say, Cx) is connected between the input and output

of a gain stage in a multistage amplifier. Compensation is achieved using Miller multiplication of the

capacitance. Figure 10.61(a) illustrates this form of compensation for the 
A741 op-amp. Cx constitutes a

shunt-shunt feedback, and the feedback factor � depends on the frequency. The Darlington pair consisting

of Q16 and Q17 can be replaced by a single equivalent transistor Q, as shown in Fig. 10.61(b); the simplified

equivalent circuit is shown in Fig. 10.61(c). Ri and Ci represent the total resistance and total capacitance,

respectively, between node B and the ground. Ro and Co represent the total resistance and total capacitance,

respectively, between node C and the ground. Ci includes the Miller capacitance due to C
 of the transis-

tor and the output capacitance of the preceding stage. Similarly, Co includes the Miller capacitance due to

C
 and the input capacitance of the succeeding stage. In the absence of the compensating capacitance

(i.e., when Cx � 0), the two poles will be 

(10.129)

and (10.130)

The analysis of Fig. 10.61(c) will be similar to that of Fig. 2.23(b). Using Eqs. (2.93) and (2.94), we get

as the new poles

(10.131)

(10.132)v¿p2 L

gmCx

CiCo + Cx(Ci + Co)

v¿p1 L

1

gmCxRiRo

fp2 =

1

2pCoRo

fp1 =

1

2pCiRi

Feedback Amplifiers 715

FIGURE 10.61 Miller compensation and pole spliting
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If Cx �� Co, Eq. (10.132) can be approximated by

(10.133)

From the preceding equations, we can see that as Cx is increased, ��p1 is reduced, and ��p2 is increased. This

separation of poles is called pole splitting. The increase in ��p2 will move the pole frequency for a 45° phase

margin to the right and will hence widen the bandwidth. In Eq. (10.131), Cx is multiplied by a factor gmRo,

and the effective capacitance is much larger: gmRoCx. Thus, the value of Cx will be much smaller than it

is when compensation is achieved by adding or changing a pole.

v¿p2 =

gm

Ci(Co>Cx) + (Ci + Co)
L

gm

Ci + Co

Microelectronic Circuits: Analysis and Design716

Finding the compensating capacitance by pole splitting The open-loop gain of an amplifier is 

2 � 105 and has break frequencies at fp1 � 100 kHz, fp2 � 1 MHz, and fp3 � 10 MHz. The gain stage of the

amplifier has the equivalent circuit shown in Fig. 10.61(c), whose parameters are gm � 100 mA/V, Ci � 50 pF,

and Co � 10 pF. Determine the value of compensating capacitance Cx that will give a closed-loop phase

margin of 45° with a resistive feedback of up to � � 1.

SOLUTION

gm � 100 � 10�3, Ci � 50 pF, Co � 10 pF, fp1 � 100 kHz, fp2 � 1 MHz, and fp3 � 10 MHz. We can find the

values of Ri and Ro as follows:

From Eq. (10.133), we can find the modified value f �p2; that is,

which is more than fp3 (�10 MHz). Thus, let us assume that fp3 will be the second pole frequency and find the

compensation capacitance Cx to set the 45° phase margin at fp3 � 10 MHz with unity gain. That is, fD � Ao� �
fp3 � 1, which gives the modified dominant pole frequency as

Thus, f �p1 � fD � 50 Hz.

From Eq. (10.131), we get the capacitance C for the first dominant pole f �p1:

From Eq. (2.91), we get

which is close to 50 Hz.

f ¿p1 =

1

2p[Ri(Ci + Cx) + Ro(Cx + Co) + gmCxRiRo]
= 49.94 Hz

Cx L

1

2pf ¿p1gmRiRo
=

1

2p * 50 Hz * 100 mA >  V * 31.83 kÆ * 15.92 kÆ

= 62.8 pF

f ¿p1 L fD =

fp3

Aob
=

10 * 106

2 * 105
* 1

= 50 Hz

f ¿p2 L

gm

2p(Ci + Co)
=

100 * 10-3 A>V
2p(50 pF + 10 pF)

= 265.3 MHz

Ro =

1

2pfp2Co
=

1

2p * 1 MHz * 10 pF
= 15.92 kÆ

Ri =

1

2pfp1Ci
=

1

2p * 100 kHz * 50 pF
= 31.83 kÆ

EXAMPLE 10.20

D
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10.12.4 Modification of the Feedback Path

Op-amps are normally compensated by adding a capacitor internally. This type of compensation, how-

ever, wastes bandwidth because the bandwidth is reduced considerably. For example, the dominant pole

frequency of the 
A741 op-amp is only 10 Hz.

Compensation can also be accomplished by modifying the feedback network so that the feedback

factor � becomes frequency dependent and has a zero that cancels the pole of the original amplifier. This

method is generally used in the compensation of fixed-gain amplifiers, where achieving a wide bandwidth

is of prime concern.

Let us consider a feedback network with one pole and one zero. Then the loop gain of an amplifier

with three poles will be of the form

(10.134)

where �p and �z are the pole and the zero of the feedback network, respectively.

A typical implementation is shown in Fig. 10.62(a) for a shunt-series feedback amplifier. The feedback

network includes a capacitor CF. The loading effects of CF at the input and output sides of the amplifier

are shown in Fig. 10.62(b). The capacitor CF will have only a minor effect on the amplifier transfer

A(  jv)b(jv) =

Ao(1 + jv>vz)

(1 + jv>vp)(1 + jv>vp1)(1 + jv>vp2)(1 + jv>vp3)

Feedback Amplifiers 717

FIGURE 10.62 Compensation by feedback path modification
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function A(s). The feedback network is shown in Fig. 10.62(c), from which we can find the feedback

transfer function as

(10.135)

(10.136)

where �o � RE ⁄ (RE � RF) � low-frequency feedback factor

�z � 1 ⁄ (RFCF) � zero of the feedback network

�p � (RE � RF) ⁄ (RERFCF) � pole of the feedback network

=

bo(1 + s>vz)

1 + s>vp

b(s) =

if
io

=

RE

RE + RF
*

1 + sRFCF

1 + sCFRFRE>(RE + RF)
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Compensating by feedback path modification The open-loop gain of the amplifier in Example 10.12

has break frequencies at fp1 � 100 kHz, fp2 � 1 MHz, and fp3 � 10 MHz. The low-frequency gain is Ao �
200 A/A, and the emitter resistance is RE � 500 �. Determine the values of compensating capacitance CF and

resistance RF (a) to give a low-frequency closed-loop gain of Af � 20 A/A and cancel the pole fp1 � 100 kHz

and (b) to add a pole of fp � 10 MHz and cancel the pole fp1 � 100 kHz.

SOLUTION

fp1 � 100 kHz, fp2 � 1 MHz, fp3 � 10 MHz, Ao � 200 A/A, and RE � 500 �.

(a) Substituting Af � 20 A/A and Ao � 200 A/A into Af � Ao ⁄ (1 � �oAo) gives �o � 0.045. Thus,

which, for RE � 500 �, gives RF � 10.61 k�. To cancel the pole fp1, we use

For fp1 � 100 kHz and RF � 10.61 k�, we get CF � 150 pF.

(b) Substituting fp � 10 MHz and fz � fp1 � 100 kHz into fp � fz ⁄ �o gives �o � 0.01. Thus,

which, for RE � 500 �, gives RF � 49.5 k�. To cancel the pole fp1, we use

For fp1 � 100 kHz and RF � 49.5 k�, we get CF � 32.15 pF.

fz = fp1 =

1

2pRFCF

bo = 0.01 =

RE

RE + RF

fz = fp1 =

1

2pRFCF

bo = 0.045 =

RE

RE + RF

EXAMPLE 10.21

D

67722_10_ch10_p641-738.qxd  2/20/10  9:04 AM  Page 718

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Feedback Amplifiers 719

Compensating by feedback path modification
(a) A common-emitter amplifier with shunt-shunt feedback is shown in Fig. 10.63. The capacitance CF and

resistance RF form the feedback network. The voltage gain without feedback is A � ⏐Av⏐ � vo ⁄ vs � 100.

Design the feedback network to meet the following specifications:

The bandwidth with feedback must be increased by a factor of 10; that is, BWf � 10BW.

The voltage gain with feedback must be ⏐Af⏐ � vo ⁄ vs � 10.

(b) Use PSpice/SPICE to check your results.

SOLUTION

(a) Shunt-shunt feedback will reduce both the input resistance and the output resistance, but it should widen

the bandwidth. The value of CF should be such that it is virtually short-circuited over the frequency range

of the amplifier. The feedback is taken from the output side because the output is out of phase with the input

voltage vs. Since the gain of the amplifier is A � 102, the closed-loop gain will be almost independent of A.

We get

(10.137)

and

which gives the closed-loop gain as

(10.138)Af =

vo

vs
= -  

RF

Rs
L -  

1

bRs
  (V>V)

is =

vs

Rs

vo

is
= -  

1

b
= -RF

EXAMPLE 10.22

D

0
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VCC
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+ −
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~

0
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 1 mV

+

−
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200 Ω

2 kΩ

RE1
5 Ω

RE2
783 Ω

RL
10 kΩ

R1
68 kΩ

RC
1.8 kΩ

R2
21 kΩ

CF
5 μF

C1
0.59 μF

CE
10 μF

C2
0.27 μF

FIGURE 10.63 Common-emitter amplifier with shunt-shunt feedback
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For shunt-shunt feedback, BWf � BW(1 � �A). The gain must decrease by a factor of 10. Thus, 

�Rs � 1 ⁄ 10 � 0.1.

which, for Rs � 200 �, gives RF � 2 k�. We want to choose a capacitor that will ensure that CF is virtually

short-circuited at low frequency, fL � 1 kHz: let’s choose CF � 5 
F. Thus,

(b) The PSpice plots of the frequency response are shown in Fig. 10.64 for RF � 2 k� and 1 M�. For RF � 1 M�
(for almost no feedback, � � 0), we get ⏐A⏐ � 100, fL � 1089 Hz, fH � 1838 kHz, and

With feedback of RF � 2 k� (for � � 0.1), we get ⏐Af⏐ � 8.43 (expected value is 10), fLf � 198 Hz,

fHf � 21,084 kHz, and 

(expected value is 10BW � 10 � 1836.91 kHz � 18,369 kHz). The difference between the PSpice values and

the expected values is caused by the fact that we did not include the effects of resistances such as RF and RC in

hand calculations. 

BWf = fHf - fLf = 21,084 k - 0.2 k = 21,083.8 kHz

BW = fH - fL = 1838 k - 1.09 k = 1836.91 kHz

XCF …

1

2p * 1 kHz * 5 
F
= 31.8 Æ

1

bRs
=

RF

Rs
= 10

FIGURE 10.64 Frequency response for Example 10.22

KEY POINTS OF SECTION 10.12

■ An amplifier may be unstable when feedback is applied. The process of stabilizing an unstable

amplifier is called compensation.

■ The compensation of feedback amplifiers is normally achieved by connecting an external capacitor

to the basic amplifier in such a way as to add a dominant pole or to split the poles. This type of

compensation is normally applied to op-amps and usually reduces the bandwidth of the amplifier.

■ Compensation can also be achieved by connecting a capacitor to the feedback network such that it

adds a pole and a zero to the loop gain. This type of compensation is normally applied to fixed-gain

amplifiers so as to yield a wide bandwidth.
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Summary

There are two types of feedback: negative feedback and positive feedback. Negative feedback is 

normally used in amplifier circuits, and positive feedback is applied exclusively in oscillators. Nega-

tive feedback has certain advantages, such as stabilization of overall gain with respect to parameter

variations, reduction of distortion, reduction of the effects of nonlinearity, and increase in bandwidth.

However, these advantages are obtained at the expense of gain reduction, and additional amplifier

stages may be required to make up the gain reduction. If the loop gain �A �� 1, the overall (or closed-

loop) gain depends inversely on the feedback factor � and is directly sensitive to changes in the feed-

back factor.

The gain–bandwidth product of feedback amplifiers remains constant. If the gain is reduced by neg-

ative feedback, then the bandwidth is increased by the same amount. Depending on its implementation in

electronic circuits, feedback can be classified as one of four types: series-shunt, shunt-shunt, series-series,

or shunt-series. A shunt connection reduces the input (or output) impedance by a factor of (1 � �A), and

a series connection increases the input (or output) impedance by a factor of (1 � �A). The closed-loop

gain is always decreased by a factor of (1 � �A). Table 10.3 summarizes the effects of various feedback

topologies.

The stability of an amplifier depends on the poles of the transfer function. For a stable amplifier,

the characteristic equation should not have any roots with positive real parts. The Nyquist criterion is

one of the methods for determining the stability of feedback systems. The stability of an amplifier is nor-

mally measured in terms of phase margin and gain margin. A Bode plot can also be used to determine

the stability of an amplifier. An inherently unstable amplifier can be made stable by introducing a

dominant pole in the transfer function; this is generally achieved in electronic circuits by connecting

a feedback capacitor.
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TABLE 10.3 Effects of feedback topologies

Series-shunt Shunt-shunt Shunt-series Series-series

Zif Ri(1 � �A) Ri ⁄ (1 � �A) Ri ⁄ (1 � �A) Ri(1 � �A)

Zof Ro ⁄ (1 � �A) Ro ⁄ (1 � �A) Ro(1 � �A) Ro(1 � �A)

Af A ⁄ (1 � �A) A ⁄ (1 � �A) A ⁄ (1 � �A) A ⁄ (1 � �A)
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Review Questions

1. What are the two types of feedback?

2. What are the advantages of feedback?

3. What are the disadvantages of feedback?

4. What is loop transmission?

5. What is gain sensitivity?

6. What is feedback factor sensitivity?

7. What is the difference between open-loop gain and closed-loop gain?

8. What are the four types of feedback topologies?

9. What are the features of series-shunt feedback?

10. What are the features of shunt-shunt feedback?

11. What are the features of shunt-series feedback?

12. What are the features of series-series feedback?

13. What are the effects of the feedback network on amplifier performance?

14. What are the effects of the source impedance on amplifier performance?

15. What are the effects of the load impedance on amplifier performance?

16. How do you take into account the � dependency of A?

17. How do you find the modified gain A of a feedback amplifier?

18. What are the steps in designing a feedback network?

19. What is a characteristic equation?

20. What are the effects of the poles on the stability of an amplifier?

21. What is the Nyquist criterion?

22. What are the conditions for instability?

23. What is gain crossover frequency?

24. What is phase crossover frequency?

25. What is relative stability?

26. What is a phase margin?

27. What is a gain margin?

28. What is the effect of phase margin on system response?

29. What is a Bode plot?

30. What is compensation?

31. What is the common method of compensation in amplifiers?

32. How is a dominant pole introduced in electronic circuits?

Problems

The symbol indicates that a problem is a design problem. The symbol indicates that you can check the

solution to a problem using PSpice/SPICE or Electronics Workbench.

10.3 Characteristics of Feedback

10.1 Three voltage amplifiers are cascaded, as shown in Fig. P10.1.

a. Determine the value of � to give a closed-loop gain of Af � �100.

b. If the gain of each stage increases by 10%, determine Af. Use the � of part (a).

PD
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67722_10_ch10_p641-738.qxd  2/20/10  9:04 AM  Page 722

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



10.2 The open-loop gain of an amplifier with negative feedback is A � 50, and the feedback factor is � � 0.5.

a. Determine the closed-loop gain Af.

b. If the open-loop gain A changes by �15%, determine the percentage change in the closed-loop gain Af

and its value.

c. If the feedback factor � changes by �15%, determine the percentage change in the closed-loop gain Af

and its value.

10.3 The open-loop gain of an amplifier is A � 50, and the feedback factor is � � 0.8. If the open-loop gain A
changes by �20% and the feedback factor � changes by �15%, determine the closed-loop gain Af.

10.4 Two feedback amplifiers are connected in series. Each amplifier has a distortion of 20%. Determine the

overall gain and the overall distortion if (a) each amplifier has its own feedback, as shown in Fig. P10.4(a),

and (b) only one feedback is applied to the cascaded amplifiers, as shown in Fig. P10.4(b).
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10.5 A feedback amplifier is to have a closed-loop gain of Af � 60 dB and a sensitivity of 10% to the open-loop

gain A. Determine the open-loop gain with a unity feedback � � 1.

10.6 The feedback factor of an amplifier is � � 0.5. The open-loop gain A, which is frequency dependent, can

be expressed as

Determine (a) the closed-loop low-frequency gain Aof, (b) the closed-loop bandwidth BW, and (c) the

gain–bandwidth product GBW.

10.7 The feedback factor of an amplifier is � � 0.8. The open-loop gain A can be expressed in Laplace’s domain

of s as

Determine (a) the closed-loop low-frequency gain Aof, (b) the closed-loop bandwidth BW, and (c) the

gain–bandwidth product GBW.

A(s) =

250s

(1 + 0.1s)(1 + 0.001s)

A(  jv) =

2 * 105

1 + jf>10
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10.8 The transfer characteristic of an amplifier is described by the following values of open-loop gain A for given

ranges of input voltage v2:

If the feedback factor is � � 0.8, determine the closed-loop gains of the transfer characteristic.

10.6 Series-Shunt Feedback

10.9 The noninverting amplifier shown in Fig. 10.7(a) has R1 � 40 k�, Rf � 10 k�, RL � 15 k�, and Rs � 0.

The op-amp parameters are Ri � 2 M� and Ro � 50 �, and the open-loop voltage gain is �g � 2 � 105.

Determine (a) the input resistance seen by the source Rif � vs ⁄ is, (b) the output resistance Rof, and (c) the

closed-loop voltage gain Af � vo ⁄ vs.

10.10 Repeat Prob. 10.9, ignoring the loading effects of the feedback network and the load resistance.

10.11 A voltage amplifier with negative feedback is shown in Fig. 10.47. The amplifier has an open-loop voltage

gain of A � 250, an input resistance of Ri � 4.5 k�, and an output resistance of Ro � 500 �. The load

resistance is RL � 10 k�. The feedback circuit has R1 � 24 k� and RF � 8 k�. The source has a resistance

of Rs � 2 k�. Determine (a) the input resistance Rif � vs ⁄ is, (b) the output resistance Rof, and (c) the

overall voltage gain Af � vo ⁄ vs.

10.12 Repeat Prob. 10.11, ignoring the loading effects of the feedback network and the load resistance.

10.13 The feedback amplifier in Fig. P10.13 has A1 � 50, A2 � 60, Rs � 500 �, R1 � 15 k�, R2 � 1.5 k�, R3 �
250 �, R4 � 1.5 k�, R5 � 250 �, R6 � 2 k�, RL � 4.7 k�, RF � 500 �, C1 � C2 � C3 � 0.1 
F, and

vs � 100 mV. Determine (a) the input resistance Rif � vs ⁄ is, (b) the output resistance Rof, and (c) the overall

voltage gain Af � vo ⁄ vs. Assume C1, C2, and C3 are shorted at the operating frequency.

A = e
50 for 0 6 vi … 0.25 V

40 for 0.25 V 6 vi … 1 V

10 for 1 V 6 vi … 2 V

0   for vi 7 2 V
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10.14 Repeat Prob. 10.13, ignoring the loading effects of the feedback network and the load resistance.
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10.17 Use the techniques of feedback analysis to calculate the input resistance Rif, the output resistance Rof, and

the closed-loop voltage gain Af of the amplifier in Fig. 10.18(a) with series-shunt feedback. The DC bias

currents of the transistors are IC1 � 0.1 mA, IC2 � 0.5 mA, and IC3 � 2 mA. The transistor parameters are

hfe � hfe1 � hfe2 � hfe3 � 150, ro � 25 k�, and r
 � 	.

10.18 The emitter follower in Fig. P10.18 has RB � 75 k�, RE � 750 �, RL � 10 k�, and Rs � 250 �. The

transistor parameters are hfe � 150, r� � 250 �, and ro � 	. Draw a block diagram of the feedback

mechanism. Use the techniques of feedback analysis to calculate (a) the input resistance Rif, (b) the output

resistance Rof, and (c) the closed-loop voltage gain Af.
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FIGURE P10.18
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10.15 Use PSpice/SPICE to plot output impedance against frequency for the feedback amplifier in Prob. 10.13.

The frequency should be varied from 10 Hz to 1 MHz in increments of 1 decade and 10 points per decade.

10.16 The AC equivalent circuit of the CE amplifier in Fig. P10.16 has R1 � 10 k�, R2 � 1.5 k�, RC � 1.5 k�,

RE � 250 �, Rs � 200 �, R3 � 24 k�, R4 � 8 k�, and RL � 1 k�. The transistor parameters are hfe � 150,

r� � 2.5 k�, and ro � 25 k�. Use the techniques of feedback analysis to calculate the (a) input resistance

Rif, (b) the output resistance Rof, and (c) the closed-loop voltage gain Af.

10.19 Use the techniques of feedback analysis to calculate the input resistance Rif, the output resistance Rof, and

the closed-loop voltage gain Af of the amplifier in Fig. P10.19. The transistor parameters are hfe � hfe1 �
hfe2 � 10, r�1 � r�2 � 250 �, ro � 1.5 k�, and r
 � 	.

D

P
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10.21 For the amplifier in Fig. 10.18(a), determine the value of the feedback resistor RF so that the closed-loop

voltage gain Af is 25% of the open-loop voltage gain A. The DC bias currents of the transistors are IC1 �
0.5 mA, IC2 � 1 mA, and IC3 � 5 mA. The transistor parameters are hfe � hfe1 � hfe2 � hfe3 � 100,

ro � 25 k�, and r
 � 	.

10.22 The MOS amplifier shown in Fig. P10.22 is biased to have the following small-signal MOS parameters:

gm1 � 1.2 mA ⁄ V, ro1 � 25 k�, gm2 � 1.6 mA ⁄ V, and ro1 � 25 k�. If RD1 � 1.5 k�, then RD2 � 1 k�,

RSR � 500 �, RF � 5 k�, and CF � 20 pF. Determine (a) the voltage gain without feedback A � vo ⁄vs, (b) the

voltage gain with feedback Af, and (c) the feedback capacitor CF to limit the high frequency fH � 50 kHz.

Microelectronic Circuits: Analysis and Design726

FIGURE P10.22

FIGURE P10.19

vo

~

Q1

Q2

is

io

vs

+

+

−
−

R3
150 Ω

R2
7 kΩ

RE2
1 kΩ

RC2
4.7 kΩ

RC1
4.7 kΩ

R1
30 kΩ

RL
15 kΩ

RE1
1 kΩ

RF
4.7 kΩ

CF
10 μF

CE1
50 μF

CE2
50 μF

C2
10 μF

C3
10 μF

C1
10 μF

CF

RF

M2

vs

+VDD

+

− vo

+

−

RSR RD2

iD2

iD1

RD1

M1

~

D
P

10.20 The AC equivalent circuit of a feedback amplifier is shown in Fig. 10.18(a). The DC bias currents of the

transistors are IC1 � 0.5 mA, IC2 � 1 mA, and IC3 � 5 mA. The transistor parameters are hfe � 100, ro �
25 k�, and r
 � 	. Use the techniques of feedback analysis to calculate (a) the input resistance Rif, (b) the

output resistance Rof, and (c) the closed-loop voltage gain Af.

P
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10.7 Series-Series Feedback

10.24 A transconductance amplifier with negative feedback is shown in Fig. P10.24. The amplifier has an open-loop

transconductance of A � 50 � 10�3 A ⁄ V, an input resistance of Ri � 25 k�, and an output resistance of

Ro � 50 k�. The feedback circuit has RF � 2.5 k�. The source resistance is Rs � 1 k�, and the load

resistance is RL � 500 �. Determine (a) the input resistance Rif � vs ⁄ is, (b) the output resistance Rof, and

(c) the overall transconductance gain Af � io ⁄ vs.
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10.25 Repeat Prob. 10.24, ignoring the loading effects of the feedback network and the load resistance; that is,

assume Rs � 0 and RL � 0.

10.26 Use the techniques of feedback analysis to determine the input and output resistance of the CE transistor

amplifier in Fig. P10.26. The circuit parameters are Rs � 500 �, RE � 250 �, R2 � 15 k�, R1 � 5 k�,

RC � 5 k�, and RL � 10 k�. The �-model parameters are ro � 25 k�, hfe � 150, r� � 250 �, gm �
0.3876 A/V, and r
 � 	.

10.23 The MOS amplifier shown in Fig. P10.23 is biased to have the following small-signal MOS parameters:

gm1 � gm2 � 1 mA ⁄ V, ro1 � ro2 � 20 k�, gm3 � gm4 � 1.2 mA ⁄ V, and ro3 � ro4 � 22 k�. If CF � 6 nF

and C1 � 4 nF, determine (a) the voltage gain without feedback A � vo ⁄ vs, (b) the voltage gain with feed-

back Af, and (c) the high cutoff frequency fH.
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10.27 Use the techniques of feedback analysis to calculate the input resistance Rif, the output resistance Rof,

and the closed-loop transconductance gain Af of the amplifier in Fig. 10.28. The DC bias currents of the

transistors are IC1 � 0.1 mA, IC2 � 0.5 mA, and IC3 � 2 mA. The transistor parameters are hfe � hfe1 �
hfe2 � hfe3 � 150, ro � 25 k�, and r
 � 	.

10.28 The AC equivalent circuit of a feedback amplifier is shown in Fig. P10.28. The circuit values are RC1 �
2.5 k�, RC2 � 5 k�, RC3 � 1.5 k�, RE1 � 100 �, RE2 � 100 �, RF � 750 �, and Rs � 0. The transis-

tor parameters are hfe � 100, r� � 2.5 k�, ro � 25 k�, and r
 � 	. Use the techniques of feedback

analysis to calculate (a) the input resistance Rif, (b) the output resistance Rof, and (c) the closed-loop voltage

gain Af.
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10.29 For the amplifier in Fig. 10.28 determine the value of the feedback resistor RF so that the closed-loop

transconductance gain Af is 25% of the open-loop transconductance gain A. The DC bias currents of the

transistors are IC1 � 0.5 mA, IC2 � 1 mA, and IC3 � 5 mA. The transistor parameters are hfe � hfe1 �
hfe2 � hfe3 � 100, ro � 25 k�, and r
 � 	.
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10.31 The MOS amplifier shown in Fig. P10.31 is biased to have the following small-signal MOS parameters:

gm1 � 1.2 mA ⁄ V, ro1 � 25 k�, gm2� 1.6 mA ⁄ V, and ro2 � 25 k�. If RD � 1.5 k�, then RSR1 � 500 �,

RSR2 � 2 k�, and RF � 8 k�. Determine (a) the voltage gain without feedback A � io ⁄ vs, (b) the voltage

gain with feedback Af, and (c) the feedback capacitor CF to limit the high frequency fH � 50 kHz.
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10.8 Shunt-Shunt Feedback

10.32 The inverting op-amp amplifier shown in Fig. 10.9(c) has RF � 40 k� and R1 � 10 k�. The op-amp has

an input resistance of Ri � 5 M�, an output resistance of Ro � 50 �, and an open-loop voltage gain of

A � 2 � 105 V ⁄ V. The load resistance is RL � 15 k�. Determine (a) the input resistance seen by the

source Rin � vs ⁄ is, (b) the output resistance Rof, (c) the closed-loop transresistance Af � vo ⁄ ii, and (d) the

overall voltage gain Avf � vo ⁄ vs. Assume source resistance Rs � 1 k�.

10.33 A transresistance amplifier with negative feedback is shown in Fig. P10.33. The open-loop transresistance

is A � 750 k�, the input resistance is Ri � 5.5 k�, and the output resistance is Ro � 500 �. The feedback

circuit has RF � 47 k�. The source has a resistance of Rs � 0. Determine (a) the input resistance seen by

the source Rin � vs ⁄ is, (b) the output resistance Rof, and (c) the overall voltage gain Avf � vo ⁄ vs. Assume

load resistance RL � 1 k�.

10.30 For the amplifier in Fig. P10.30, determine the value of the feedback resistor RF so that the closed-loop

transconductance gain Af is 5 mA/V. The transistor parameters are hfe � 100, r� � 250 �, ro � 50 k�, and

r
 � 	. Assume Ri � 2 M�, Ro � 50 �, and A � 105 V/V.
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10.34 Repeat Prob. 10.33, ignoring the loading effects of the feedback network and the load resistance and

assuming that the source has a resistance of Rs � 1.5 k�.

10.35 Use the techniques of feedback analysis to calculate the input resistance Rif, the output resistance Rof, and

the closed-loop transresistance gain Af of the amplifier in Fig. 10.38. The circuit values are RC1 � 5 k�,

RE � 2.5 k�, RC2 � 5 k�, RF � 4 k�, and Rs � 200 �. The transistor parameters are hfe � 150, r� � 2 k�,

ro � 25 k�, and r
 � 	.

10.36 The AC equivalent circuit of a feedback amplifier is shown in Fig. 10.38. The circuit values are RC1 � 5 k�,

RE � 2.5 k�, RC2 � 5 k�, RF � 4 k�, and Rs � 200 �. The transistor parameters are hfe � 100, r� � 2 k�,

ro � 25 k�, and r
 � 	. Use the techniques of feedback analysis to calculate (a) the input resistance Rif,

(b) the output resistance Rof, and (c) the closed-loop voltage gain Af.

10.37 The AC equivalent circuit of the amplifier in Fig. P10.37 has R1 � 6.6 k�, R2 � 1 k�, RC � 1 k�, RE �
100 �, Rs � 500 �, RF � 8 k�, and RL � 5 k�. The transistor parameters are hfe � 100, r� � 581 �, and

ro � 22.5 k�. Use the techniques of feedback analysis to calculate (a) the input resistance Rif, (b) the

output resistance Rof, and (c) the closed-loop voltage gain Af.

Microelectronic Circuits: Analysis and Design730

FIGURE P10.33

vi

Rs

RF

RLRi

Ro

~ Aie

if

is
ie RF

(b)  Feedback circuit(a)  Amplifier

Rif

vs

+
+

+−
−

vo

+

−

vf

if iy

+

−

vy

+

−

−

FIGURE P10.37

vo

Rs

R2

RF

RE

RC RL

Q1

~

is ie
if

R1

vs

+

+

−

−

10.38 The AC equivalent circuit of a feedback amplifier is shown in Fig. P10.38. The circuit values are Rs � 1 k�,

RC � 10 k�, and RF � 24 k�. The transistor parameters are hfe � 150, r� � 500 �, ro � 25 k�, and r
 � 	.

Use the techniques of feedback analysis to calculate (a) the input resistance Rif, (b) the output resistance

Rof, and (c) the closed-loop voltage gain Af.

P

P
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P
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10.39 The AC equivalent circuit of a feedback amplifier is shown in Fig. P10.39. The circuit values are RD � 10 k�,

RF � 50 k�, and Rs � 1 k�. The transistor parameters are gm � 1 mA/V, rd � 50 k�, and r
 � 25 k�. Use

the techniques of feedback analysis to calculate (a) the input resistance Rif, (b) the output resistance Rof, and

(c) the closed-loop voltage gain Af.
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10.40 Determine the value of the feedback resistor RF so that the closed-loop voltage gain Af of the amplifier in

Fig. 10.38 is 25% of the open-loop voltage gain A. The circuit values are RC1 � 5 k�, RE � 2.5 k�, RC2 �
5 k�, and Rs � 200 �. The transistor parameters are hfe � 150, r� � 2 k�, ro � 25 k�, and r
 � 	.

10.41 Determine the value of the feedback resistor RF so that the closed-loop current gain Af of the amplifier in

Fig. P10.41 is 10% of the open-loop voltage gain A. The transistor parameters are hfe � 150, r� � 2 k�,

ro � 25 k�, and r
 � 	. Assume that the coupling capacitors can be considered as short-circuited at the

operating frequency range.

D
P

D
P
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10.42 The MOS amplifier shown in Fig. P10.42 is biased to have the following small-signal MOS parameters:

gm1 � 1.2 mA ⁄ V and ro1 � 25 k�. If RF � 100 k�, then RD � 2 k� and CF � 10 nF. Determine (a) the

voltage gain without feedback A � vo ⁄ is, (b) the voltage gain with feedback Af, and (c) the high cutoff

frequency fH.
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10.43 The MOS amplifier shown in Fig. P10.43 is biased to have the following small-signal MOS parameters:

gm1 � 1.2 mA ⁄ V, ro1 � 25 k�, gm2 � 1.6 mA ⁄ V, and ro2 � 25 k�. If RF � 100 k�, then R1 � 400 k�,

Rs � 1 k�, and CF � 10 nF. Determine (a) the voltage gain without feedback A � vo ⁄ vs, (b) the voltage

gain with feedback Af, and (c) the high cutoff frequency fH.

10.44 The MOS amplifier shown in Fig. P10.44 is biased to have the following small-signal MOS parameters:

gm1 � gm2 � 1.2 mA ⁄ V and ro1 � ro2 � 20 k�. If RD � 2 k�, then CF � 6 nF, and C1 � 2 nF. 

Determine (a) the voltage gain without feedback A � vo ⁄ is, (b) the voltage gain with feedback Af, and

(c) the high cutoff frequency fH.
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10.9 Shunt-Series Feedback

10.45 The current amplifier in Fig. P10.45 has negative feedback. The open-loop current gain is A � 60, the input

resistance is Ri � 500 k�, and the output resistance is Ro � 27 k�. The feedback circuit has RF � 20 k�
and R1 � 2.5 k�. The source resistance is Rs � 500 �, and the load resistance is RL � 100 �. Determine

(a) the input resistance Rif � vs ⁄ is, (b) the output resistance Rof, and (c) the overall current gain Af � io ⁄ is.
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10.46 Repeat Prob. 10.45, ignoring the loading effects of the feedback network and the load resistance and as-

suming that the source has a resistance of Rs � 5 k�.

10.47 The CE amplifier in Fig. 10.48 has RF � 10 k�, R1 � 6.6 k�, R2 � 1 k�, RC1 � 5 k�, RE � 500 �, 

R3 � 5 k�, R4 � 10 k�, RC2 � 5 k�, and Rs � 200 �. The transistor parameters are hfe � 150, r� � 258 �,

and ro � 25 k�. Use the techniques of feedback analysis to calculate (a) the input resistance Rif, (b) the

output resistance Rof, and (c) the closed-loop voltage gain Af.

10.48 Determine the value of the feedback resistor RF so that the closed-loop current gain Af of the amplifier in

Fig. 10.48 with shunt-series feedback is 25% of the open-loop current gain A. The amplifier has R1 � 6.6 k�,

R2 � 2 k�, RC1 � 5 k�, RE � 500 �, R3 � 5 k�, R4 � 10 k�, RC2 � 5 k�, and Rs � 0. The transistor

parameters are hfe � 100, r� � 2.58 k�, and ro � 25 k�.

P
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10.50 The MOS amplifier shown in Fig. P10.50 is biased to have the following small-signal MOS parameters:

gm1 � 1.2 mA ⁄ V, ro1 � 25 k�, gm2 � 1.6 mA ⁄ V, and ro2 � 25 k�. If RD � 1.5 k�, then RSR1 � 500 k�,

RSR2 � 2 k�, and RF � 8 k�. Determine (a) the voltage gain without feedback A � io ⁄ vs, (b) the voltage

gain with feedback Af, and (c) the feedback capacitor CF to limit the high frequency fH � 50 kHz.

Microelectronic Circuits: Analysis and Design734

FIGURE P10.49
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10.49 Determine the value of the feedback resistor RF so that the midfrequency closed-loop current gain Af of the

amplifier in Fig. P10.49 is 10% of the open-loop current gain A. The transistor parameters are hfe � 100,

r� � 2.58 k�, and ro � 25 k�. Assume that the coupling capacitors can be considered as short-circuited at

the operating frequency range.

10.11 Stability Analysis

10.51 The open-loop gain of an amplifier is given by

Determine the closed-loop response due to a step input. Assume feedback factor �(s) � 1.

A(s) =

6

s2
+ 2s - 30

D
P
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10.52 The open-loop gain of an amplifier is given by

Determine the closed-loop response due to a step input. Assume feedback factor �(s) � 1.

10.53 The loop gain of a feedback amplifier is given by

where Ao is a gain constant and T1 and T2 are time constants. Determine the phase margin and gain margin

of the amplifier.

10.54 The loop gain of a feedback amplifier is given by

where Ao is a gain constant and K1 and K2 are constants. Determine the phase margin and gain margin of

the amplifier.

10.55 The loop gain of a feedback amplifier is given by

Determine the phase margin and gain margin of the amplifier.

10.56 If the phase margin of an amplifier is PM � 40° and the magnitude of the open-loop gain is ⏐A( j�)⏐ � 50,

find the magnitude of the closed-loop gain⏐Af ( j�)⏐.

10.57 The open-loop gain of an amplifier has break frequencies at fp1 � 10 kHz, fp2 � 100 kHz, and fp3 � 1 MHz.

The low-frequency gain is Ao � 250, and the feedback factor is � � 0.9. Calculate the gain margin GM and

the phase margin PM.

10.12 Compensation Techniques

10.58 For the amplifier in Prob. 10.57, determine the frequency at the dominant pole so that the phase margin is

PM � 45°.

10.59 The feedback amplifier in Fig. 10.60(a) has gm � 40 � 10�3, Ri � 3.5 k�, Ci � 10 pF, Ro � 24 k�, and

Co � 5 pF.

a. Calculate the two pole frequencies for Cx � 0 and the value of feedback capacitance Cx so that the

frequency of the dominant pole is fD � 1.5 kHz.

b. Use PSpice/SPICE to plot the closed-loop transimpedance Af and the input impedance Zi

against frequency.

10.60 The equivalent circuit of an output stage is shown in Fig. 10.60(c), where Ri � 22 k� and Ci � 18 pF.

a. Find the break frequency fp.

b. Find the additional capacitance Cx that will move the break frequency to fD � 50 kHz.

10.61 The open-loop gain of the multistage CE amplifier in Fig. 8.68 has break frequencies at fp1 � 805 kHz,

fp2 � 9.6 MHz, fp3 � 13 MHz, and fp4 � 61 MHz. The midfrequency gain is Amid � 9594. Determine

the value of compensating capacitance Cx that will give a closed-loop phase margin of 45° with a resistive

feedback of up to � � 1.

TL(s) =

10

s(s + 1)(s + 2)

TL(  jv) =

Ao

jv[(  jv)2K2 + jvK1 + 1]

TL(  jv) =

Ao

jv(1 + jvT1)(1 + jvT2)

A(s) =

s

s2
+ 100
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P

D
P
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Microelectronic Circuits: Analysis and Design

10.62 The open-loop gain of the multistage MOSFET amplifier in Fig. 7.61(a) has break frequencies at

fp1 � 13.75 kHz, fp2 � 248 MHz, and fp3 � 400 MHz. The midfrequency gain is Amid � 311. Determine

the value of compensating capacitance Cx that will give a closed-loop phase margin of 45° with a resistive

feedback of � � 1.

10.63 The open-loop gain of the CE amplifier in Fig. 8.53 has a midfrequency gain of Amid � �300 V/V. Determine

the values of compensating capacitance CF and resistance RF in a shunt-shunt feedback network to give

a midfrequency closed-loop gain of Af � �30 V/V. The low break frequency should be less than 1 kHz.

Assume source resistance Rs � 250 �.

10.64 The open-loop gain of the amplifier in Example 10.12 has break frequencies at fp1 � 10 kHz, fp2 � 100 kHz,

and fp3 � 1 MHz. The low-frequency gain is Ao � 100 A/A, and the emitter resistance is RE � 200 �.

Determine the values of compensating capacitance CF and resistance RF (a) to give a low-frequency

closed-loop gain of Af � 20 A/A and cancel the pole fp1 � 10 kHz and (b) to add a pole of fp � 10 MHz and

cancel the pole fp1 � 10 kHz.

10.65 The transistor Q4 of the amplifier output stage as shown in Fig. 10.60(a) has an input resistance rbe4 � 20 k�
and an input capacitance Cj4 � 40 pF. 

a. Find the break frequency fp.

b. Find the value of additional compensating capacitance Cx which will modify the dominant pole and will

move the break frequency to fD � 25 kHz. 

10.66 The differential amplifier shown in Fig. 10.60(a) has an open-loop gain with break frequencies at fp1 � 50 kHz,

fp2 � 1 MHz, and fp3 � 10 MHz. The gain stage of the amplifier has the equivalent circuit shown in

Fig. 10.60(c) whose parameters are gm � 10 mA/V, Ci � 20 pF, and Co � 5 pF. Determine the value of

compensating capacitance Cx by pole splitting that will give a closed-loop phase margin of 45° with a

resistive feedback of up to � � 1. 

10.67 The amplifier shown in Fig. P10.67 has an open-loop gain with break frequencies at fp1 � 150 kHz and

fp2 � 1 MHz. The parameters of Q4 are gm3 � 1 mA ⁄ V, and the output capacitance of Co3 � 10 pF. The

input capacitance of Q2 is Ci2 � 10 pF. Determine the value of compensating capacitance Cx by pole

splitting that will give a closed-loop phase margin of 50° with a resistive feedback of up to � � 1.

736

FIGURE P10.67
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FIGURE P10.69
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10.68 The open-loop gain of the amplifier shown in Fig. 10.61(a) has break frequencies at fp1 � 50 kHz, 

fp2 � 1 MHz, and fp3 � 10 MHz. The low-frequency gain is Ao � 100 A ⁄ A, and the emitter resistance 

RE � 400 �. Determine the values of compensating capacitance CF and resistance RF by feedback path

modification (a) to give a low-frequency closed-loop gain of Af � 20 A ⁄A and to cancel the pole 

fp1 � 100 kHz and (b) to add a pole of fp � 50 MHz and to cancel the pole fp1 � 50 kHz.

10.69 A common-source amplifier with shunt-shunt feedback is shown in Fig. P10.69. The capacitor CF and 

resistor RF form the feedback network. The voltage gain without feedback is A �⏐Av⏐� vo ⁄vs ≈ 20.

a. Design the feedback network to meet the following specifications: The bandwidth with feedback must

be increased by 10 times; that is, BWf � 10 BW. The voltage gain with feedback is⏐Af⏐� vo ⁄vs � 5.

b. Use PSpice to verify your results.
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Learning Outcomes
After completing this chapter, students should be able to do

the following: 

• Describe the types of power amplifiers and their

transfer characteristics.

• Select a power amplifier to meet certain requirements.

• Analyze and design power amplifiers.

• Design power amplifiers to meet certain specifications.

• Apply the methods for eliminating crossover distor-

tion and reducing offsets and nonlinearities on the

output voltage.

• Apply an active current source to bias the output

stage.

• Identify and describe the internal structure of IC

power op-amps.

Symbols and Their Meanings
Symbol Meaning

Input and output voltages of an amplifier

Peak current, peak voltage, and peak-to-

peak voltage of a transistor

Collector and drain currents of a 

transistor

Quiescent and reference currents of an

amplifier

Conduction angle and duty cycle of a

transistor

a, k

IQ, IR

IC, ID

Ip, Vp, Vpp

vi, vo

CHAPTER 11
POWER AMPLIFIERS
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11.1 Introduction

The amplifiers in Chapters 7 and 8 were operated as input and/or intermediate stages to obtain a large volt-

age gain or current gain. The transistors within the amplifiers were operated in the active region so that

their small-signal models were valid. These stages were not required to provide appreciable amounts of

power, and the distortion of the output signal was negligible because the transistors operated in the active

region.

The requirements for the output stages of audio-frequency power amplifiers are significantly dif-

ferent from those of small-signal low-power amplifiers. An output stage must deliver an appreciable

amount of power and be capable of driving low-impedance loads such as loudspeakers. The distortion

of the output signal must also be low. Distortion is measured by a quality factor known as total harmonic
distortion (THD), which is the rms value of the harmonic components of the output signal, excluding

the fundamental, expressed as a percentage of the rms of the fundamental component. The THD of high-

fidelity audio amplifiers is usually less than 0.1%.

The DC power requirement of an audio amplifier must be as small as possible so that the efficiency

of the amplifier is as high as possible. Increasing the efficiency of the amplifier reduces the amount of

power dissipated by the transistors and the amount of power drawn from DC supplies, thereby reducing

the cost of the power supply and prolonging the life of batteries in battery-powered amplifiers. Also, a

low DC power requirement helps to keep the internal junction temperature of the transistors well below

the maximum allowable temperature (in the range of 150°C to 200°C for silicon devices). As a result, a

low DC power requirement minimizes the size of heat sinks and can eliminate the need for cooling fans.

Therefore, an output stage should deliver the required amount of power to the load efficiently.

11.2 Classification of Power Amplifiers

Power amplifiers [1, 2] are generally classified into six types: A, B, AB, and C for analog designs and

classes D and E for switching designs. This classification is based on the shape of the drain current for

a MOSFET or collector current waveform for a BJT in response to a sinusoidal input signal. In an ana-

log amplifier, the input signal to the amplifying devices causes a proportional output current to flow out of

the output terminal, whereas in switching amplifiers the output current of the amplifying device is pulsat-

ing type. The output current and the load power come from the DC power supply. The load of power

amplifiers is generally a speaker. The waveforms of the collector (or the drain) currents for various types

of amplifiers are shown in Fig. 11.1. Table 11.1 shows the conduction angle and duty cycle of the input

iC

iD
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Symbol Meaning
Collector power, DC supply power, and load power of an amplifier

Input signal and output currents of an amplifier

Base–emitter (B-E) voltages of an npn and a pnp transistor

Hybrid current gain parameter of a transistor 

Efficiency of an amplifier 

Natural frequency of an LC filter, radians per secondvn

h

hfe

VBEN, VBEP

iS, iO

PC, PS, PL
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FIGURE 11.1 Output voltages for various classes of amplifiers

signal for analog circuits. The duty cycle for the class D and E amplifiers is generally variable up to 50%

of the switching period.
In a class A amplifier, the DC biasing collector current IC of a transistor is higher than the peak am-

plitude of the AC output current Ip. Thus, the transistor in a class A amplifier conducts during the entire
cycle of the input signal, and the conduction angle is � � �t � 360°. That is, the collector current of a
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transistor is given by iC � IC � Ip sin �t and IC � Ip. Ip is the peak value of the sinusoidal component of
the collector current; it is not to be confused with the symbol IP (in Chapter 10), which represents the drain
current of a p-channel MOSFET. The waveform of the collector current for class A operation is shown in
Fig. 11.1(a).

In a class B amplifier, the transistor is biased at zero DC current and conducts for only a half-cycle
of the input signal, with a conduction angle of � � 180°; that is, iC � Ip sin �t. The waveform of the
collector current for a class B amplifier is shown in Fig. 11.1(b). The negative halves of the sinusoid
are provided by another transistor that also operates in the class B mode and conducts during the alter-
nate half-cycles.

In a class AB amplifier, the transistor is biased at a nonzero DC current that is much smaller than
the peak amplitude of the AC output current. The transistor conducts for slightly more than half a cycle
of the input signal. The conduction angle is greater than 180° but much less than 360°; that is, 180° �
� �� 360°. Thus, iC � IC � Ip sin �t and IC � Ip. The waveform of the collector current for a class AB
amplifier is shown in Fig. 11.1(c). The negative halves of the sinusoid are provided by another transistor
that also operates in the class AB mode and conducts for an interval slightly greater than the negative half-
cycle. The currents from the two transistors are combined to form the load current. Both transistors con-
duct for an interval near the zero crossings of the input signal.

In a class C amplifier, as shown in Fig. 11.1(d) the transistor conducts for an interval shorter than
a half-cycle. The conduction angle of the transistor is less than 180°; that is, � � 180° and iC � Ip sin
�t. The negative halves of the collector current are provided by another transistor. The collector cur-
rent is of pulsating type and is much more distorted than the current generated by other classes of am-
plifier. The nonlinear distortion can be filtered out by passing this output through a parallel LC-reso-
nant circuit. The resonant circuit is tuned to the frequency of the input signal and acts as a band-pass
filter, giving an output voltage proportional to the amplitude of the fundamental component of the current
waveform. Class C amplifiers are normally used in radio frequency applications. 

A class D amplifier, shown in Fig. 11.1(e), operates transistors as switches, which are either com-
pletely turned on or completely turned off. The transistor output is connected to the supply voltage via a
large inductor L and also to the load via a serial LC circuit (not shown). The output voltage is a pulsed
waveform in response to a pulse-width modulation (PWM) input voltage. When the transistor is off,
the inductor L supplies its stored energy to the series LC circuit and the load. When the transistor is
switched on, the inductor L replenishes its energy from the supply voltage. 

A class E amplifier, shown in Fig. 11.1(f), is similar to the class D amplifier, except that a capacitor 

is connected across the transistor. As a result, there are LC circuits when the transistor is switched on:

one parallel circuit and one series LC circuit via the load. 
Class A and class B amplifiers are commonly used in audio-frequency applications. Although

there are many other types of amplifiers, we will consider the following kinds: emitter followers, class
A amplifiers, class B push-pull amplifiers, complementary class AB push-pull amplifiers, quasi-
complementary class AB push-pull amplifiers, transformer-coupled class AB push-pull amplifiers,
and power op-amps.

L-Cp

Cp

Microelectronic Circuits: Analysis and Design742

TABLE 11.1 Conduction angle and duty cycle of power transistors

Class A Class AB Class B Class C Class D Class E

Conduction or or or

angle or or 181° to 359° or 180° 0° to 179° 0° to 179° 0° to 179°

Duty cycle k k 6 50%k 6 50%k 6 50%k = 50%50% 6 k 6 100%k = 100%
360°a

a 6 180° a 6 180° a 6 180° a = pp 6 a 6 2pa = 2p
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11.3 Power Transistors 

The amplifying devices can be either MOSFETs or BJTs. The MOSFETs offer superior performances over the BJTs

[3–5]. They require virtually zero input current, and they have faster switching times, no secondary breakdown,

and stable gain and response time over a wide temperature range. The BJT current gain can vary widely

with temperature, and the variation of the MOSFET transconductance with temperature is less than the vari-

ation of the BJT current gain . As a result, power MOSFETs are replacing power BJTs in most applications.

There are no significant differences in the internal construction of small-signal and power BJTs. Although

the mechanism of operation of power MOSFETs is same as that of small-signal MOSFETs, the power

MOSFETs differ in their internal construction from the small-signal transistors in order to have more channel

width for obtaining more current-carrying capability. To achieve a large channel width with good char-

acteristics, power MOSFETs are fabricated with a repetitive pattern of small cells operating in parallel. The

voltage ratings of power MOSFETs range from 50 V to 100 V, with current ratings from 10 A to 30 A.

There are two basic power MOSFET structures. The first is called a DMOS device, which uses a

double-diffusion process; its cross section is shown in Fig. 11.2(a). It has two parallel current paths from

the drain to the source. The p-substrate region is diffused deeper than the n+-source. The n-drift region

must be moderately doped so that the drain breakdown voltage is sufficiently large and the thickness of

the n-drift region is made as thin as possible to minimize drain resistance. The second structure, as

shown in Fig. 11.2(b), uses a vertical channel known as a VMOS structure. In this case, the p-substrate

diffusion is performed over the entire surface, and a V-shaped groove is then formed, extending through

the n-drift region. For a high efficiency, on-resistance , which should be low, can be found from 

(11.1)

where � source terminal contact resistance

� channel resistance

� drain terminal contact resistance

The values of the contact resistances and are proportional to the semiconductor resistivity. From

Eq. (7.3), we can find the channel resistance in the linear region of operation as given by 

(11.2)

This explains why the channel length should be low and the width should be high to reduce on-

resistance. An increase in the drain current increases the power loss and the junction temperature, which

in turn increases the threshold voltage and , thereby limiting the drain current. 

For the sake of illustration of power amplifiers, we will show and analyze circuits using BJTs.

The BJT analysis can be applied to MOSFET circuits by substituting for the BJT current gain.

Table 11.2 lists the circuit parameters for replacing a BJT by a MOSFET in a circuit.

bF = 0

RCHVt

RCH =

vDS

iD
=

L

WmnCox(vGS - Vt )

RCH

RDCRSC

RDC

RCH

RSC

RDS(on) = RSC + RCH + RDC

Ron

bF

gm

bF
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KEY POINTS OF SECTION 11.2

■ A power amplifier can be classified into one of six groups—A, B, AB, C, D, or E—depending on the

conduction interval of the transistors used in the amplifier.

■ To avoid distortion due to clipping, the maximum peak collector current of a transistor is limited to a

specified value.
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(a)  DMOS structure

(b)  VMOS structure
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FIGURE 11.2 Cross section of a power MOSFET

TABLE 11.2 Circuit parameters of MOSFETs and BJTs

Circuit Parameters MOSFETs BJTs

Supply voltage Power supply 

Output current Drain current Collector current 

Driving voltage Gate–source voltage Base–emitter voltage 

Input voltage Gate voltage Base voltage 

Transistor input current Base current 

Current ratio

Diode-connected 

transistor 

iC

iB
= bF

iD

iG
M �

iBiG M 0
vBvG

vBEvGS

iCiD

;VCC;VDD
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11.4 Class A Amplifiers 

The common-source (common-emitter) amplifiers in Secs. 7.8 and 7.9 and the source and emitter follow-

ers in Secs. 8.8 and 8.9 fall into the class A category. The transistors of class A amplifiers are always turned

on. Therefore, the transistor can become hot, with most of the power provided by the power supply being

dissipated as heat. Although efficiency is poor (around 20%), the accuracy of the signal amplifications is

quite high. We have analyzed the amplifiers to derive the small-signal parameters without any consideration

to the circuit efficiency. For power amplifiers, efficiency is a major performance parameter. 

11.4.1 Emitter Followers

An emitter follower is a class A amplifier; its circuit diagram is shown in Fig. 11.3(a). Section 8.9 discussed

the characteristics of an emitter follower: a very low output impedance, a very high input impedance, and

a voltage gain of almost unity at a large value of load resistance. The voltage gain and the DC current of

transistor Q1 are affected by the values of load resistance RL. The peak-to-peak voltage swing is less than

VCC. If the emitter resistance RE in Fig. 11.3(a) can be replaced by a current source, as shown in Fig.

11.3(b), the peak-to-peak voltage swing can be increased to a value larger than VCC. The voltage gain can

be maintained at almost unity even with a small load resistance, on the order of 100 �.

Power Amplifiers 745
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FIGURE 11.3 Emitter follower

KEY POINTS OF SECTION 11.3

■ The power MOSFETs offer superior performances over the power BJTs. MOSFETs require virtually

zero input current and have faster switching times, no secondary breakdown, and stable gain and re-

sponse time over a wide temperature range.

■ There are two basic power MOSFET structures. The channel length of MOSFETs is made low, and

the width is made high to reduce on-resistance.
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Transfer Characteristic

Assuming that the diode drop is VD1 � 0.7 V, the B-E drop of a transistor is VBE � 0.7 V, and the transis-

tor current gain �F �� 1, the reference current IR can be approximated by I1. Using KVL for the current

source, we get

0 � IRR1 � VBE � VCC

which gives the reference current IR as

(11.3)

The output voltage is given by

(11.4)

which yields the transfer characteristic shown in Fig. 11.3(c). At vI � 0 (i.e., vO � �VBE), the characteristic

has an offset voltage. Thus, for iC1 � 0, Q1 will be on, and the positive peak value of output voltage is

(11.5)

Q1 will be turned off when iC1 � 0 and iO � �IR. The output voltage can also be written as

(11.6)

If the value of RL is less than R1, the peak negative value of the output voltage will be less than the peak neg-

ative value of VCC � VCE(sat) and the output will not be symmetrical. This will cause distortion (or clipping).

Thus, the condition that avoids distortion and obtains the maximum output voltage swing is given by

(11.7)

and the maximum voltage swing (peak to peak) without clipping is

(11.8)

Signal Waveforms

Let us assume that the input is a sinusoidal voltage. If we neglect saturation voltage VCE(sat), the output

voltage vO can swing from �VCC to VCC, with the quiescent value being zero, as shown in Fig. 11.4(a).

The collector–emitter (C-E) voltage will become vCE1 � VCC � vO, which is shown in Fig. 11.4(b). As-

suming that IR � IQ is selected to give the maximum output voltage swing, the collector current iC1 is

shown in Fig. 11.4(c). The instantaneous power dissipation in Q1, shown in Fig. 11.4(d), is given by

(11.9)

and has an average value of VCCIR ⁄ 2.

Output Power and Efficiency

The power efficiency of the output stage of an emitter follower is defined by

(11.10)h =

Load power PL

Supply power PS

PD1 L vCE1iC1 = VCC(1 - sin vt)IR(1 + sin vt)

Vpp = 2(VCC - VCE(sat))

RL Ú R1

 = -

VCC - VBE

R1
RL

vO = iORL = - IRRL

+VO(max) = VCC - VCE(sat)

vO = v1 - VBE

IR =

VCC - VBE

R1

Microelectronic Circuits: Analysis and Design746
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Assuming that the output voltage is sinusoidal with a peak value of Vp, the average load power will be

(11.11)

The average current drawn by transistor Q1 will be IR, and thus the average power drawn from the pos-

itive supply will be VCCIR. Since the current in transistor Q2 remains constant at IR, the power drawn

from the negative supply will also be VCCIR, if we neglect the power drawn by the current source consisting

of the diode D1 and resistor R1. Thus, the total average supply power will be

(11.12)

From Eqs. (11.11) and (11.12), we get the power efficiency as

(11.13)

which will give the maximum efficiency when

That is, �max � 25%, which is rather low. In practice, the peak output voltage is limited to less than VCC to

avoid transistor saturation and associated nonlinear distortion. Thus, the efficiency actually ranges from 10%

to 20%. Emitter followers are generally used as output stages for high-frequency (�10 MHz), low-power

(	1 W) amplifiers.

Vp = VCC … RLIR

h =

V2
p

4RLVCCIR
=

1

4
a Vp

RLIR
b a Vp

VCC
b

PS = 2VCCIR

PL =

V2
p

2RL
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vO

0

iC1

0

vCE1

0

PD1

0

VCCIR

VCC

VCC

2VCC

vCE1iC1

(a)

(b)

(c)

(d)

Q-line

Q-current

Q-power

2IR

IRw tp 2p 3p

w tp 2p 3p w tp 2p 3p

w tp 2p 3p
−VCC

FIGURE 11.4 Signal waveforms of an emitter follower

Designing an emitter follower
(a) Design the emitter follower of the circuit in Fig. 11.3(b). Assume VCC � 12 V, VBE � 0.7 V, VCE(sat) � 0.5 V,

IR � 5 mA, and RL � 650 �. Assume identical transistors of current gain hfe � �F � 100. Note that hfe is

the hybrid parameter and both hfe and �F represent the current gain of a BJT.

(b) Determine the critical value of load resistance to avoid clipping (or distortion).

(c) Calculate the peak-to-peak output voltage swing if RL � 650 �.

EXAMPLE 11.1

D
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Microelectronic Circuits: Analysis and Design748

(d) Calculate the peak-to-peak output voltage swing and the power efficiency � if RL � 2.5 k�.

(e) Use PSpice/SPICE to plot the transfer function of the emitter follower for the values in part (a). The PSpice

model parameters for the diode are

IS=100E-15 RS=16 BV=100 IBV=100E-15

and those for the transistors are

BF=100 VA=100

SOLUTION

(a) Determine the value of R1 from Eq. (11.3):

(b) From Eq. (11.7), we find the critical value of load resistance to avoid clipping:

(c) For RL � 650 �, the negative peak output voltage is

The positive peak output voltage is

Therefore, the peak-to-peak output voltage swing will be from 11.5 V to �3.25 V.

(d) For RL � 2.5 k� (which is greater than RL(crit) � 2260 �), the negative peak output voltage will be limited to

Therefore, the peak-to-peak output voltage swing will be from �11.5 V to �11.5 V. Thus, Eq. (11.13) gives

(e) The emitter-follower circuit for PSpice simulation is shown in Fig. 11.5.

h =

(11.5 V)2

4 * 2.5 kÆ * 12 V * 5 mA
= 22%

-VO(max) = -VCC + VCE(sat) = -12 V + 0.5 V = -11.5 V

+VO(max) = VCC - VCE(sat) = 12 V - 0.5 V = 11.5 V

-VO(max) = - IRRL = -5 mA * 650 Æ = -3.25 V

RL(crit) = R1 = 2260 Æ

R1 =

VCC - VBE

IR
=

12 V - 0.7 V

5 mA
= 2260 Æ

~

Q1

D1

Q2

5

1
650

2

3

4

0
10 V
1 kHz

R1

RL
{RVAL}

Parameters:
RVAL

Vi
 5 V

+

−

2.26 kΩ

VCC
12 V−

+

VEE
12 V−

+

FIGURE 11.5 Emitter-follower circuit for PSpice simulation
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11.4.2 Basic Common-Emitter Amplifier

The simplest kind of class A amplifier is shown in Fig. 11.7(a). This configuration lacks biasing stability

(i.e., emitter resistance RE) and is not suitable for power amplifiers. However, we will use this circuit to

derive the power efficiency of class A amplifiers. Let us assume that the nonlinearity introduced by the

transistor is negligible so that the output signals will be sinusoidal for sinusoidal input signals. These

assumptions will simplify the various power calculations. The waveforms of the collector current and

voltages are shown in Fig. 11.7(b).

Transfer Characteristic

The input voltage vI is related to the collector current IC by

(11.14)vI = VBE = VT ln a iC

IS
b

Power Amplifiers 749

The transfer characteristic is shown in Fig. 11.6(a). For RL � 650 �, it gives �VO(max) � 12 V (expected

value is 11.5 V) and �VO(max) � �3.08 V (expected value is �3.25 V). For RL � 2.5 k�, it gives �VO(max) �
13.26 V (expected value is 11.5 V) and �VO(max) � �10.25 V (expected value is �11.5 V). The output volt-

age, shown in Fig. 11.6(b), has an offset of 0.8 V (expected value is 0.7 V) and is clamped to a certain value,

thereby introducing distortion.

The Fourier analysis (.FOUR) gives the following results (from the PSpice output file).

For RL � 650 �,

DC COMPONENT=1.300972E+00

TOTAL HARMONIC DISTORTION=3.131888E+01 PERCENT

For RL � 2.5 k�,

DC COMPONENT=�7.972313E-01

TOTAL HARMONIC DISTORTION=1.895552E-01 PERCENT

(a)  Transfer characteristic (b)  Output voltage

FIGURE 11.6 Transfer characteristic and output voltage for Example 11.1
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Using iC from Eq. (11.14), we can find the output voltage as

(11.15)

Therefore, the transfer characteristic (vO versus vI), which is shown in Fig. 11.8, is nonlinear.

Output Power and Efficiency

The average DC power required from the power supply is given by

(11.16)

The average load or output power is given by

(11.17)

(11.18)

� NOTE converts the peak value to an rms value.22

 =

IpRLIP

2
=

I 2
pRL

2

PL = a Vp

22
b a Ip

22
b =

VpIp

2

PS = VCCIC

vO = VCC - RCiC = VCC - RCIS  lna v I

VT
b
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vOvCE
vBEvI

iC
iBC1

RB RC

Q1

(b)  Waveforms(a)  Circuit

VCE(min)

VCE(max)

IC(max)

IC(min)

VCE VCC

Q-point

VCC

RC
Load line

iC

0

Ip

Ip

IQ

Vp

Vp

iC

vCE

vCE

0
IB = 0 

IB1

IB2

IB3

IB4

IB5

IB6

0

vs

+ +

+ +

+

-
- --

-

+VCC

IC = IQ

w t

w t

FIGURE 11.7 Basic common-emitter class A amplifier

vO

vI
0

VCC

VT ln
VCC

RSIS

VCE(sat)

FIGURE 11.8 Transfer characteristic of a common-emitter

class A amplifier
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where Vp and Ip are the peak values of the AC output voltage and current, respectively. Using the mini-

mum and maximum values of the output signals, we can express Vp and Ip as

(11.19)

(11.20)

where VCE ideally extends over its full range. Using Eqs. (11.19) and (11.20), we can express Eq. (11.17) as

(11.21)

which will give the maximum load power PL(max) when VCE(min) � 0, IC(min) � 0, VCE(max) � VCC, and

IC(max) � 2IC. Thus, Eq. (11.21) gives PL(max) as

(11.22)

The conversion efficiency, which is defined as the ratio of load power to the DC source power, is expressed

as

(11.23)

Substituting Eqs. (11.16) and (11.21) into Eq. (11.23) gives the maximum efficiency as

(11.24)

which, for VCE(min) � 0, IC(min) � 0, VCE(max) � VCC, and IC(max) � 2IC, becomes

(11.25)

Hence, the maximum efficiency for a class A amplifier under ideal conditions is 25%. Although in prac-

tice the actual efficiency will be less than 25%, this percentage is often used as a guideline for determin-

ing the biasing requirement IC. For example, if VCC � 30 V and PL(max) � 50 W, then

and

The quality of an amplifier is often measured by the figure of merit Fm, which is defined by

(11.26)

The maximum collector dissipation is given by

(11.27)PC(max) =

VCCIC

2

Fm =

Maximum collector dissipation

Maximum output power
=

PC(max)

PL(max)

IC =

PS

VCC
=

200

30
= 6.67 A

PS =

PL(max)

h(max)
=

50

0.25
= 200 W

hmax =

VCE(max)ICE(max)

8VCCIC
=

VCC(2IC)

8VCCIC
=

1

4
= 25%

hmax =

(VCE(max) - VCE(min))(IC(max) - IC(min))

8VCCIC

h =

PL

PS
* 100%

PL(max) =

VCC(2IC)

8
=

VCCIC

4

PL =

VpIp

2
=

(VCE(max) - VCE(min))(IC(max) - IC(min))

8

 Ip =

IC(max) - IC(min)

2

Vp =

VCE(max) - VCE(min)

2

Power Amplifiers 751
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Substituting Eqs. (11.22) and (11.27) into Eq. (11.26) yields

(11.28)

Thus, the collector power dissipation is twice the maximum output power. That is, for a maximum output of

50 W, the collector must be able to dissipate at least 100 W. This requirement is the major disadvantage of

class A amplifiers because it necessitates the use of a large and expensive heat sink to cool the transistors.

11.4.3 Common-Emitter Amplifiers with Active Load

Because of their high voltage gain, common-emitter stages are often used as output-stage drivers in inte-

grated circuit design. A common-emitter stage is shown in Fig. 11.9(a). A current source consisting of Q2

and Q3 establishes the reference current IR, which is given by

(11.29)

With no load, RL � �, iO � 0, and iC1 � IQ � IR. Thus, the load current iO is given by

(11.30)

where the collector current iC1 is related to the input voltage vI by

(11.31)

Transfer Characteristic

The output voltage vO is given by

(11.32) = RL c IR - IS exp a vI

VT
b d

vO = RLiO = RL(IR - iC1)

iC1 = IS exp a vI

VT
b

iO = IR - iC1

IR =

VCC - VEB2(= VEB3)

R1

Fm =

VCCIC>2
VCCIC>4 = 2
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vI

vO

vO

vI

iC1

IR

iO

Q3

Q1

Q2

IRRL2

VBE1

Q2 saturates

R1

RL

Q1 saturates

Q1 cut off

Exponential

(b)  Transfer characteristic(a)  Common-emitter stage

0

+VCC

−VCC

−VCC  + VCE1(sat)

VCC − VCE2(sat)

+

+

−−

IQ = IR

RL = RL1

RL = RL2 < RL1

FIGURE 11.9 Common-emitter class A amplifier and its transfer characteristic
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which is the transfer characteristic (vO versus vI), shown in Fig. 11.9(b). When iC1 � 0, transistor Q1 is cut

off and transistor Q2 supplies IQ to the load. The output voltage becomes

(11.33)

If this value of vO is less than the maximum possible positive output voltage of VCC � VCE2(sat), distortion

will occur, as shown in Fig. 11.9(b). Thus, the condition for the maximum positive output voltage swing

is RL 
 R1. As the input voltage vI is increased, the current in transistor Q1 increases and vO becomes neg-

ative according to Eq. (11.32), until Q1 saturates and the output voltage becomes

The transfer characteristic is basically a simple exponential and shows distortion on the output voltage. The in-

put voltage required to produce the maximum output voltage swing is typically a few tens of millivolts or less.

Output Power and Efficiency

All the equations derived for the emitter follower and the basic common-emitter circuits apply to this

common-emitter stage. Thus, the maximum efficiency is �max � 25%, and the figure of merit is Fm � 2.

The breakdown voltage rating of Q1 and Q2 must be 2VCC.

11.4.4 Transformer-Coupled Load 
Common-Emitter Amplifier

The efficiency of an amplifier can be improved with a transformer-coupled load. A class A amplifier with

a transformer-coupled load is shown in Fig. 11.10(a). The elimination of the collector resistance RC, used

for DC biasing in Fig. 11.7(a), accounts for the increase in efficiency. The transformer at the output stage

provides an impedance match in order to transfer maximum power to the load. A load such as the imped-

ance of a loudspeaker is usually very small, typically 4 � to 16 �.

The voltage and current relations of the output transformer are

VpL = anp

ns
bVsL and IpL = a ns

np
b  IsL

vO = -VCC + VCE1(sat)

vO = RLIR = RL
VCC - VBE2

R1

Power Amplifiers 753

iC

IC

vCE
0

Q

C1

np ns

iC

iL

RL

R'L

Q-point

IC(max) =
2VCC

≈ 2VCC

(b)  Output characteristics(a)  Circuit

AC load line

DC load line

RB
vo

VCE(max)VCE(min)

VCC

vs vI

+VCC

+ +

− −

+

−

FIGURE 11.10 Class A amplifier with transformer-coupled load
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where ns and np � secondary and primary windings, respectively

VsL and VpL � secondary and primary voltages, respectively

IsL and IpL � the secondary and primary currents, respectively

The effective load resistance referred to the primary side can be found from

(11.34)

The AC (dynamic) load line is determined by R�L. The DC (static) load line is almost vertical because of the

very small primary resistance of the transformer. Assuming VCE(min) � 0 in Eq. (11.19) and IC(min) � 0 in

Eq. (11.20), the peak values of the output voltage and current at the primary side of the transformer are

(11.35)

(11.36)

Equation (11.21) gives the maximum efficiency as

(11.37)

Hence, the maximum efficiency of a class A stage is doubled by using a transformer coupled to the load. The

value of Vp for a transformer-coupled stage is VCC; for the basic common-emitter amplifier, it is only VCC ⁄ 2.

Equation (11.18) gives the maximum load power as

(11.38)

The maximum collector dissipation is given by

(11.39)

Substituting Eqs. (11.38) and (11.39) into Eq. (11.26) yields

(11.40)

Thus, the figure of merit for the transformer-coupled class A stage is the same as that for the basic common-

emitter stage.

Fm =

V2
CC>R¿L

V2
CC>2R¿L

= 2

PC(max) = VCCIC = VCCIp =

V2
CC

R¿L

PL(max) =

I 2
pR¿L

2
=

V2
CC

2R¿L

hmax =

VCE(max)IC(max)

8VCCIC
=

2VCC(2IC)

8VCCIC
=

1

2
= 50%

Ip =

IC(max)

2
= IC

Vp =

VCE(max)

2
= VCC

R¿L = aVpL

IpL
b = anp

ns
b2aVsL

IsL
b = anp

ns
b2

RL
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Designing a transformer-coupled class A amplifier Design a transformer-coupled class A amplifier

with high efficiency to supply an output power of PL � 10 W at a load resistance of RL � 4 �. Assume a DC

supply voltage of 12 V and BJTs of �F � hfe � 100 and VCE(sat) � 0.7 V. Note that hfe is the hybrid parameter

and both �f (��F) and hfe represent the current gain of a BJT.

EXAMPLE 11.2

D
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SOLUTION

The design steps are as follows:

Step 1. Determine the maximum collector-to-emitter voltage of the transistors:

VCE(max) 
 2VCC � 2 � 12 � 24 V

Step 2. From Eq. (11.40), calculate the collector power dissipation, which must be at least twice the AC

power:

PC 
 FmPL � 2PL � 2 � 10 � 20 W

Step 3. Calculate the value of the quiescent collector current IC:

Step 4. Calculate the slope of the load line to find the AC load resistance R�L:

Step 5. From Eq. (11.34), calculate the required turns ratio of the transformer:

Step 6. Calculate the peak collector current:

IC(max) � 2IC � 2 � 1.67 � 3.34 A

Step 7. Calculate the quiescent base current IB:

Step 8. Calculate the base resistance RB:

RB =

VCC - VCE(sat)

IB
=

12 V - 0.7 V

16.7 mA
= 677 Æ

IB =

IC

hfe
=

1.67

100
= 16.7 mA

np

ns
= aR¿L

RL
b1>2

= a7.19

4
b1>2

= 1.34

R¿L =

VCC

IC
=

12

1.67
= 7.19 Æ

IC =

PC

VCC
=

20

12
= 1.67 A

KEY POINTS OF SECTION 11.4

■ An emitter follower biased with an active current source is the most commonly used output stage.

■ An emitter follower has a high input impedance and a low gain of almost unity. However, it exhibits

an offset voltage of approximately �VBE � �0.7 V at Vi � 0.

■ In a class A amplifier, the transistor conducts a continuous DC biasing current. As a result, the max-

imum power efficiency is only 25%. The figure of merit, which is the ratio of maximum collector

power dissipation to maximum output power, is 2.

■ The power efficiency of a class A stage can be increased to 50% with a transformer-coupled load.
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11.5 Class B Push-Pull Amplifiers

In a class B push-pull amplifier, two complementary transistors (one npn transistor and one pnp transistor)

are employed to perform the push-pull operation [1, 6]. The efficiency is much higher than that of a class

A amplifier, and the accuracy of the output is improved. It is the most commonly used audio-power am-

plifier. This section discusses two types of class B amplifiers.

11.5.1 Complementary Push-Pull Amplifiers

A complementary push-pull amplifier is shown in Fig. 11.11(a). For vI � 0, transistor QP remains off and

transistor QN operates as an emitter follower. For a sufficiently large value of vI, QN saturates and the max-

imum positive output voltage becomes

For vI � 0, transistor QN remains off and transistor QP operates as an emitter follower. For a sufficiently

large negative value of vI, QP saturates and the maximum negative output voltage becomes

Assuming identical transistors of VBE1 � VBE2 � VBE, the output voltage is given by

(11.41)

which gives the transfer characteristic of vO versus vI shown in Fig. 11.11(b). However, during the inter-

val �0.7 V 	 vI 	 0.7 V, both QP and QN remain off, and vO � 0. This causes a dead zone and crossover

distortion on the output voltage, as illustrated in Fig. 11.12.

vO = vI - VBE for -0.7 V Ú vI Ú 0.7 V

-VCE(max) = - (VCC - VCE2(sat)) = -VCC + VCE2(sat)

VCE(max) = VCC - VCE1(sat)

Microelectronic Circuits: Analysis and Design756

vO
2VBERL

QN saturates

QP saturates

QN off

QN on

QP on

QP off

(b)  Transfer characteristic(a)  Circuit

vO

vI

−0.7 V

0.7 V

vI
QP

QN

+VCC

−VCC

+ +

−
−

−VCC + VCE(sat)

VCC − VCE(sat)

FIGURE 11.11 Complementary class B push-pull amplifier
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Output Power and Efficiency

Let us assume that VCE1(sat) � VCE2(sat) � VCE(sat) � 0 and IC(min) � 0. Assuming a sinusoidal variation

of the collector current iC1 � Ip sin �t, the average collector current of a transistor can be found from

(11.42)

The average current drawn from the DC supply source by transistors QN and QP is

(11.43)

Thus, the average input power supplied from the DC source is

(11.44)

From Eq. (11.17), the output power is given by

Thus, the power efficiency becomes

(11.45)

which gives � � 50% at Vp � 2VCC ⁄ � and � � 78.5% at Vp � VCC. At Vp � VCC, the maximum output

power is given by

(11.46)PL(max) =

I 2
pRL

2
=

IpVp

2
=

IpVCC

2
=

V2
CC

2RL

h =

PL

PS
=

IpVp>2
2IpVCC>p =

p

4
 a Vp

VCC
b

PL =

I 2
pRL

2
=

IpVp

2

PS = IdcVCC =

2IpVCC

p

Idc = 2IC1 =

2Ip

p

IC1 =

1

2pL

p

0
ic1 dt =

1

2pL

p

0
Ipsin (vt) d(vt) =

Ip

p
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tVBE1

VBE2

t1

t1

t2

t2

t3

t3

t5

t4

t4

t

0
0

vO vO

vI

vI

−VCC − VCE2(sat)

VCC − VCE1(sat)

Slope = 1

Slope = 1

FIGURE 11.12 Crossover distortion on input and output waveforms
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Thus, the maximum power efficiency is

Therefore, the maximum efficiency of a complementary push-pull class B amplifier is much higher than

that of a class A amplifier.

The average collector power dissipation for both transistors is given by

(11.47)

(11.48)

The condition for maximum collector power can be found by differentiating PC in Eq. (11.47) with respect

to Ip and setting the result equal to zero; that is,

which gives the peak current for maximum collector power dissipation as

(11.49)

and the corresponding maximum peak voltage as

(11.50)

Substituting Ip(max) from Eq. (11.49) and Vp(max) from Eq. (11.50) into Eq. (11.47) gives the maximum

collector dissipation as

(11.51)

Normalizing PC in Eq. (11.48) with respect to PC(max) in Eq. (11.51), we get

(11.52)

which becomes 100% at Vp � 2VCC ⁄ � and 67.4% at Vp � VCC. The normalized plot of PC (with respect

to PC(max)) versus peak voltage Vp is shown in Fig. 11.13. The power dissipation is highest at 50% 

efficiency.

We can obtain the figure of merit from Eqs. (11.46) and (11.51) as follows:

(11.53)

Thus, the figure of merit for class B amplifiers exceeds that of class A amplifiers by a factor of 10. The

power dissipation rating of the individual transistors is only approximately one-fifth of the output power,

and this results in much smaller heat sinks, which are normally needed to keep the junction temperature of

power transistors within the maximum permissible limit.

Fm =

PC(max)

PL(max)
=

V2
CC>p2RL

V2
CC>2RL

=

2

p2 L

1

5
=

2

10
= 20%

PC

PC(max)
= pa Vp

VCC
b -

p2

4
 a Vp

VCC
b2

2PC(max) =

4V2
CC

p2RL
-

2V2
CC

p2RL
=

2V2
CC

p2RL

Vp(max) = IpRL =

2VCC

p

Ip(max) =

2VCC

pRL

dPC

dIp
=

2VCC

p
-

2IpRL

2
= 0

 =

2VpVCC

pRL
-

V2
p

2RL

2PC = PS - PL =

2IpVCC

p
-

I 2
pRL

2

hmax =

PL(max)

PS
=

IpVCC>2
2IpVCC>p =

p

4
= 78.5%
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Dead-Zone Minimization

The dead zone can be reduced to practically zero by using feedback with an op-amp, as shown in Fig. 11.14(a).

The op-amp is connected in unity-gain mode with series-shunt feedback. With this arrangement, either QP

or QN will be on if vI and vO differ by VBE ⁄ A, where A is the open-loop gain of the op-amp. Thus, for

A � 105 and VBE � 0.7, the dead zone will be reduced to less than (0.7 ⁄ 105) � 7 �V. The transfer

characteristic is shown in Fig. 11.14(b). Resistance R1 limits the current drawn by the transistors from the

op-amp output. It also provides the base current necessary for the load current IL. Since the emitter current

of a transistor is related to the base current by a factor of (1 � hfe), the maximum value of R1 can be found

approximately from

which gives the maximum value of R1 as

(11.54)R1 …

VBE(1 + hfe)RL

VCC - VCE(sat)

IB(1 + hfe) =

VBE(1 + hfe)

R1
Ú

VO(max)

RL
=

VCC - VCE(sat)

RL
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Vp

0
VCC

PC

PC(max)

2VCC
p

100%

67.4%

n = 50%

nm = 78.5%

FIGURE 11.13 Power dissipation versus peak output voltage

0
A

vO

vO

QN

QP RL

R1

(a)  Circuit (b)  Transfer characteristic

vI

vI

+VCC

−VEE

−VCC + VCE(sat)

VCC − VCE(sat)

+

−
+

−

Slope = 1

FIGURE 11.14 Minimization or elimination of the dead zone with feedback
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Finding the efficiency and power dissipation of a complementary push-pull amplifier

(a) Calculate the efficiency and power dissipation of each transistor in the complementary push-pull output

stage in Fig. 11.14(a) if VCC � VEE � 12 V and RL � 50 �. The parameters of the transistors are �F � hfe

� 100, VCE(sat) � 0.2 V, and VBE � 0.72 V.

(b) Use PSpice/SPICE to plot the transfer characteristic. The PSpice model parameters of the transistors are

BF=100 VJE=0.7V

SOLUTION

(a) The peak load voltage is

The peak load current is

From Eq. (11.44), the DC power from the supply source is

From Eq. (11.17), the output power is

Thus, the power efficiency is

The power dissipation of each transistor can be found from

(b) From Eq. (11.54), the maximum value of R1 is

We will let R1 � 300 �. The complementary class B push-pull amplifier circuit for PSpice simulation is shown

in Fig. 11.15. 

The transfer characteristic is shown in Fig. 11.16(a), which gives VO(max) � 10.1 V (expected value is

11.8), VO(min) � �10.1 V (expected value is �11.8), and vO � 16.38 �V (expected value is 7 �V) at vI � 0.

The input and output voltages are shown in Fig. 11.16(b) for vI � 10 sin (2000�t).

R1 …

0.72 * (1 + 100) * 50

12 - 0.2
= 308 Æ

PC =

PS - PL

2
=

1.803 W - 1.392 W

2
= 206 mW

h =

PL

PS
=

1.392 W

1.803 W
= 77.2%

PL =

IpVp

2
=

0.236 A * 11.8 V

2
= 1.392 W

PS =

2IpVCC

p
=

2 * 0.236 A * 12 V
p

= 1.803 W

Ip =

Vp

RL
=

11.8 V

50 Æ
= 0.236 A

Vp = VCC - VCE(sat) = 12 - 0.2 = 11.8 V

EXAMPLE 11.3

67722_11_ch11_p739-802.qxd  2/19/10  4:09 PM  Page 760

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



11.5.2 Transformer-Coupled Load Push-Pull Amplifier

The power efficiency of an amplifier can be improved considerably by using a transformer-coupled class B

push-pull configuration, as shown in Fig. 11.17(a). The amplifier has three stages: input transformer TX1,

the gain stage of transistors Q1 and Q2, and output transformer TX2. Resistance RB and a battery VBB are

used to provide DC-biasing voltage VBE for the transistors. Two transistors are employed to perform the

push-pull operation. For vI � 0, the base of transistor Q1 is positive and that of Q2 becomes negative

because of the transformer action. The npn transistor Q2 remains off, and the npn transistor Q1 operates as

an amplifier. For vI � 0, the base of transistor Q2 is positive and that of Q1 becomes negative because of

the transformer action. Transistor Q1 remains off, and transistor Q2 operates as an amplifier. The input

transformer TX1 of the input stage supplies a virtually distortion-free input signal and matches the output

impedance of the driver stage to the input impedance of the output stage.

Signal Waveforms

Assuming the input current is sinusoidal, the collector currents of the transistors are as shown in Fig. 11.17(b).

The load current shown in Fig. 11.17(c) is composed of the two collector currents iC1 and iC2. The load

Power Amplifiers 761

1
4

4

2

3

3

5

6

6

7

U1~

Q1

Q2

5

2

2

1
Q2N2222

Q2N2907A

Vi
 5 V

+

−

R1
300 Ω

RL
50 Ω

+

−

μA741

V−

V+ −

− VEE
12 V−

+

VCC
12 V−

+

FIGURE 11.15 Complementary class B push-pull amplifier circuit for PSpice simulation for Example 11.3

(a)  Transfer characteristic (b)  Output voltage

FIGURE 11.16 Transfer characteristic and output voltage for Example 11.3
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current is distorted near zero crossings because the transistors are nonlinear devices and because the base

current iB � 0 (and hence iC � 0) for VBE 	 0.7 V. This distortion, shown in Fig. 11.17(c) by dashed lines,

is usually referred to as crossover distortion.

Output Power and Efficiency

The AC load line for a single transistor (QN) is shown in Fig. 11.18. The maximum peak current of a tran-

sistor is VCC ⁄ R�L. The average current drawn from the DC supply source by transistors QN and QP is

(11.55)Idc = 2IC1 =

2Ip

p
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vo

vi

Rs

BA
RB

RL

iC1

iC2

np

np

ns

TX2TX1

i

iB1

iB2

Q1

Q2

VBB VCC

Input stage LoadAmplifier stage Output
stage

t

Ip

Ip

Ip

0
t

iL

iL

0

t
0

(a)  Circuit

ib1

t

t

iC iC iL
iC2iC1

0

0

t

Ip

0
t

0

(b)  Collector currents (c)  Load current

t
0

vs

+

+

+ +

+

−
−

vi

+

−

− −

−

FIGURE 11.17 Transformer-coupled class B push-pull amplifier
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Thus, the average input power supplied from the DC source is

(11.56)

From Eq. (11.18), the maximum output power is

(11.57)

where the effective load resistance R�L (referred to as the primary side of TX2) is given by

(11.58)

Thus, the maximum power efficiency is

(11.59)

Therefore, the maximum efficiency of a transformer-coupled push-pull class B amplifier is much higher

than that of a class A amplifier.

The average collector power dissipation for both transistors is given by

(11.60)

(11.61)

From Eq. (11.49), the peak current for maximum collector power dissipation is

(11.62)

From Eq. (11.50), the peak voltage for maximum collector power dissipation is

(11.63)

Substituting Eqs. (11.62) and (11.63) into Eq. (11.51) gives the maximum collector dissipation as

(11.64)

The power efficiency becomes 50% at Vp � Vp(max). At Vp � VCC, the maximum efficiency of 78.5% occurs.

2PC(max) =

4V2
CC

p2R¿L
-

2V2
CC

p2R¿L
=

2V2
CC

p2R¿L

Vp(max) = IpR¿L =

2VCC

p

Ip(max) =

2VCC

pR¿L

 =

2VpVCC

pR¿L
-

V2
p

2R¿L

2PC = Pdc - PL =

2IpVCC

p
-

I 2
pR¿L

2

hmax =

PL(max)

Pdc
=

IpVCC>2
2IpVCC>p =

p

4
= 78.5%

R¿L = anp

ns
b2

RL

PL(max) =

I 2
pR¿L

2
=

IpVp

2
=

IpVCC

2
=

V2
CC

2R¿L

Pdc = IdcVCC =

2IpVCC

p
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iC1

vCE12VCC

QN on
QP off

QN off
QP on

Ip = VCC

R'L
AC load

line

DC load line
slope = ∞  

Vp = VCC

FIGURE 11.18 Load line of a single transistor
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We can obtain the figure of merit from Eqs. (11.57) and (11.64) as follows:

(11.65)

which is the same as that for a complementary push-pull amplifier. The figure of merit for transformer-

coupled amplifiers exceeds that of class A amplifiers by a factor of 10.

DC Biasing

Resistor RB and battery VBB, shown in Fig. 11.19(a), provide the B-E DC voltage VBE, which is approximately

0.7 V for a silicon transistor. In practice, a VCC supply with a suitable voltage divider is used rather than a

separate supply, as shown in Fig. 11.19(b). R1 and R2 are chosen so that VBE � 0.7 V (for silicon transis-

tors). The parallel combination of R1 and R2 is kept as small as possible so that voltage drop 2RBIB1 �� VBE,

which is generally satisfied by choosing 2RBIB1 � 0.1VBE. Since the diode drop is similar to the B-E voltage

of a transistor, a silicon diode is often used instead of resistance R1, as shown in Fig. 11.19(c).

Fm =

PC(max)

PL(max)
=

V2
CC>p2R¿L

V2
CC>2R¿L

=

2

p2 L

1

5
= 20%
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RB
VBB

D1

R2 R2

R1

R1VCC

(b)  Using one VCC (c)  Diode biasing(a)  Biasing

A A
A

VCC

+
+−

VCC

+

−

−
VBB =

+

−
vBB

R1 + R2

R1R2RB =
R1 + R2

FIGURE 11.19 DC biasing of transformer-coupled class B push-pull amplifier

Designing a transformer-coupled class B amplifier Design a transformer-coupled class B push-pull

amplifier, as shown in Fig. 11.17(a), to supply a maximum output power of PL(max) � 10 W at a load resistance

of RL � 4 �. Assume a DC supply voltage of 15 V and transistors of �F � hfe � 100 and VBE � 0.7 V.

SOLUTION

The design steps are as follows:

Step 1. Determine the maximum collector-to-emitter voltage of the transistors: 

Step 2. From Eq. (11.57), calculate the effective load resistance:

R¿L =

V2
CC

2PL(max)
=

(15 V)2

2 * 10 W
= 11.25 Æ

VCE(max) Ú 2VCC = 2 * 15 V = 30 V

EXAMPLE 11.4

D
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Step 3. Calculate the peak current of each transistor:

Step 4. From Eq. (11.55), calculate the average current of each transistor:

Step 5. From Eq. (11.64), calculate the maximum collector power dissipation:

Step 6. Calculate the DC power from the source:

Step 7. From Eq. (11.58), calculate the required turns ratio of the transformer:

Step 8. Calculate the required quiescent base current IB1:

Step 9. Calculate the biasing resistances R1 and R2. We have

If we let RB(2IB1) � 10% of VBE � 0.1VBE � 0.1 � 0.7 V � 0.07 V, then

and

Since

and

Solving for R1 and R2, we get

R2 =

RBVCC

VBB
=

8.25 Æ * 15 V

0.77 V
= 161 Æ

R1 =

RBVCC

VCC - VBB
=

8.25 Æ * 15 V

15 V - 0.77 V
= 8.7 Æ

RB =

R1R2

R1 + R2
= 8.25 Æ

VBB =

R1VCC

R1 + R2
= 0.77 V

VBB = VBE + RB(2IB1) = 0.7 V + 0.07 V = 0.77 V

RB =

0.07 V

2IB1
= 8.25 Æ

VBB - VBE = RB(IB1 + IB2) = RB(2IB1)

IB1 =

IC1

hfe
=

0.424 A

100
= 4.24  mA

np

ns
= aR¿L

RL
b1>2

= a11.25 Æ

4 Æ
b1>2

= 1.68

PS = 2IC1VCC = 2 * 0.424 A * 15 V = 12.72 W

PC = a 2

p2
bPL(max) = a 2

p2
b * 10 W = 2 W

IC1 =

Ip

p
=

1.33 A
p

= 0.424 A

Ip =

VCC

R¿L
=

15 V

11.25 Æ
= 1.33 A
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11.6 Complementary Class AB 
Push-Pull Amplifiers

The crossover distortion of a complementary class B push-pull amplifier is minimized or eliminated in a

class AB amplifier, in which the transistors operate in the active region when the input voltage vI is small

(vI � 0 V). The transistors are biased in such a way that each transistor conducts for a small quiescent cur-

rent IQ at vI � 0 V. A biasing circuit is shown in Fig. 11.20(a). A biasing voltage VBB is applied between

the bases of QN and QP. For vI � 0, a voltage VBB ⁄ 2 appears across the B-E junction of each QN and QP.

Choosing VBB ⁄ 2 � VBEN � VEBP will ensure that both transistors will be on the verge of conducting. That

is, vO � 0 for vI � 0. A small positive input voltage vI will then cause QN to conduct; similarly, a small

negative input voltage will cause QP to conduct.

Microelectronic Circuits: Analysis and Design766

KEY POINTS OF SECTION 11.5

■ In a class B push-pull amplifier, a pnp and an npn transistor form a pair, and each transistor conducts

for only 180°. The quiescent DC-biasing current is zero. As a result, the maximum power efficiency

is 78.5%, and the maximum figure of merit is only 20%.

■ Because of B-E voltage drops, a push-pull amplifier exhibits a dead zone in the transfer characteris-

tic, which increases distortion of the output voltage. The crossover distortion and nonlinearities can

be reduced practically to zero by applying feedback.

vD1

vO

vO

VBEN

VEBP

iN

iP

iO

RL

R1

QN

QP

VBB

VBB

2

2

(c)  Diode implementation(a)  Class AB output

iP

IBN

QN

QP

D1

D2

ID1

IR

R2

0 vI

vI

(b)  Transfer characteristic

vI

+

+ +

−
−

vO

iO

RL

+

−

+

−

vD2

+

−

−

+VCC

+VCC

−VEE = −VCC

VCC − VCE(sat)

−VCC + VCE(sat)

−VEE = −VCC

Slope = 1
iN = IQ + iO

FIGURE 11.20 Elimination of the dead zone in a class AB amplifier
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11.6.1 Transfer Characteristic

The output voltage vO is given by

(11.66)

which, for identical transistors of VBEN � VEBP and VBB ⁄ 2 � VBEN, gives vO � vI. Therefore, most of the

crossover distortion is eliminated. The transfer characteristic is shown in Fig. 11.20(b). For positive vO, a

current iO flows through RL; that is,

(11.67)

Any increase in iN will cause a corresponding increase in VBEN above the quiescent value of VBB ⁄ 2. Since

VBB must remain constant, the increase in VBEN will cause an equal decrease in VEBP and hence in iP. Thus,

(11.68)

which, expressed in terms of saturation current IS, becomes

After simplification, we get

(11.69)

(11.70)

which can be solved for the current iN for a given quiescent current IQ. Thus, as iN increases, iP decreases

by the same ratio. However, their product remains constant. As vI becomes positive, QN acts as an emitter

follower delivering output power, and QP conducts only a very small current. When vI becomes negative,

the opposite occurs: QP acts as an emitter follower, and vO follows the input signal vI. The circuit operates

in class AB mode because both transistors remain on and operate in the active region.

11.6.2 Output Power and Efficiency

The power relationships in class AB amplifiers are identical to those in class B amplifiers, except that the

class AB circuit dissipates a quiescent power of IQVCC per transistor. Thus, from Eq. (11.44), we can find

the average power supplied from the DC source as

(11.71)

11.6.3 Biasing with Diodes

The biasing circuit in Fig. 11.20(a) has a serious problem when the temperatures of QN and QP increase

as a result of their power dissipation. Recall that the value of VBE for a given current falls with tempera-

ture at approximately 2.5 mV⁄ °C. Thus, if the biasing voltage VBB ⁄ 2 remains constant with temperature,

PS =

2IpVCC

p
+ IQVCC = VCCa IQ +

2Ip

p
b

 = iN(iN - iO) = i2
N - iNiO

I 2
Q = iNiP

2VT ln a IQ

IS
b = VT ln a iN

IS
b + VT ln a iP

IS
b

VBB = VBEN + VEBP

iN = iP + iO

vO = vI +

VBB

2
- VBEN (= VEBP)
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VBE (�VBB ⁄ 2) is also held constant, and the collector current will increase as temperature increases. The

increase in the collector current increases the power dissipation, in turn increasing the collector current and

causing the temperature to rise further. This phenomenon, in which a positive feedback mechanism leads

to excessive temperature rise, is called thermal runaway. Thermal runaway can ultimately lead to the de-

struction of the transistors unless they are protected.

To avoid thermal runaway, the biasing voltages must decrease as the temperature increases. One so-

lution is to use diodes that have a compensating effect, as shown in Fig. 11.20(c). The diodes must be

in close contact with the output transistors so that their temperature will increase by the same amount

as that of QN and QP. Therefore, in discrete circuits, the diodes should be mounted on the metal of QN

or QP. Since resistances R1 and R2 provide the quiescent current IQ for the transistors and also ensure

that the diodes conduct, to guarantee the base biasing current for QN when the load current becomes

maximum we must have

Thus, the values of R1 and R2 can be found from

(11.72)

where IQ � IS exp (VBB ⁄ 2VT) and ID1(min) is the minimum current needed to ensure diode conduction.

Because IQ is usually smaller than iO(max), IQ can often be neglected in finding the values of R1 and R2.

R1 = R2 =

VCC - VD1 (=VD2 = VBB>2)

ID1( min ) + (IQ + iO(max))>(1 + hfe)

IR = ID1 +

iN

1 + hfe
L ID1 +

IQ + iO

1 + hfe
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Designing a biasing circuit for a class AB amplifier

(a) Design a biasing circuit for the class AB amplifier of Fig. 11.20(c) to supply the maximum output voltage

at a load resistance of RL � 50 �. The quiescent biasing current IQ is 2 mA. Assume a DC supply voltage

of 12 V. The diode parameters are IS � 10�13 A, VD1 � VD2 � 0.7 V, and ID(min) � 1 mA to ensure con-

duction. The transistor parameters are �F � hfe � 50, VBE � 0.7 V, IS � 10�14 A, and VCE(sat) � 0.2 V.

(b) Find the biasing voltage VBB for vO � 0 and 11.8 V.

SOLUTION

(a) The maximum peak load voltage is

The maximum peak load current is

From Eq. (11.71), the maximum DC power from the supply source is

PS L

2Ip(max)VCC

p
+ IQVCC =

2 * 236 mA * 12 V
p

+ 2 mA * 12 V = 1.83 W

Ip(max) =

Vp(max)

RL
=

11.8

50
= 236 mA

Vp(max) = VCC - VCE(sat) = 12 - 0.2 = 11.8 V

EXAMPLE 11.5

D
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11.6.4 Biasing with Diodes and an Active 
Current Source

The biasing technique in Fig. 11.20(a) is generally used in integrated circuits; however, an active cur-

rent source is normally used rather than discrete resistance. This arrangement is shown in Fig. 11.21(a).

In integrated circuits, collector-shorted transistors are usually used instead of diodes. If QN and QP are to

handle large amounts of power, their geometry must also be large. However, the diodes can be smaller de-

vices such that IR � IQ ⁄ n, where n is the ratio of the emitter junction area of QN and QP to the junction

area of D1 and D2. That is, the saturation current IS of QN and QP can be n times that of the biasing diodes.

Power Amplifiers 769

From Eq. (11.17), the output power is

Thus, the maximum power efficiency is

The power dissipation of each transistor can be found from

From Eq. (11.72), we get

(b) We have

For vO � 0, iN � IQ � 2 mA. Thus, the base current of the npn transistor is

and ID1 � IR � IBN � 5.667 mA � 0.039 mA � 5.628 mA

Therefore, the biasing voltage VBB becomes

For vO � 11.8, iN � IQ � Ip(max) � 2 mA � 236 mA � 238 mA. Thus,

and ID1 � IR � IBN � 5.667 mA � 4.67 mA � 1 mA

Therefore, for ID1 � 1 mA, the biasing voltage VBB becomes VBB � 1.19 V.

IBN =

iN

1 + hfe
=

238 mA

1 + 50
= 4.67 mA

VBB = 2VT ln a ID1

IS
b = 2 * 25.8 mV * ln a5.628 mA

10-13 A
b = 1.277 V

IBN =

IN

1 + hfe
=

2 mA

1 + 50
= 0.039 mA

IR = ID1(min) +

IQ + Ip(max)

1 + hfe
= 1 mA +

2 mA + 236 mA

1 + 50
= 5.667 mA

R1 = R2 =

12 V - 0.7 V

1 mA + (2 mA + 236 mA)>(1 + 50)
= 1.99 kÆ

PC =

PS - PL(max)

2
=

1.83 W - 1.39 W

2
= 220 mW

hmax =

PL(max)

PS
=

1.39

1.83
= 76.1%

PL(max) =

Ip(max)Vp(max)

2
= 236 mA *

11.8 V

2
= 1.39 W
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Transfer Characteristic

The voltage between the bases of QP and QN is the same as the voltage drop across the two diodes. That is,

The base-to-emitter voltage of QN is given by

(11.73)

Thus, the B-E junctions of both QN and QP are always forward biased. Because of diodes D1 and D2, QN

and QP remain in the active region when vI � 0 V. The output voltage vO is given by

(11.74)

which yields the transfer characteristic shown in Fig. 11.21(b). The dead zone is eliminated. However,

there is an offset voltage of VEBP, which can be reduced practically to zero by applying feedback similar

to that applied to the class B amplifier in Fig. 11.14.

 = vI + VEBP = vI - VBEP

vO = vI + VBB - VBEN

VBEN = VBB - VEBP = 1.4 - VEBP

VBB = VD1 + VD2 L 0.7 + 0.7 = 1.4 V
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(a)  Circuit

vO

vO

vBB

iN

iP

iO

IR

RL

QN

QP

D1

D2

0 vI

(b)  Transfer characteristic

VBEN

VEBP

vI

+

+ +

+ +

−

−
−

−

−

+VCC

−VBEP
VBEP

−VEE = −VCC

−VCC + VCE(sat)

VCC − VCE(sat)

Slope = 1

FIGURE 11.21 Biasing of a class AB amplifier with diodes and an

active current source

Designing an active current–source biasing circuit for a class AB amplifier

(a) Design an active current source for the class AB amplifier in Fig. 11.21(a) in order to provide the biasing cur-

rent of IR � 5.67 mA needed for Example 11.5. Assume VCC � VEE � 12 V, VBE � 0.7 V, and RL � 50 �.

(b) Use PSpice/SPICE to plot the transfer characteristic and the instantaneous iN, iP, and iO for vI � 5 sin

(2000�t). The PSpice model parameters for the transistors are

IS=1E-14 BF=50 VJE=0.7

and for the diodes are

IS=1E-13 BV=100

EXAMPLE 11.6

D
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SOLUTION

(a) The biasing current source IR, shown in Fig. 11.22, can be produced by two pnp transistors Q1 and Q2 and

a resistance R1. Thus,

(11.75)

which, for IR � 5.67 mA, gives

(b) In practice, emitter resistances RE1 and RE2, shown in Fig. 11.22, are connected to ensure the stability of

the biasing point. 

The transfer characteristic for the circuit in Fig. 11.22 is shown in Fig. 11.23(a). It gives VO(max) � V(2) �
11.139 V and offset voltages of vO � 560.4 mV at vI � 0 and vO � 0 at vI � �640.9 mV. The plots of iN, iP,

and iO are shown in Fig. 11.23(b), which give iN(peak) � I(RE1) � 109.66 mA, iP(peak) � I(RE2) � �83.92

mA, and iO(peak) � I(RL) � 109.59 mA to �83.83 mA. Thus, because of the offset voltage, the load

current is not symmetrical.

Rref =

VCC - VEBP

IR
=

12 V - 0.7 V

5.67 mA
L 2 kÆ

IR L Iref =

VCC - VEBP

Rref

~

Q2N2907A

Q2
Q2N2907A

Q1

D1N4148

QP
Q2N2907A

QN
Q2N2222

RE1

Rref

D2

D1

4

3

2

7

5

1

9

6

0

8

Vi
 5 V

 10 V
 1 kHz

+

−

2 kΩ
1 mΩ

RE2
1 mΩ

RL
50 Ω

VCC
12 V−

+

VEE
12 V−

+

FIGURE 11.22 Complementary class AB push-pull amplifier circuit for PSpice simulation

(a)  Transfer characteristic (b)  Output voltage

FIGURE 11.23 Transfer characteristic and output voltage for Example 11.6
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11.6.5 Biasing with a VBE Multiplier

A VBE multiplier circuit that can automatically adjust the biasing voltage VBB is shown in Fig. 11.24. The

circuit consists of a transistor Q1 with a resistor R1 connected between its base and emitter and a feedback

resistor RF connected between the collector and the base. The current source IR supplies the multiplier circuit

and the base current for QN. Since the voltage across R1 is VBE1, the current through R1 is given by

(11.76)

The base current of Q1 is generally negligible compared to I1, and the current through RF is approximately

equal to I1. Thus, the biasing voltage becomes

(11.77)

Therefore, the circuit multiplies VBE1 by the factor (1 � RF ⁄ R1)—hence the name VBE multiplier. By se-

lecting the ratio RF ⁄ R1, one can set the value of VBB required to give a desired quiescent current IQ. For

RF ⁄ R1 � 1, VBB � 2VBE1. The value of VBE1 is related to iC1 by

(11.78)

where IS1 is the saturation current of Q1 and

(11.79)

Under quiescent conditions, iO � 0 and the base current of QN is normally small enough that it can be ne-

glected. That is, IQ ⁄ (1 � hfe) � 0, and Q1 carries the maximum current: IC1(max) � IR � I1. However, at

the peak value of vO, the base current of QN will be maximum and the current available to the multiplier

will be minimum; that is,

(11.80)IC1(min) = IR - I1 -

IQ + iO(max)

1 + hfe

iC1 = IR - I1 -

IQ + iO

1 + hfe

VBE1 = VT ln a iC1

IS1
b

 =

VBE1

R1
 (R1 + RF) = VBE1a1 +

RF

R1
b

VBB = I1(R1 + RF)

I1 =

VBE1

R1

Microelectronic Circuits: Analysis and Design772

vO

IM

iC1

I1

iP

iO

IR ibN

RL
R1

RF

QN

Q1

QP

VBB

vI

+

+

+

−

−
−

−VEE = −VCC

+VCC

iN = IQ + iO

FIGURE 11.24 Biasing of a class AB amplifier with 

a VBE multiplier
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Thus, iC1 can vary widely from IC1(max) to IC1(min). However, according to Eq. (11.78), a large change in

iC1 will cause only a small change in VBE1. Thus, I1 and VBB will remain almost constant. As with diode

biasing, the transistor Q1 must be in close contact with QN and QP in order to provide a thermal compen-

sating effect.

Power Amplifiers 773

Designing a VBE multiplier for a class AB amplifier

(a) Design a VBE multiplier for the class AB amplifier in Fig. 11.24 in order to provide the biasing current of

IR � 5.67 mA needed for Example 11.5. Assume hfe � 50, IS � 10�14 A, VCC � VEE � 12 V, VBE � 0.7 V,

and RL � 50 �. Assume a minimum current of IM(min) � 1 mA to the multiplier, IQ � 2 mA, and peak load

current 

(b) Use PSpice/SPICE to plot the transfer characteristic and the instantaneous iN, iP, and iO for vI � 5 sin

(2000�t). The PSpice model parameters for the transistors are

IS=1E-14 BF=50 VJE=0.7

and for the diodes are

IS=1E-13 BV=100

SOLUTION

(a) Since the current source must provide the base current when the load current is maximum,

The biasing voltage VBB required to yield a quiescent current of IQ � 2 mA is

The minimum current through the multiplier must be IM(min) � 1 mA. Let I1(min) � IM(min) ⁄ 2 � 0.5 mA and

IC(min) � IM(min) ⁄ 2 � 0.5 mA. If IC(min) is too small, transistor Q1 will be off, which is not desirable. Equation

(11.77) gives

The current source must be designed to supply IR � 5.67 mA. However, when the output voltage is zero, then

iO � 0, and IR � 5.67 mA must flow through the multiplier. That is, transistor Q1 must carry iC1 � IR � I1(min) �
5.67 mA � 0.5 mA � 5.17 mA, and the corresponding B-E voltage will be

VBE1 = VT ln a iC1

IS
b = 25.8 mV * ln a 5.17 mA

10-14 mA
b = 0.696 V

R1 + RF =

VBB

I1(min)
=

1.343 V

0.5 mA
L 2.7 kÆ

VBB = 2VT ln a IQ

IS
b = 2 * 25.8 mV * ln a 2 mA

10-14 mA
b = 1.343 V

IR = IM(min) +

IQ + Ip(max)

1 + hfe
= 1 mA +

2 mA + 236 mA

1 + 50
= 5.67 mA

Ip(max) = 236 mA.

EXAMPLE 11.7

D
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Thus, the value of R1 can be found from Eq. (11.76) as

Therefore, the value of RF becomes

(b) The circuit file for the PSpice simulation is similar to that for Example 11.6, except that the diodes are re-

placed by the VBE multiplier. This configuration is shown in Fig. 11.25. 

The transfer characteristic is shown in Fig. 11.26(a). It gives vO(max) � 11.13 V and offset voltages

of vO � 794.3 mV at vI � 0 and vO � 0 at vI � �796 mV. The plots of the input and output voltages are shown

in Fig. 11.26(b). Their waveforms are almost identical, except that the magnitudes are shifted by 763 mV.

RF = 2.7 kÆ - R1 = 2.7 kÆ - 1.4 kÆ = 1.3 kÆ

R1 =

VBE1

I1
=

0.696 V

0.5 mA
= 1.39 kÆ L 1.4 kÆ

~

Q2N2907A

7

8

9

3 2
0

6

4

5

1

QP
Q2N2907A

QN
Q2N2222

Vi
 5 V

 10 V
 1 kHz

+

−

VCC
12 V−

+

VEE
12 V−

+

Q2 Q1

Q3

Q2N2907A

Rref

2 kΩ
RF

1.3 kΩ
RE1

1 mΩ

RE2
1 mΩ

RL
50 Ω

R1
1.4 kΩ

(a)  Transfer characteristic (b)  Output voltage

FIGURE 11.25 Complementary class AB push-pull amplifier circuit, with

VBE multiplier, for PSpice simulation

FIGURE 11.26 Transfer characteristic and output voltage for Example 11.7
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11.6.6 Quasi-Complementary Class AB Amplifiers

Because pnp transistors have limited current-carrying capability, the complementary output stage is suit-

able only for delivering load power on the order of a few hundred milliwatts or less. If output power of

several watts or more is required, npn transistors should be used. A composite pnp transistor can be

made from a pnp transistor QP and a high-power npn transistor QN1. This arrangement, called a quasi-

complementary output stage, is shown in Fig. 11.27(a).

The pair QP-QN1 is equivalent to a pnp transistor, as shown in Fig. 11.27(b). The collector current

of QP is given by

(11.81)

The composite collector current IC is the emitter current of QN1; that is,

(11.82)IC = (1 + hfe)ICP = (1 + hfe)IS exp aVEBP

VT
b

ICP = IS exp aVEBP

VT
b

Power Amplifiers 775

IDP

BB

VGS

MP

(a)  Quasi-complementary class AB output stage

RL

QN1

QP

QP

vO

E
E

C

C

IE
IE

IC

IC
ICP

VBEP
VBEP

QN1

VBEN1

VCE(sat)

(b)  Equivalent pnp transistor 

GG

S
S

D

DID

ID
QN1

VGS

(c)  Equivalent PMOS

IR

QN

D1

D2

vI

+

+

+

+ +

+ +

−
−

−

−
−

−
−

+VCC

−VCC

FIGURE 11.27 Quasi-complementary class AB output stage
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which is the same as the relationship for a normal pnp transistor. However, the npn transistor carries most

of the current and the pnp transistor carries only a small amount of the current. The saturation voltage of

the composite pnp will be VCEP(sat) � VBEN1, which is higher than that of a normal pnp transistor.

A composite pnp transistor can be replaced by a MOS-bipolar combination [4], known as a com-

posite PMOS, as shown in Fig. 11.27(c). From Eq. (7.7), the overall transfer characteristic of the com-

posite PMOS is given by

(11.83)

Thus, the composite PMOS has a W⁄L ratio that is (1 � hfe) times larger than that of a normal PMOS device.

11.6.7 Transformer-Coupled Class AB Amplifiers

The class AB circuit shown in Fig. 11.28 is identical to the class B circuit in Fig. 11.17(a), except that it

is biased slightly into conduction so that a quiescent current IQ flows through Q1 and Q2. This current is

achieved by making VBB slightly greater than VBE � VBE1 (�VBE2 � 0.7 V). Resistors R1 and R2 can be

selected to give the desired value of VBB. Although transformer-coupled amplifiers offer high power effi-

ciency, they suffer from nonlinearities and distortion introduced by the nonlinear characteristics of the

transformers. They are being replaced by direct-coupled all-transistorized circuits.

The nonlinear effects and distortion can be eliminated by applying series-shunt negative feedback,

as shown in Fig. 11.29. The amplifier has three stages: a CE stage for voltage gain, an emitter follower

for impedance matching, and an output stage for high power output. The series-shunt feedback gives the

amplifier the desirable features of low output impedance and high input impedance. The overall voltage

gain Af depends mostly on the feedback network; that is,

(11.84)

where � is the feedback factor.

Af L

1

b
=

1

RE>(RE + RF)
= 1 +

RF

RE

ID = - (1 + hfe)IDP = - (1 + hfe)
mnCo

2
 aW

L
b (VGS - Vt)

2
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R2

R1

RE1

RE2

VBE1

VBB
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iL

VBE2

TX1 TX2

Rs

~

Q1

Q2

vs

+

+

+

+

−

−

−

−

vo

+

−

+VCC

FIGURE 11.28 Transformer-coupled class AB push-pull amplifier
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11.7 Class C Amplifiers

Class C amplifiers conduct less than 50% of the input signal, and the efficiencies can be as high as 90%,

but the output has a high amount of distortion. These amplifiers can find applications in radio frequency

transmitters where the distortion can be considerably reduced by using tuned loads on the amplifying

devices. Figure 11.30(a) shows the simplified arrangement of a class C amplifier with a parallel-connected

load resistance . To isolate the load from the DC power supply and for impedance matching with the

external load, is generally connected through a transformer. The class C amplifier can also be operatedRL

RL

Power Amplifiers 777

KEY POINTS OF SECTION 11.6

■ The complementary class AB amplifier is the most commonly used output stage. Its circuit operation

is similar to that of a class B amplifier, except that the transistors have a slightly positive bias so that

a quiescent DC current flows even when the input voltage is zero.

■ The B-E DC voltage of each transistor is usually set to approximately VBE, which is the voltage

required to yield the desired quiescent current. The amplifier is commonly biased with diodes and an

active current source or with a VBE multiplier.

■ Class AB amplifiers exhibit an offset output voltage at zero input voltage. However, feedback can be

applied to reduce the offset voltage.

■ A quasi-complementary amplifier uses a composite pnp transistor, which can deliver higher output

power than a normal pnp device.

RE1

CE2

RB2

C1

CE1

Q1

QNQ2

Emitter
follower

Output stageCE-amplifier stage

R2

R1

REN

REP

VBB

RL

TX2

RF

vo

QP

~

RE RE2

RB1 RC

vo

TX1

Rs

vs

+

+

+

−

−

−

−

+

+VCC

FIGURE 11.29 Transformer-coupled class A amplifier with series-shunt feedback
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as a push-pull configuration consisting of an NMOS and a PMOS with a common gate connection for the

input signal.

When the gate signal exceeds the MOS threshold voltage , the MOS device

conducts, and the corresponding drain current flows through the parallel load. The small-signal equiva-

lent circuit is shown in Fig. 11.30(b). In the linear region, the transistor will behave as a switch with a

drain–source resistance, which can be found from Eq. (11.2) as given by 

(11.85)

The AC gate–source voltage will vary the drain current ( ), which is the source

for the RLC load. From Fig. 11.30(b), we can find the small-signal AC output voltage as given by 

(11.86)

where and are the impedances of L and C, respectively. If the gate–source voltage

is a pulsed DC voltage of PWM, the drain current will also be of the same form.

The values of L and C can be selected either to oscillate at a specified damping factor or to form a

tuned circuit by choosing the values of L and C such that at the tuned frequency . The

tuned circuit will resonate only at particular frequencies, so the unwanted frequencies are dramatically

suppressed, and the desirable full signal (sine wave) will be abstracted by the tuned load. Provided that

the transmitter is not required to operate over a very wide band of frequencies, this arrangement works

extremely well. Other residual harmonics can be removed using a filter. 

The load also can be connected to form a series resonant circuit as shown in Fig. 11.30(c). When

the transistor is switched on, the drain and the inductor currents will rise through the path formed by ,

, and . When the transistor is switched off, the drain current will be zero, and the inductor current

will fall through the path formed by , , C, and . The energy stored in the inductor during the tran-

sistor on-time will be transferred to the load via the capacitor C. The damping factor of series and

parallel RLC circuits (see Appendix B) can be found from 

(11.87)

 =

1

2RLA

L

C
 (for parallel resonant)

d =

1

2RLA

L

C
 (for series resonant)

RL

RLLVDD

M1L
VDD

RL

vnvL = 1>vC

XC(=1>jvC)XL(= jvL)

v
o

= gmvgs(RL 7  XL 7  XC)

id = gmvgsvgs = Vm sin vt

RDS =

vDS

iD
M

L

WmnCox(VG + Vm sin vt - Vt)

VtvG = VG + Vm sin vt
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(a)  Parallel-connected load

RL

M1

L C

+VDD −

+

vG

vO

vo

(c)  Series-connected load

M1
vG

vo

+VDD

(b)  Small-signal equivalent

RL

RL

L LC

C

+
vgs

gmvgs

FIGURE 11.30 Class C amplifier
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The values of L and C are related to the damping ratio and the resonant frequency as given by 

(11.88)

(11.89)

 =

1

2dRLvn
 (for parallel resonant)

C =

2d

RLvn
     (for series resonant)

 =

2dRL

vn
     (for parallel resonant)

L =

RL

2dvn
    (for series resonant)

fnd
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Finding the values of L and C for a class C amplifier The gate voltage of the class C amplifier in

Fig. 11.30(a) is with . The DC supply voltages are The

load resistance , which is connected through a transformer of turns ratio of .

(a) Find the values of L and C to form a tuned resonant circuit.

(b) Use PSpice to plot the voltage , the transistor drain current , and the transistor drain voltage 

for varying the gate voltage component to 4 V with an increment of 0.5 V. Use the PSpice para-

meters of the NMOS IRF150 whose . 

SOLUTION

(a) For n 1:1, the effective load resistance is . From Eq. (11.87), we can find the damp-

ing factor for a tuned circuit of L C, . For , the res-

onant frequency , which is related to L and C by . From Eqs. (11.88)

and (11.89), we get 

(b) The PSpice schematic is shown in Fig. 11.31. A small resistance is connected to avoid a con-

vergence problem of the zero-resistance DC loop. The PSpice plot of the transistor drain current is

shown in Fig. 11.32(a), the transistor drain voltage in Fig. 11.32(b), and the output load voltage 

in Fig. 11.32(c) for and 4 V. For , the transistor is off. The output

voltage increases with the gate voltage as expected as shown in Fig. 11.32(c). The drain current becomes

negative at a higher value because the inductive load L induces a negative voltage ( ) effect due to the

abrupt turning off of the transistor; this negative voltage forward biases the built-in source–channel pn junction.

The peak drain voltage reaches due to the effect.Ldi>dt2VDD

Ldi>dt

vG(t) 6 Vt = 2.84 VVm = 3 V, 3.5 V,
vo(t)vD(t)

iD(t)
Rx = 1 �Æ

C =

1

2dR2pfs
=

1

2 * 0.01 * 50 * 2 * p * 106
= 159.2 nF M 160 nF

L =

2dR

2pfs
=

2 * 0.01 * 50

2 * p * 106
= 159.2 nH M 160 nH

fo = 1>(2p2LC)fo = fs = 1 * 106
fs = 1 * 106d = (1>2R)2L>C = 1>2 * 50 = 0.01=

R = RL>n2
= 50 Æ=

Vt = 2.84 V
Vm = 3 V

vD(t)iD(t)vo(t)

n = 1:1RL = 50 Æ

VDD = ;15 V.fs = 1 MHzvG = 2 + 1.5 sin (2pfst)

EXAMPLE 11.8
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Parameters:VAMPL = {Val}
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FIGURE 11.31 PSpice schematic for Example 11.8

(c)  Output load voltage

(b)  Transistor drain voltage(a)  Transistor drain current

FIGURE 11.32 PSpice voltages and currents of class C amplifier for Example 11.8
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11.8 Class D Amplifiers

A class D amplifier as shown in Fig. 11.33(a) operates transistors and as complementary switches—

which are either completely turned on or completely turned off with a PWM gate signal—which are gener-

ated by comparing the sinusoidal reference (or input) signal voltage with a triangular wave carrier signal

. The technique for the generation of the PWM waveform is shown in Fig. 11.33(b), which can be im-

plemented with an op-amp comparator. When the gate–source voltage is positive, the NMOS is switched on

while the PMOS is turned off, and the voltage at the transistor drain is . When the gate–source voltage

is negative, the PMOS is switched on while the NMOS is turned off, and the transistor output is .

The output voltage at the drain terminal is a pulsed waveform switching between and at

the carrier frequency , which is a multiple (in the range of 10 to 30) of the signal frequency . Since

the PWM waveform was generated from a sinusoidal reference signal, a low-pass LC filter as shown in

Fig. 11.33(c) is used to restore the original sinusoidal component from the high-frequency modulated

voltage. One additional LC filter may be used to reduce the amount of distortion. The class D amplifier

is highly efficient (around 95%), which can be even closer to 100%, and finds applications in such

portable devices as laptop computers and MP3 players. Class D amplifiers also find applications as high-

quality audio amplifiers. The pulse width of the modulated output depends on the ratio of the peak ref-

erence signal to the peak carrier signal, commonly known as the modulation index [7], as given by 

(11.90)

The characteristic of the LC filter can be determined from the input–output relationship in the

Laplace’s domain of s as given by 

(11.91)

where the natural resonant frequency is , and the damping factor . By sub-

stituting in Eq. (11.91), we can find the filter transfer function in the frequency domain as given by 

(11.92)Gf ( jv) =

v2
n

( jv)2
+ jv2dvn + v2

n
=

v2
n

v2
n - v2

+ jv2dvn

s K jv
d = (1>2R)2L>Cvn = 1>2LC

Gf (s) =

Vo(s)

Vi(s)
=

v2
n

s2
+ 2dvns + v2

n

m =

Vr

Vcr

fsfcr

VSS+VDD

-VSS

+VDD

vcr

vr

M2M1
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+VDD

vr

−VSS

M2

vo RL

vG

PMOS

M1

NMOS

L

C
+

−
vo

vi RL

L

C

+

−

+

−

(a)  Circuit arrangement (b)  Generation of PWM gate signal (c)  Output filter

vcr

FIGURE 11.33 Class D amplifier
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which can be expressed in polar form with normalized frequency ratio as given by 

(11.93)

which shows that affects the amount of phase shift present at the output. A high will decrease

the phase shift, whereas a low will increase it. To minimize the amount of ripple present at the output,

has to be smaller than the carrier frequency , and it should ideally be equal to the refer-

ence frequency .vr(=2pfr)
vcr(=1>2pfcr)vn

vn

vnu = v>vn

Gf( jv) =

1

1 - u2
+ j2du

=

1

2(1 - u2)2
+ (2du)2

∠ -  tan-1a1 - u2

2du
b

u = v>vn
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Finding the values of L and C for a class D amplifier The gate voltage of the class D amplifier in

Fig. 11.33(a) is generated by modulating a sinusoidal reference at fr 20 kHz with a carrier signal

at . The DC supply voltages are . The load resistance speaker.

(a) Find the values of L and C to form a tuned resonant circuit.

(b) Use PSpice to plot the gate-modulating voltage , the transistor output voltage , and the transistor

output voltage by a modulation index of m 0.5 and 0.9. Use the PSpice parameters of the NMOS

IRF150 whose and the PMOS IRF9140 whose .

SOLUTION

(a) The lower-order harmonic component is . For the impedance of the

filter capacitor, C must be much smaller than so that the higher-order harmonic components pass through

C. Using a 10:1 ratio, we can write or

Let us make the filter cutoff frequency , which gives L for as 

(b) The PSpice schematic is shown in Fig. 11.34. The PSpice plot of the gate modulating voltage is

shown in Fig. 11.35(a), the transistor drain voltage in Fig. 11.35(b), and the output load voltage 

in Fig. 11.35(c) for m 0.8 and 1.0. For (MMOS) and (PMOS),

the transistors are off. The output voltage increases with the modulation index as expected. It should be

noted that the transistor output is . From the output file, we can find the THD of the output voltage,

which is a measure of the waveform quality, by performing the Fourier analysis: THD 4.847% for m 0.8,

and THD 3.0% for m 1.==

==

2VDD

vG(t) 7 Vt = 3.67 VvG(t) 6 Vt = 2.84 V=

vo(t)vD(t)
vG(t)

L =

1

C(2pfn)2
=

1

2.5 * 10-6(2p * 40 * 103)2
M 6.4 �H

C = 2.5 �Ffn = fL = 1>(2p2LC )

C =

10

2pfLRL
=

10

2p * 40 * 103
* 8

M 2.5 �F

RL 77 1>(2pfLC )
RL

fL = 2fs = 2 * 20 * 103
= 40 * 103

Vt = 3.67 VVt = 2.84 V
=vD(t)

vD(t)vG(t)

RL = 8 ÆVDD = ;5 Vfcr = 30fsVcr = 1 V
=Vr = 1 V

EXAMPLE 11.9
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(a)  Gate modulated voltage

(c)  Output load voltage(b)  Transistor drain voltage

FIGURE 11.35 PSpice voltages and currents of a class D amplifier for Example 11.9
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TR = 833.3 ns

V2 = {2*Val}
V1 = 0

D = 833.3 ns
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FIGURE 11.34 PSpice schematic for Example 11.9
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11.9 Class E Amplifiers

As shown in Fig. 11.36, a class E amplifier is similar to the class D amplifier, except that a capacitor is

connected across the transistor. It uses only one transistor as a switch and has low switching losses, yielding

a high efficiency of more than 95%. It is used for applications requiring less than 100 W. When the transis-

tor is switched on, the current through the inductor rises; when the transistor is turned off, forms a

resonant circuit with and oscillates on. As a result, the transistor output is almost resonant voltage. To min-

imize switching losses and increase efficiency, the transistor should be gated when the resonance current

through the inductor reaches its minimum low (ideally zero). That means the transistor will be turned on

at zero current and will be subjected to minimum switching losses, increasing the amplifier efficiency. 

To obtain an almost sinusoidal current through the load, the values of L and C are chosen to have a

high quality factor, , and a low damping ratio, usually . The optimum parameters to

give the maximum efficiency can be found from [7]

(11.94)

(11.95)

(11.96)vsLD -

1

vsCD
= 0.3533R

CD =

2.165

Rvs

LD =

0.4001R

vs

d … 0.072Q Ú 7

LD

CD

LDLD

CD
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~+

+

−

−

+VDD

VG

vO

C

R

L
LD

CD

M1
FIGURE 11.36 Class E amplifier

Finding the values of LD, CD, L, and C for a class E amplifier The gate voltage of the class E am-

plifier in Fig. 11.36 is a sinusoidal voltage of 4 V (peak) at 100 kHz. The DC supply voltages are .

The load resistance .

(a) Find the optimum values of , , L, and C.

(b) Use PSpice to plot the gate voltage , the transistor drain current , the transistor output voltage ,

and the output voltage for peak gate voltages of 4 V and 4.5 V. Use the PSpice parameters of the NMOS

IRF150 whose . Vt = 2.84 V
vo(t)

vD(t)iD(t)vG(t)

CDLD

R = 10 Æ

VDD = 12 V

EXAMPLE 11.10
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SOLUTION

(a) For , 

From Eq. (11.94),

From Eq. (11.95),

For choosing Q = 7,

From Eq. (11.96),

(b) The PSpice schematic is shown in Fig. 11.37. The PSpice plots of the gate voltage and the drain

current are shown in Fig. 11.38(a), the transistor output voltage and the inductor current in

Fig. 11.38(b), and the output load voltage in Fig. 11.38(c) for peak gate voltages of 4 V and 4.5 V. For

(MMOS), the transistors are off. The output voltage increases with the gate voltage as

expected, and the transistor output is . From the output file, we can find the THD of the output volt-

age, which is a measure of the waveform quality, by performing the Fourier analysis: THD = 4.279% for

Val 4 V and THD 3.078% for Val 4.5 V.===

2VDD

vG(t) 6 Vt = 2.84 V
vo(t)

vD(t)iD

vG(t)

CD =

1

(vsL - 0.3533 R)vs
=

1

(6.283 * 105
* 111 * 10-6

- 0.3533 * 10) * 6.283 * 105
M 24 nF

LD =

QR

vs
=

7 * 10

6.283 * 105
= 111 �H

CD =

2.165

Rvs
=

2.165

10 * 6.283 * 105
M 345 nF

LD =

0.4001R

vs
=

0.4001 * 10

6.283 * 105
M 6.4 �H

vs = 2pfs = 2p * 100 k = 6.283 * 105 rad>s
fs = 100 kHz

~+

+

+

-

-

-

VDD

VG

vo

C
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6.4 µH

345 nF
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12 V
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VOFF = 0
VAMPL = {Val}

100 kHz

CD

M1

FIGURE 11.37 PSpice schematic for Example 11.10
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11.10 Short-Circuit and Thermal Protection

An output stage is normally protected against short-circuiting and excessive temperature rise. A class AB

amplifier with such protection is shown in Fig. 11.39.

11.10.1 Short-Circuit Protection

The circuit used in Fig. 11.39 for short-circuit protection consists of transistor Q1 and resistor RE1. If a

short circuit occurs at the load while QN is conducting, a large current will flow through RE1, and a volt-

age VRE1 proportional to the short-circuit current will develop across RE1. When voltage VRE1 becomes

large enough, transistor Q1 will turn on and carry most of the biasing current IR1. Thus, the base current

of QN will be reduced to a safe level. The voltage drops across the emitter resistors will reduce the output

Microelectronic Circuits: Analysis and Design786

(a)  Gate voltage and drain current

(b)  Transistor output voltage and inductor current (c)  Output load voltage

FIGURE 11.38 PSpice voltages and currents of a class E amplifier for Example 11.10
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voltage by the same amount. Therefore, the values of RE1 and RE2 should be as low as possible (on the

order of milliohms). Their values are determined from

(11.97)

where iO(short) is the permissible short-circuiting current to turn on transistor Q1. For VBE1 � 0.7 V and

iO(short) � 200 mA, RRE1 � RRE2 � 0.7 ⁄ 200 mA � 3.5 �. Although RE1 and RE2 reduce the output volt-

age swing, they will give biasing stability to the quiescent current IQ and protect QN and QP against ther-

mal runaway (i.e., excessive junction temperature rise).

11.10.2 Thermal Protection

The circuit used in Fig. 11.39 for thermal protection consists of two transistors (Q2 and Q3), three resis-

tors (R1, R2, and R3), and a zener diode. Normally, transistor Q2 is off. If the temperature rises, VBE3 will

fall because of the negative temperature coefficient of Q3, and the zener voltage VZ will rise because of the

positive temperature coefficient of zener diode DZ. As a result, the voltage at the emitter of Q3 will rise,

and the voltage at the base of Q2 will also rise. If the temperature rise is adequate, Q2 will turn on, divert-

ing the reference current IR from the amplifier and hence shutting down the amplifier. The maximum per-

missible temperature rise �T can be determined from

(11.98)

where KDZ � temperature coefficient of the zener diode, in V⁄ °C

KQ3 � temperature coefficient of transistor Q3, in V⁄ °C

VBE3 � quiescent B-E voltage of Q3

[¢T(KDZ + KQ3) + VBE3]
R1

R1 + R2
= VBE2 = VT ln a IR

IS
b

RRE1 = RRE2 =

VBE1

iO(short)
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FIGURE 11.39 Short-circuit and thermal protection in a class

AB amplifier

67722_11_ch11_p739-802.qxd  2/19/10  4:09 PM  Page 787

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



11.11 Power Op-Amps

Op-amps have some desirable characteristics, such as a very high open-loop gain (�105), a very high

input impedance (up to 109 �), and a very low input biasing current. However, the AC output power of

op-amps is generally low. High power can be obtained from a power amplifier consisting of an op-amp

followed by a class AB buffer. The general structure of a power op-amp is shown in Fig. 11.40. The buffer

stage consists of transistors Q1, Q2, Q3, and Q4. R1 and R2 bias transistors Q1 and Q2 such that �VBE1 �
VBE3 � 0 and VBE2 � VBE4 � 0. Transistor Q3 supplies the positive load current until the voltage across

R3 is sufficiently large to turn on Q5. Then Q5 supplies additional load current. Similarly, transistors Q4

and Q6 supply the negative load current. The stage formed by Q5 and Q6 supplies the additional load current

and acts as a current booster. Emitter resistors RE1 and RE2 are used for biasing stability.

Microelectronic Circuits: Analysis and Design788

KEY POINTS OF SECTION 11.10

■ The transistors of an output stage are normally protected from the excessive current that results from

short-circuiting. Protection can be provided by adding an extra transistor and a small collector resis-

tor for each of the output transistors.

■ Thermal protection is accomplished by taking advantage of the negative temperature coefficient of a

transistor and the positive temperature coefficient of a zener diode.
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FIGURE 11.40 General structure of a power op-amp
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11.11.1 IC Power Amplifiers

A variety of power amplifiers that combine a conventional op-amp chip with a current booster are avail-

able commercially. Some have internal negative feedback already applied to give a fixed closed-loop volt-

age gain; others do not have on-chip feedback. We will consider two such representative op-amps: the

LH0021 op-amp and the LM380 op-amp, both manufactured by National Semiconductor.

Power Op-Amp LH0021

The schematic of power op-amp LH0021 is shown in Fig. 11.41. The LH0021 is designed to operate from

a power supply of 25 V. It is capable of a peak output voltage swing of about 12 V into a 10-� load over

the entire frequency range of 15 kHz. The distortion of the output voltage is less than 1.6%. The circuit can

be divided into three stages: a differential stage, a gain stage, and an output stage.

The differential input stage consists of transistors Q1 through Q4 biased by Q7, which sinks the base

currents of Q3 and Q4. Transistors Q5 and Q6 serve as the current mirror active load.

Power Amplifiers 789
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FIGURE 11.41 Power op-amp LH0021 (Courtesy of National Semiconductor, Inc.)
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The gain stage is a common-emitter configuration and consists of Q9 and Q10 connected as a Darlington

pair. Transistor Q8 serves as an active current source for this stage. Capacitor C1 is the pole-splitting

compensating capacitor connected in shunt-shunt feedback.

The output stage is a complementary class AB push-pull circuit. It consists of transistors Q13, Q14,

Q15, Q16, Q17, and Q18. Diodes D3 and D4 provide the biasing voltage for class AB operation in order

to minimize crossover distortion. Transistors Q13 and Q14 act as the current booster. Resistors RC1 and

RC2 limit the currents through Q13 and Q14, respectively, by turning on Q15 and Q16. Resistor R1 protects

Q17 and Q18 by limiting the current flow through them.

A small external capacitor CC is connected to offer a low impedance to a capacitive load. The com-

bination of R1 and the load capacitor does not form a low-pass RC network, and any phase delay of the

output voltage can be avoided.

Power Op-Amp LM380

The schematic of power op-amp LM380 is shown in Fig. 11.42. The LM380 is designed to operate from

a single power supply in the range of 12 V to 22 V. The output power can be as high as 5 W onto a 10-�
load. The distortion of the output voltage is less than 3%. The circuit can be divided into three stages: a

differential stage, a gain stage, and an output stage. An external capacitor Cx can be used to bypass the cur-

rent source to improve the low-frequency response.

The differential input stage consists of pnp transistors Q3 through Q6. Transistor Q3 is biased by

Q10, whereas transistor Q4 is biased by a DC current from the output terminal through R2. Under qui-

escent conditions (i.e., with an input voltage), the biasing currents for Q3 and Q4 will be equal. Thus,

the current through and the voltage across R3 will be zero. Transistors Q5 and Q6 serve as the current
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FIGURE 11.42 Power op-amp LM380 (Courtesy of National Semiconductor, Inc.)
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mirror active load for this stage. The pnp transistors Q1 and Q2 act as emitter followers for input buffer-

ing. Resistors R1 and R2 provide DC paths to the ground for the base currents of Q3 and Q4.

The gain stage consisting of Q12 has the common-emitter configuration. Transistor Q11 serves as a

current source active load for the gain stage. Capacitor C is the pole-splitting compensating capacitor

intended to yield a wide bandwidth.

The output stage is a quasi-complementary class AB push-pull circuit. It consists of transistors Q8,

Q9, and Q�9. Diodes D1 and D2 provide the biasing voltage for class AB operation. Emitter resistors R6

and R7 give biasing stability.

Resistor R2 provides DC feedback from the DC output voltage vO to the emitter of Q4. If for some

reason vO increases, then there will be a corresponding increase in the current through R2 and the emit-

ter current IE4 of Q4, causing an increase in the collector current of Q4. As a result, the voltage at the

base of Q12 and its base current will increase. This, in turn, will increase the collector current of Q12

and reduce the base current of Q9. Thus, vO will be reduced.

To find vO, let us assume that all transistors are identical and the base currents are negligible com-

pared to the emitter currents. The emitter biasing current of Q3 can be found approximately from

(11.99)

Also, the emitter current of Q4 can be found from

(11.100)

where vO is the DC output voltage. For IE3 � IE4 (so that no current flows through R3), we get

which, for R1 � 2R2, as shown in Fig. 11.42, gives the DC output voltage as

(11.101)

Thus, for VBE �� VCC, which is usually the case, the DC output voltage is approximately half the supply

voltage VCC; that is, vO � VCC ⁄ 2.

11.11.2 Bridge Amplifier

The output power can be doubled by using two power op-amps, as shown in Fig. 11.43. This arrangement,

called a bridge amplifier, is commonly used in high-power applications. The input voltage vI is applied to

the noninverting input of one amplifier and also to the inverting input of the other, so that the output volt-

ages are 180° out of phase. Thus, the output of the noninverting amplifier is

(11.102)

The output voltage of the inverting amplifier is

(11.103)vO2 = -

R3

R2
 vI

vO1 = a1 +

RF

R1
b vI

vO =

VCC + VEB

2
=

VCC - VBE

2

VCC - 3VEB

R1
=

vO - 2VEB

R2

IE4 =

vO - VEB4 - VEB2

R2
=

vO - 2VEB

R2

IE3 =

VCC - VEB10 - VEB3 - VEB1

R1
=

VCC - 3VEB

R1
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The voltage across the load becomes

which, for R3 ⁄ R2 � 1 � RF ⁄ R1 � Af, becomes

(11.104)

where Af is the closed-loop voltage gain of each amplifier.

vO = 2AfvI

vO = vO1 - vO2 = a1 +

RF

R1
b vI +

R3

R2
vI
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=
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FIGURE 11.43 Bridge amplifier

KEY POINTS OF SECTION 11.11

■ IC power amplifiers are known as power op-amps. They consist of a differential stage, a gain stage,

and an output stage with a current booster.

■ Power op-amps are normally used with feedback and are compensated for frequency response by in-

ternal capacitance in the gain stage.

11.12 Thermal Considerations

Power transistors dissipate a large amount of power. The power dissipation is converted to heat, which

causes the temperature of the collection junction to rise. The physical structure, packaging, and specifica-

tions of transistors differ depending on their current-handling capability and power dissipation. The cur-

rent rating of power transistors can go as high as 500 A, with power dissipation of up to 200 W, especially

when the transistors are used as switching elements for power converters [6]. Power transistors must be

protected from excessive temperature rise. The junction temperature TJ must be kept within a specified

maximum TJ(max) to avoid damage to the transistor. For silicon transistors, TJ(max) is in the range of 150°C

to 200°C.
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11.12.1 Thermal Resistance

If a transistor operates in the open air without any cooling arrangement, the heat will be transferred from

the transistor junction to the ambient. Thermal resistance is a measure of the heat transfer. It is the tem-

perature drop divided by power dissipation under steady-state conditions. Thus, the units are °C ⁄ W. The

thermal resistance �JA for heat flow from the junction to the ambient is given by

(11.105)

where TJ � junction temperature, in °C

TA � ambient temperature, in °C

Equation (11.105) represents the heat-transfer process and is analogous to Ohm’s law. Power dissipation cor-

responds to current, temperature difference to voltage difference, and thermal resistance to electrical resis-

tance. Thus, the thermal process can be represented by an analogous electrical circuit, as shown in Fig. 11.44.

11.12.2 Heat Sink and Heat Flow

To keep the junction temperature below TJ(max), the transistor is normally mounted on a heat sink, which

facilitates the removal of heat from the device to the surrounding air. Typical heat sinks with devices

attached are shown in Fig. 11.45. Heat is transferred from the device to the air by one of three methods:

1. Conduction from junction to case with thermal resistance �JC and from case to heat sink with thermal

resistance �CS. The values of �JC and �CS depend on the cross section, length, and temperature differ-

ence across the conducting medium. The imperfect matching of adjacent surfaces will increase �CS.

uJA =

TJ - TA

PD
   (in °C>W)
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qJA

TJ

TA

PD

TJ = junction temperature
TA = ambient temperature

FIGURE 11.44 Electrical equivalent of thermal process

FIGURE 11.45 Transistors mounted on heat sinks
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The value of �CS can be made small by coating the mated surfaces of the transistor and sink with a

thermally conducting compound.

2. Convection from case to ambient with thermal resistance �CA and from heat sink to ambient with

thermal resistance �SA. The values of �CA and �SA depend on surface condition, type of con-

vecting fluid, velocity and characteristic of the fluid, and temperature difference between surface

and fluid.

3. Radiation from cooling fins to the air. The heat transfer will depend on surface emissivity and area,

as well as temperature difference between the radiating fins and the air.

The thermal equivalent circuit of a transistor on a heat sink is shown in Fig. 11.46. The power dissipation

is related to the junction temperature TJ and the ambient temperature TA by 

(11.106)

where �JC � thermal resistance from junction to case, in 

�CS � thermal resistance from case to sink, in 

�SA � thermal resistance from sink to ambient, in 

The values of �JC and �CS are specified in the manufacturer’s data sheet. The circuit designer has to spec-

ify the required value of �SA for the heat sink. The value of �SA found from Eq. (11.106) may be too small

to match any standard heat sink with natural air cooling. In this case, it might be necessary to cool the heat

sink using liquid or forced air from a fan.

11.12.3 Power Dissipation versus Temperature

The ambient temperature TA and the case temperature TC are related to the power dissipation PD by

(11.107)

The transistor manufacturer normally specifies the maximum junction temperature TJ(max), the maximum

power dissipation PD(max) at a specified case temperature TC0 (usually 25°C), and the thermal resistance

�JC. The manufacturer often provides a power-derating curve, as shown in Fig. 11.47, which gives the max-

imum allowable power dissipation if the case temperature is higher than 25°C. TC0 is the case temperature

TC - TA = PD(uCS + uSA)

°C>W
°C>W

°C>W
TJ - TA = PD(uJC + uCS + uSA)
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TA

PD

qJC

qCS

qSA

TJ

FIGURE 11.46 Thermal equivalent circuit
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at which the derating begins. TC(max) is the maximum value of the case temperature in degrees Celsius and

is equal to TJ(max). The power dissipation at a case temperature of TC can be found from

(11.108)PD(T = TC) = PD(max) -

PD(max)

TJ(max) - TC0
 (TC - TC0) for TC Ú TC0

Power Amplifiers 795

PC

PD(max)

TC0 TCTJ(max)

Slope = − 1

0

q JC

FIGURE 11.47 Power derating curve

Finding the power dissipation of a transistor The power dissipation of a transistor is specified as

PD(max) � 150 W at TC0 � 25°C. The transistor is mounted on a heat sink. The thermal resistances are �JC �
0.5°C ⁄ W, �CS � 0.2°C ⁄ W, and �SA � 1.5°C ⁄ W. If TJ(max) � 200°C and TA � 45°C, calculate the maximum

permissible power dissipation of the transistor.

SOLUTION

We can find the maximum power dissipation PD from Eq. (11.106):

which gives

From PD � 70.5 W, Eq. (11.107) gives the case temperature as

The corresponding power dissipation becomes

In other words, for PD � 70.5 W, TC � 164.9°C, which in turn limits the power dissipation to 30.1 W. There-

fore, PD cannot be 70.5 W. We need to find the actual power. Substituting TC from Eq. (11.107) into Eq.

(11.108) yields

PD = PD(max) -

PD(max)

TJ(max) - TC0
 [TA + PD(uCS + uSA)]

PD(TC = 164.9°C) = 150 -

150

200 - 25
* (164.9 - 25) = 30.1 W

TC = 45 + 70.5 * (0.2 + 1.5) = 164.9°C

PD =

200 - 45

2.2
= 70.5 W

200 - 45 = PD(0.5 + 0.2 + 1.5) = 2.2PD(max)

EXAMPLE 11.11
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� NOTE �JC � PD(max) ⁄ (TJ(max) � TC0) � 150 ⁄ (200 � 25) � 0.857°C ⁄ W. But in Example 11.11, �JC �
0.5°C ⁄ W was specified in order to illustrate the method for finding the actual power dissipation.

Microelectronic Circuits: Analysis and Design796

which gives

Since

the permissible power dissipation is PD � 45.35 W.

PD c1 +

150

200 - 25
 (0.2 + 1.5) d = 150 * c1 -

45

200 - 25
d

PD c1 +

PD(max)

TJ(max) - TC0
 (uCS + uSA) d = PD(max) c1 -

TA

TJ(max) - TC0
d

KEY POINTS OF SECTION 11.12

■ Power dissipates from a transistor in the form of heat, which causes the temperature of the collection

junction to rise. Power transistors or power op-amps are normally mounted on a heat sink, which pro-

vides a low thermal impedance for the heat flow.

■ The maximum power dissipation is specified by the manufacturer at a specified case temperature TC0

(usually 25°C), which is not normally attainable. It is often necessary to determine the allowable

power dissipation from a derating curve.

11.13 Design of Power Amplifiers

Since class B and class AB amplifiers eliminate the dead zone, they are generally used as the output stages

of practical amplifiers. Thus, the design of a power amplifier is mainly the design of the output stage, and

it involves the following steps:

Step 1. Identify the specifications of the output stage (e.g., output power PL, load resistance RL, and

DC supply voltages VCC and VEE or VDD and VSS).

Step 2. Select the type of output operation, usually class B or class AB operation.

Step 3. Determine the voltage and current ratings of all transistors.

Step 4. Determine the values and power ratings of all resistors. Also, determine the turns ratio(s) of

transformers in case of a transformer-coupled load.

Step 5. Select the type of DC-biasing circuit. Determine the specifications of active and passive

components.

Step 6. Select the power transistors that will meet the voltage, current, and power requirements. Find

their maximum junction temperature TJ(max) and thermal resistances �JC and �CS.

Step 7. Determine the power dissipation of the transistors, and find the desired thermal resistance of

the heat sink.

Step 8. Use PSpice/SPICE to simulate and verify your design, using the standard values of compo-

nents with their tolerances.
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Summary

A power amplifier generally forms the output stage of an audio-frequency amplifier. The requirements of

power amplifiers are different from those of small-signal low-power amplifiers. Power amplifiers must

deliver an appreciable amount of power to a low-impedance load, while at the same time creating very lit-

tle distortion in the output signal. Power amplifiers are generally classified into six types: class A, class B,

class AB, class C, class D, and class E. The efficiency of a class A amplifier is only 25%, that of a class B

type is 50%, and that of a class AB push-pull type is 78.5%. Class D and E amplifiers can give 90% or

higher efficiency. Complementary class AB push-pull amplifiers eliminate or reduce the distortion and

dead zone in the output signal. The output stage is normally biased by an active current source in order to

supply quiescent biasing current at zero input signal. A quasi-complementary amplifier, which uses a com-

posite pnp transistor consisting of a pnp and an npn transistor, can increase the output power. Power IC op-

amps generally consist of an op-amp followed by a class AB buffer. A power transistor must be mounted

on a heat sink to limit the junction temperature to an acceptable value.
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Review Questions

1. What are the six types of power amplifiers?

2. What are the major differences among the six types of power amplifiers?

3. What are the advantages of an emitter follower with active current–source biasing?

4. What is the limiting design condition for avoiding clipping on the output voltage?

5. What is a figure of merit for an amplifier?

6. What is a common-emitter class A amplifier?

7. What are the advantages and disadvantages of a common-emitter class A amplifier?

8. What is the maximum efficiency of a common-emitter class A amplifier?

9. What is a figure of merit for a common-emitter class A amplifier?

10. What is a transformer-coupled load class A amplifier?

11. What are the advantages and disadvantages of a transformer-coupled load class A amplifier?

12. What is the maximum efficiency of a transformer-coupled load class A amplifier?

13. What is a figure of merit for a transformer-coupled load class A amplifier?

14. What is a complementary class B push-pull amplifier?

15. What are the advantages and disadvantages of a complementary class B push-pull amplifier?

Power Amplifiers 797
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16. What is the maximum efficiency of a complementary class B push-pull amplifier?

17. What is a figure of merit for a complementary class B push-pull amplifier?

18. What is the cause of crossover distortion in a complementary class B push-pull amplifier?

19. What is a transformer-coupled load class B push-pull amplifier?

20. What are the advantages and disadvantages of a transformer-coupled load class B push-pull amplifier?

21. What is the maximum efficiency of a transformer-coupled load class B push-pull amplifier?

22. What is a figure of merit for a transformer-coupled load class B push-pull amplifier?

23. What are the methods of eliminating or minimizing crossover distortion in a complementary class B

push-pull amplifier?

24. What is a complementary class AB push-pull amplifier?

25. What are the advantages and disadvantages of a complementary class AB push-pull amplifier?

26. What is the maximum efficiency of a complementary class AB push-pull amplifier?

27. What is a figure of merit for a complementary class AB push-pull amplifier?

28. What are the methods for DC biasing an output stage?

29. What are the methods for providing short-circuit and thermal protection for an output stage?

30. What is an IC power amplifier?

31. What is the thermal equivalent circuit of a transistor?

32. What is the power derating curve of a power transistor?

33. What is the purpose of a heat sink for a power transistor?

34. What is class C amplifier?

35. What is class D amplifier?

36. What is class E amplifier?

Problems

The symbol indicates that a problem is a design problem. The symbol indicates that you can check the so-

lution to a problem using PSpice/SPICE or Electronics Workbench.

Assume that the PSpice model parameters for the diodes are

IS=100E-15 BV=100 IBV=100E-13

and for the transistors are

IS=100E-15 IBV=100E-14 BF=100 VJE=0.8 VA=100

(unless specified).

11.4 Class A Amplifiers

11.1 a. Design an emitter follower as shown in Fig. 11.3(b). Assume VCC � 15 V, VBE � 0.7 V, VCE(sat) �
0.5 V, IR � 10 mA, and RL � 1 k�. Assume identical transistors of �F � hfe � 100. Find the voltage,

current, and power rating of the transistors.

b. Use PSpice/SPICE to check your design by plotting the transfer function.

11.2 For the emitter follower in Prob. 11.1, determine the critical value of load resistance to avoid clipping (or

distortion), and calculate the peak-to-peak output voltage swing Vpp if RL � 2 k�.

11.3 The parameters of the emitter follower in Fig. 11.3(b) are VCC � 12 V, R1 � 2.5 k�, and RL � 750 �. The

transistors are identical, and their parameters are VBE � 0.7 V, VCE(sat) � 0.5 V, and �F � hfe � 100.

Determine (a) the peak voltage and current of transistor Q1 and (b) the average output power PL.

PD
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11.4 For the emitter follower in Prob. 11.3, calculate (a) the power efficiency, (b) the value of RL for maximum

efficiency, and (c) the corresponding value of efficiency �max.

11.5 a. Design a class A amplifier, as shown in Fig. 11.7(a), for high efficiency. The audio output power is

48 W. The available supply voltage is 12 V. Assume transistors of �F � hfe � 100. Find the voltage,

current, and power rating of the transistors.

b. Use PSpice/SPICE to check your design by plotting the collector current and voltage.

11.6 The parameters of the class A amplifier in Fig. 11.9(a) are VCC � 15 V, R1 � 15 k�, and RL � 1 k�. The tran-

sistors are identical, and their parameters are VBE � 0.7 V, VCE(sat) � 0.5 V, and �F � hfe � 100. Determine

(a) the peak voltage and current of transistor Q1, (b) the average output power PL, and (c) the efficiency �.

11.7 a. Design a transformer-coupled load class A amplifier, as shown in Fig. 11.10(a), to have high efficiency

and to supply an output power of PL � 32 W at a load resistance of RL � 8 �. Assume a DC supply volt-

age of VCC � 15 V. Find the voltage, current, and power rating of the transistors and the transformer

turns ratio. Assume �F � 100 and VCE(sat) � 0.5 V.

b. Use PSpice/SPICE to check your design by plotting the collector current and voltage.

11.8 The parameters of the transformer-coupled load class A amplifier in Fig. 11.10(a) are VCC � 15 V and

RL � 16 �. The transistor parameters are VBE � 0.7 V, VCE(sat) � 0.5 V, and hfe � 100. The transformer

turns ratio is 2�1. Determine (a) the peak voltage and current of transistor Q1, (b) the average output power

PL, and (c) the efficiency �.

11.5 Class B Push-Pull Amplifiers

11.9 a. Design a complementary class B push-pull amplifier, as shown in Fig. 11.11(a), to supply an output power

of PL � 16 W at a load resistance of RL � 4 �. Assume a DC supply voltage of VCC � 15 V and tran-

sistors of �F � hfe � 100 and VBE � 0.7 V. Find the voltage, current, and power rating of the transistors.

b. Use PSpice/SPICE to check your design by plotting the transfer function, the output voltage, and the load

current.

11.10 For the amplifier in Prob. 11.9, calculate the efficiency and power dissipation of each transistor.

11.11 Calculate the power efficiency � and power dissipation PD of each transistor in the complementary class B

push-pull output stage in Fig. 11.11(a) if VCC � 15 V and RL � 10 �. The parameters of the transistors are

�F � hfe � 150, VCE(sat) � 0.2 V, and VBE � 0.7.

11.12 Calculate the power efficiency � and power dissipation PD of each transistor in the complementary class B

push-pull output stage in Fig. 11.11(a) if VCC � 12 V and RL � 50 �. The parameters of the transistors are

�F � hfe � 100, VCE(sat) � 0.2 V, and VBE � 0.7.

11.13 Design a transformer-coupled class B push-pull amplifier, as shown in Fig. 11.17(a), to supply an output

power of PL � 32 W at a load resistance of RL � 8 �. Assume a DC supply voltage of VCC � 15 V and

transistors of �F � hfe � 100 and VBE � 0.7 V.

11.14 The parameters of the transformer-coupled class B push-pull amplifier in Fig. 11.17(a) are VCC � 15 V and

RL � 8 �. The transistor parameters are VBE � 0.7 V, VCE(sat) � 0.5 V, and �F � hfe � 100. The trans-

former turns ratio is 2�1. Determine (a) the peak voltage and current of transistor Q1, (b) the average output

power PL, and (c) the efficiency �.

11.6 Complementary Class AB Push-Pull Amplifiers

11.15 a. Design a biasing circuit for the class AB amplifier of Fig. 11.20(c) to supply a maximum output power

of PL(max) � 20 W. The quiescent biasing current IQ is 2 mA. Assume a DC supply voltage of VCC � 15 V.

The diode parameters are IS � 10�13 A and ID(min) � 1 mA to ensure conduction. The transistor para-

meters are hfe � 50, VBE � 0.7 V, and VCE(sat) � 0.2 V.

b. Find the biasing voltage VBB for vO � 0 and 11.8 V.
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11.16 a. Design an active current source for the class AB amplifier in Fig. 11.21(a) in order to provide a biasing

current of IR � 10 mA. Assume VCC � 15 V, VBE � 0.7 V, and RL � 50 �. The diode parameters are IS

� 10�13 A and ID(min) � 1 mA to ensure conduction. The transistor parameters are hfe � 50, VBE � 0.7 V,

and VCE(sat) � 0.2 V.

b. Use PSpice/SPICE to plot the transfer characteristic and the instantaneous iN, iP, and iO for vI � 5 sin

(2000�t).

11.17 a. Design a VBE multiplier for the class AB amplifier in Fig. 11.24 in order to provide a biasing current of

IR � 10 mA. Assume VCC � 15 V, VBE � 0.7 V, and RL � 50 �. Assume a minimum current of IM(min)

� 1 mA to the multiplier and IQ � 2 mA. The transistor parameters are �F � hfe � 50, VBE � 0.7 V, and

VCE(sat) � 0.2 V.

b. Use PSpice/SPICE to plot the transfer characteristic and the instantaneous iN, iP, and iO for vI � 5 sin

(2000�t).

11.7–11.9 Class C, D, and E Amplifiers

11.18 The gate voltage of the class C amplifier in Fig. 11.30(a) is with .

The DC supply voltages are . The load resistance , which is connected through a

transformer of a turns ratio of .

a. Find the values of L and C to form a tuned resonant circuit. 

b. Use PSpice to plot the voltage , the transistor drain current , and the transistor drain voltage

for varying the gain voltage component = 3 V to 4 V with an increment of 0.5 V. 

c. Use the PSpice parameters of the NMOS IRF150 whose . 

11.19 The gate voltage of the class C amplifier in Fig. 11.30(a) is with .

The DC supply voltages are . The load resistance , which is connected through

a transformer of a turns ratio of . 

a. Find the values of L and C to form a tuned resonant circuit. 

b. Use PSpice to plot the voltage , the transistor drain current , and the transistor drain voltage

for varying the gain voltage component = 3 V to 4 V with an increment of 0.5 V. 

c. Use the PSpice parameters of the NMOS IRF150 whose .

11.20 The gate voltage of the class C amplifier in Fig. 11.30(a) is with .

The DC supply voltages are . The load resistance , which is connected through a

transformer of a turns ratio of . 

a. Find the values of L and C to form a tuned resonant circuit. 

b. Use PSpice to plot the voltage , the transistor drain current , and the transistor drain voltage

for varying the gain voltage component = 3 V to 4 V with an increment of 0.5 V. 

c. Use the PSpice parameters of the NMOS IRF150 whose .

11.21 The gate voltage of the class D amplifier in Fig. 11.33(a) is generated by modulating a sinusoidal reference

at 25 kHz with a carrier signal at . The DC supply voltages are .

The load resistance speaker. 

a. Find the values of L and C to form a tuned resonant circuit. 

b. Use PSpice to plot the gate-modulating voltage , the transistor output voltage , and the transis-

tor output voltage by a modulation index of m 0.5 and 0.9.

c. Use the PSpice parameters of the NMOS IRF150 whose and the PMOS IRF9140 whose

.

11.22 The gate voltage of the class D amplifier in Fig. 11.33(a) is generated by modulating a sinusoidal reference

at 40 kHz with a carrier signal at . The DC supply voltages are .

The load resistance speaker. RL = 16 Æ

VDD = ;5 Vfcr = 30fsVcr = 1 VVr = 1 V

Vt = 3.67 V
Vt = 2.84 V

=vD(t)
vD(t)vG(t)

RL = 8 Æ

VDD = ;5 Vfcr = 25fsVcr = 1 VVr = 1 V

Vt = 2.84 V
VmvD(t)

iD(t)vo(t)

n = 2:1
RL = 50 ÆVDD = ;15 V

fs = 1.5 MHzvG = 2.5 + 1.5 sin (2pfst)

Vt = 2.84 V
VmvD(t)

iD(t)vo(t)

n = 2:1
RL = 150 ÆVDD = ;15 V

fs = 1.5 MHzvG = 2.5 + 1.0 sin (2pfst)

Vt = 2.84 V
VmvD(t)

iD(t)vo(t)

n = 1:1
RL = 50 ÆVDD = ;15 V

fs = 1.5 MHzvG = 2.5 + 1.0 sin (2pfst)
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a. Find the values of L and C to form a tuned resonant circuit. 

b. Use PSpice to plot the gate-modulating voltage , the transistor output voltage , and the transis-

tor output voltage by a modulation index of m 0.5 and 0.9.

c. Use the PSpice parameters of the NMOS IRF150 whose and the PMOS IRF9140 whose

.

11.23 The gate voltage of the class D amplifier in Fig. 11.33(a) is generated by modulating a sinusoidal reference

at 20 kHz with a carrier signal at . The DC supply voltages are .

The load resistance speaker. 

a. Find the values of L and C to form a tuned resonant circuit. 

b. Use PSpice to plot the gate-modulating voltage , the transistor output voltage , and the transis-

tor output voltage by a modulation index of m 0.5 and 0.9.

c. Use the PSpice parameters of the NMOS IRF150 whose and the PMOS IRF9140 whose

.

11.24 The gate voltage of the class E amplifier in Fig. 11.36 is a sinusoidal voltage of 5 V (peak) at 100 kHz. The

DC supply voltages are . The load resistance . 

a. Find the optimum values of , , L, and C.

b. Use PSpice to plot the gate voltage , the transistor drain current , the transistor output voltage

, and the output voltage for peak gate voltages of 4 V and 4.5 V. 

c. Use the PSpice parameters of the NMOS IRF150 whose . 

11.25 The gate voltage of the class E amplifier in Fig. 11.36 is a sinusoidal voltage of 4 V (peak) at 50 kHz. The

DC supply voltages are . The load resistance . 

a. Find the optimum values of , , L, and C.

b. Use PSpice to plot the gate voltage , the transistor drain current , the transistor output voltage

, and the output voltage for peak gate voltages of 4 V and 4.5 V. 

c. Use the PSpice parameters of the NMOS IRF150 whose . 

11.26 The gate voltage of the class E amplifier in Fig. 11.36 is a sinusoidal voltage of 4 V (peak) at 150 kHz. The

DC supply voltages are . The load resistance . 

a. Find the optimum values of , , L, and C.

b. Use PSpice to plot the gate voltage , the transistor drain current , the transistor output voltage

, and the output voltage for peak gate voltages of 4 V and 4.5 V. 

c. Use the PSpice parameters of the NMOS IRF150 whose . 

11.10 Short-Circuit and Thermal Protection

11.27 Design a thermal protection circuit as shown in Fig. 11.39 to limit the maximum temperature rise to �T
110°C. The temperature coefficients of the diode and the transistors are KDZ KQ3 2.5 mV⁄ °C. The

normal biasing current is IR � 5 mA, and the collector current of Q3 is 1 mA. Assume VBEQ2 0.7 V and

VCC 15 V.

11.11 Power Op-Amps

11.28 Use LM380 power op-amps to design a bridge amplifier as shown in Fig. 11.43. The output power is PL

20 W at RL 4 �. Assume VCC 15 V and vI 100 mV (peak).

11.29 The gain and output stages of an LM380 power op-amp are shown in Fig. P11.29. Determine the small-

signal differential voltage gain Aid � vO ⁄ vI, the differential input resistance Rid, and the output resistance

Ro. The diode parameters are IS � 10�13 A and ID(min) � 1 mA to ensure conduction. The transistor para-

meters are �F � hfe � 50, VBE � 0.7 V, VA � 40 V, and VCE(sat) � 0.2 V. Assume a DC supply voltage of

VCC � 15 V and RL � 10 k�.

===

=

=

=

==

=

Vt = 2.84 V
vo(t)vD(t)

iD(t)vG(t)

CDLD

R = 8 ÆVDD = 12 V

Vt = 2.84 V
vo(t)vD(t)

iD(t)vG(t)

CDLD

R = 8 ÆVDD = 12 V

Vt = 2.84 V
vo(t)vD(t)

iD(t)vG(t)

CDLD

R = 16 ÆVDD = 15 V

Vt = 3.67 V
Vt = 2.84 V

=vD(t)
vD(t)vG(t)

RL = 16 Æ

VDD = ;5 Vfcr = 20fsVcr = 1 VVr = 1 V

Vt = 3.67 V
Vt = 2.84 V

=vD(t)
vD(t)vG(t)
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11.30 The power op-amp shown in Fig. 11.40 uses DC supply voltage and transistors of

type Q2N2222 having and . 

a. Determine the output voltage and the input resistance for an input voltage of . 

b. Use PSpice to verify the results in part (a) and determine the high cutoff frequency by plotting the fre-

quency response.

11.31 Design the bridge amplifier shown in Fig. 11.43 to obtain a voltage gain . Assume

. Use PSpice to verify the results.

11.12 Thermal Considerations

11.32 The power dissipation of a transistor is specified as PD(max) � 250 W at TC0 � 25°C. The transistor is

mounted on a heat sink. The thermal resistances are �JC � 0.7°C ⁄ W, �CS � 0.2°C ⁄ W, and �SA� 0.8°C ⁄ W.

If TJ(max) � 200°C and TA � 45°C, calculate the maximum permissible power dissipation of the transistor.

11.33 The power dissipation of a transistor is specified as PD(max) � 290 W at TC0 � 25°C. The transistor is mounted

on a heat sink. The thermal resistances of the transistor are �JC � 0.6°C ⁄ W and �CS � 0.2°C ⁄ W. If TJ(max) �
200°C, TC � 150°C, and TA � 45°C, calculate the required thermal resistance of the heat sink �SA.

VCC = -VEE = -12 V
Af = 250 V>V

fH

vin = 5 VRivO

bF = 255.9Is = 14.34 * 10 -15
VCC = -VEE = 15 V

R1

b(pnp) = 50
b(npn) = 100
VBE ≈ 0.6 V

Q1
Q5

Q3

Q12 Q9

Q7

Q8

Q11Q10

D2

D1
Re1

vI

vO

Ri Ro

150 kΩ

50 kΩ
0.5 Ω

Re2
0.5 Ω

+VCC = 12 V

+

+

− −

FIGURE P11.29
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Learning Outcomes
After completing this chapter, students should be able to do

the following: 

• List the advantages of active filters over passive 

filters.

• Describe the characteristics and types of active 

filters.

• Determine the pole locations for the Butterworth

function.

• Analyze active filters.

• Select an active filter to meet desired frequency 

requirements.

• Design an active filter to meet desired specifications.

Symbols and Their Meanings
Symbol Meaning
Vi, Vo Input and output voltages of a filter

BW Bandwidth of a filter 

fclk Clock frequency, in hertz

p1, . . ., pn, Poles and zeros of a transfer function

z1, . . ., zn

H(s), D(s), N(s) Transfer function, and denominator

and numerator of a transfer function

Hn Transfer function of an nth-order filter

Q, K Quality factor and constant parameter 

of a filter

CHAPTER 12
ACTIVE FILTERS
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12.1 Introduction

In electrical engineering, a filter is a frequency-selective circuit that passes a specified band of frequencies

and blocks or attenuates signals of frequencies outside this band. These signals are usually voltages. Fil-

ters that employ only passive elements such as capacitors, inductors, and resistors are called passive filters.

Filters that make use of the properties of op-amps in addition to resistors and capacitors are called active
filters or more often analog filters, in contrast to digital filters. Both analog and digital filters can be im-

plemented in the same IC chip. This chapter introduces active filters and deals with the analysis and de-

sign of simple circuit topologies. Because of their practical importance, analog filters are often covered in

a single course [1, 2].

12.2 Active versus Passive Filters

Both active and passive filters are used in electronic circuits. However, active filters offer the following

advantages over passive filters:

• Flexibility of gain and frequency adjustment: Since op-amps can provide a voltage gain, the input

signal in active filters is not attenuated as it is in passive filters. It is easy to adjust or tune active

filters.

• No loading effect: Because of the high input resistance and low output resistance of op-amps, 

active filters do not cause loading of the input source or the load.

• Cost and size: Active filters are less expensive than passive filters because of the availability of

low-cost op-amps and the absence of inductors.

• Parasitics: Parasitics are reduced in active filters because of their smaller size.

• Digital integration: Analog filters and digital circuitry can be implemented on the same IC chip.

• Filtering functions: Active filters can realize a wider range of filtering functions than passive filters.

• Gain: An active filter can provide gain, whereas a passive filter often exhibits a significant loss.

Active filters also have some disadvantages:

• Bandwidth: Active components have a finite bandwidth, which limits the applications of active filters

to the audio-frequency range. Passive filters do not have such an upper-frequency limitation and

can be used up to approximately 500 MHz.

• Drifts: Active filters are sensitive to component drifts due to manufacturing tolerances or environ-

mental changes; in contrast, passive filters are less affected by such factors.

• Power supplies: Active filters require power supplies, whereas passive filters do not.

• Distortion: Active filters can handle only a limited range of signal magnitudes; beyond this range,

they introduce unacceptable distortion.

• Noise: Active filters use resistors and active elements, which produce electrical noise.

Microelectronic Circuits: Analysis and Design804

Symbol Meaning
fo, fc, fL, fH Cutoff, center, low cutoff, and high cutoff frequencies of a filter

Rn, Cn Normalized resistance and capacitance of a filter

Pole and zero anglesup, uz
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In general, the advantages of active filters outweigh their disadvantages in voice and data commu-

nication applications. Active filters are used in almost all sophisticated electronic systems for commu-

nication and signal processing, such as television, telephone, radar, space satellite, and biomedical

equipment. However, passive filters are still widely used.

12.3 Types of Active Filters

Let Vi � 0 be the input voltage to the filtering circuit shown in Fig. 12.1. The output voltage Vo and its

phase shift � will depend on the frequency �. If two voltages are converted to Laplace’s domain of s, the

ratio of the output voltage Vo(s) to the input voltage Vi(s) is referred to as the voltage transfer function H(s):

H(s) =

Vo(s)

Vi(s)

Active Filters 805

(c)  Pole mirror images of zeros

+
−

+

−

~Vi VoFilter

(a)  Block diagram (b)  s-plane plot of poles and zeros

jw

s

Mirror images
jw

s

FIGURE 12.1 Filtering circuit
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The transfer function H(s) can be expressed in the general form

(12.1)

whose coefficients are determined so as to meet the desired filter specifications. Substituting s � j� will give

H( j�), which will have a magnitude and a phase delay. The denominator and the numerator of Eq. (12.1) are

polynomials in s with real coefficients. If these polynomials are factored, H(s) can be written as [3, 4]

(12.2)

The expression z1, z2, . . . , zm is referred to as the zeros of H(s) because H(s) � 0 when and

the expression p1, p2, . . . , pn is referred to as the poles of H(s) because when . The poles

and zeros can be plotted in the complex s-plane as shown in Fig. 12.1(b), where is considered

as one set. Since the coefficients of H(s) are all real, the poles and zeros occur in conjugate pairs.

For stability all poles must lie in the left half-plane. When the poles lie on the axis and are sim-

ple, the network oscillates; when the poles lie in the right half-plane, the responses grow exponentially

with time. Thus, for stability reasons, the characteristic polynomial D(s) of a realizable system must

have only left half-plane poles. Substituting will give , which will have a magnitude and

a phase delay as given by

(12.3)

where is the phase angle of the transfer function as given by 

(12.4)

Therefore, the transfer function will cause a delay or a lead in the output response. To minimize this

delay or lead, the zeros should be the mirror image of the poles as shown in Fig. 12.1(c). 

Depending on the desired specification of magnitude or phase delay, active filters can be classified as low-

pass filters, high-pass filters, band-pass filters, band-reject filters, or all-pass filters. The ideal characteristics of

these filters are shown in Fig. 12.2. A low-pass (LP) filter passes frequencies from DC to a desired frequency

fo (��o ⁄ 2�) and attenuates high frequencies. fo is known as the cutoff frequency. The low-frequency range

from 0 to fo is known as the passband or bandwidth (BW), and the high-frequency range from fo to � is known

as the stop band. A high-pass (HP) filter is the complement of the low-pass filter; the frequency range from 0

to fo is the stop band, and the range from fo to � is the passband.

uH = atan-1 
v

z1
+ tan-1 

v

z2
 + Á

+ tan-1 
v

zm
b - atan-1 

v

p1
+ tan-1 

v

p2
 + Á

+  tan-1 
v

pn
b

uH

H( jv) =

am(z1 + jv)(z2 + jv) Á (zm + jv)

( p1 + jv)(p2 + jv) Á (pn + jv)
= amB

(z2
1 + v2)(z2 + v2) Á (zm + v2)

(p1 + v2)( p2 + v2) Á ( pn + v2)
∠uH

H( jv)s = jv

jv-

s = s + jv
s = -pnH(s) = �

s = -zm

H(s) =

N(s)

D(s)
=

am(s + z1)(s + z2) Á (s + zm)

(s + p1)(s + p2) Á (s + pn)

H(s) =

amsm
+

Á
+ a2s2

+ a1s + a0

sn
+

Á
+ b2s2

+ b1s + b0
 (for n Ú m)
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Pass Stop

wo w (in rad/s)0

1

0

|H|

Stop Pass

w (in rad/s) 0

1

0
w o

|H|

Stop Pass Stop

w  (in rad/s) 0

1

0
w 1 w 2

|H|

Pass Stop Pass

0

1

0
w (in rad/s) w 1 w 2

|H|

(a)  Ideal low-pass filter (b)  Ideal high-pass filter (c)  Ideal band-pass filter (d)  Ideal band-reject filter

FIGURE 12.2 Ideal filter characteristics
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A band-pass (BP) filter passes frequencies from f1 to f2 and stops all other frequencies. A band-

reject (BR) filter is the complement of a BP filter; the frequencies from f1 to f2 are stopped, and all other

frequencies are passed. BR filters are sometimes known as band-stop filters. An all-pass (AP) filter

passes all frequencies from 0 to �, but it provides a phase delay.

It is impossible to create filters with the ideal characteristics shown in Fig. 12.2. Instead of abrupt

changes from pass to stop behavior and from stop to pass behavior, practical filters exhibit a gradual

transition from stop band to passband. Realistic filter characteristics are shown in Fig. 12.3 [(a)–(d)]. All

characteristics are combined in Fig. 12.3(e). The cutoff frequency corresponds to the frequency at which

the gain is 70.7% of its maximum value. The sharpness of the transition or the rate at which the char-

acteristic changes is known as the roll-off or the falloff rate. If the frequency is plotted on a logarithmic

scale, the plot is known as a Bode plot, and the roll-off, or asymptotic slope, is measured in multiples of

�6 dB per octave or �20 dB per decade.

Active Filters 807

0

1

0.707

0

(a)  Low-pass filter

0

1

0

(e)  Combined characteristics

(d)  Band-reject filter

LP HP

AP

BPBR

wo ∞ w (in rad/s)

w1 w2wo w (in rad/s)0

1

0.707

0
wo w (in rad/s)

|H|

0

1

0.707

0
wo w (in rad/s)

|H|

|H|

0

1

0.707

0
w1 w2wo w (in rad/s)

|H| |H|

(b)  High-pass filter (c)  Band-pass filter

FIGURE 12.3 Realistic filter characteristics

KEY POINTS OF SECTION 12.3

■ Depending on the frequency characteristic, filters can be classified as low-pass, high-pass, band-pass,

band-reject, or all-pass.

■ It is not possible to create filters with the ideal characteristics of abrupt changes from pass to stop be-

havior and from stop to pass behavior. Practical filters exhibit a gradual transition from stop band to

passband.
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12.4 First-Order Filters

A first-order filter is the simplest type. It is commonly used and serves as the building block for a wide

variety of active filters. Both the numerator and the denominator of Eq. (12.1) are 1, m � n � 1. Thus, the

first-order filter has the transfer function as given by [5, 6]

(12.5)

where p1 and z1 are the pole and zero of the transfer function and K is the voltage gain between the output

and the input. For , , and for , . The pole–zero location

for the transfer function is shown in Fig. 12.4. For , the zero is always closer to the origin than the

pole. When s becomes very large, then H approaches the value of K. For , H becomes less than K.

That is,

and

For , the pole is always closer to the origin than the zero, and H becomes greater than K.

Therefore, the pole–zero locations are important parameters to characterize the transfer function and its

response. The output will be either K or less than K; that is, the output is attenuated.

By letting , Eq. (12.2) gives the frequency characteristics as

(12.6)

which gives the magnitude as

(12.7)

The phase angle is given by 

(12.8)u = uz - up =  tan-1
 a v

z1
b -  tan-1

 a v
p1
b

u

ƒ H( jv) ƒ =

Kz1

p1 B

1 - (v>z1)2

1 - (v>p1)2

H( jv) = K 
z1 + jv

p1 + jv
=

Kz1

p1
*

1 + ( jv>z1)

1 + ( jv>p1)

s = jv

z1 7 p1

H(s = 0) =

Kz1

p1
H(s = �) = 1

s = 0
p1 7 z1

H(s = -p1) = �s = -p1H(s = -z1) = 0s = -z1

H(s) =

a1s + a0

s + b0
= K 

s + z1

s + p1

Microelectronic Circuits: Analysis and Design808

jw

−p1 −z1
s

jw

−p1−z1
s

(a)  p1 > z1 (b)  p1 < z1

FIGURE 12.4 Pole and zero locations of first-order filters
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The phase angle can be leading, having a positive value, or lagging, having a negative value. The

phase angle for zero becomes at z1, as shown in Fig. 12.5(a), and the phase

angle for pole is at , as shown in Fig. 12.5(b). Depending on the values

of z1 and p1, Eq. (12.3) can exhibit the characteristics of a lead low-pass filter, a lag low-pass filter, a lead

HP filter, and a lag HP filter. The conditions for z1 and p1 to obtain these filters are shown in Table 12.1. A

pole 1 in the denominator gives the low-pass characteristic, whereas the addition of a zero at the origin gives

the HP characteristic. If , it makes an HP characteristic, whereas makes a low-passp1 6 z1p1 7 z1

v = zp(v>zp) = 45°up = tan-1
v =(v>z1) = 45°uz = tan-1

u

Active Filters 809

(a)  p1 > z1

jw

s-plane

w  = p1

w  = p1w  = z1

w  = z1

−p1 −z1
s

(b)  p1 < z1

jw

−p1−z1
s

FIGURE 12.5 Poles and zeros for and s = zps = z1

TABLE 12.1 Poles and zeros for high- and low-pass filters

Pole and Zero T(s) Classification

Lag high-pass

Lead high-pass

Lead low-pass

Lag low-passp1

s + p1

jw

s

s + z1

s + p1
 (z1 7 p1)

jw

s

s

s + p1

jw

s

s + z1

s + p1
 (p1 7 z1)

jw

s

z 0=

z 0=

67722_12_ch12_p803-860.qxd  2/19/10  4:25 PM  Page 809

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



characteristic. The characteristic of a BP filter, which requires two poles, can be obtained by cascading an

HP filter with a low-pass filter to obtain a transfer function as given by 

(12.9)H(s) = K1 
s + z1

(s + p1)(s + p2)

Microelectronic Circuits: Analysis and Design810

KEY POINTS OF SECTION 12.4

■ The locations of the poles and zeros can reveal types and characteristics of the filters. 

■ A first-order function can exhibit only low-pass and high-pass filters. A first-order band-pass filter

can be made by cascading a low-pass filter with a high-pass filter.

12.5 The Biquadratic Function

For an active filter with n � 2, Eq. (12.1) will become complex. Thus, a second-order transfer function

(i.e., a function with n � 2) is most commonly used. For n � 2, Eq. (12.1) becomes

(12.10)

The poles (or zeros) can be determined from the roots of a quadratic equation from

(12.11)

where b0 is generally greater than and the poles are complex such that , which can

be substituted in Eq. (12.7) to give the transfer function of the form as given by

(12.12)

(12.13)

where Qp � �p ⁄2�p � �p ⁄2Re(p1) is called the pole quality factor and is

called the zero quality factor. and are the pole and zero natural resonant frequencies,

respectively. The imaginary part is related to and by . This can be solved for 

as given by 

(12.14)

The pole angle as shown in Fig. 12.6(a) can be found from

(12.15)fp = cos-1a ap

vp
b =  cos-1a 1

2Qp
b

fp

bp = 2v2
p - a2

p = vp 
A

1 -

1

4Q2
p

bpv2
p = a2

p + b2
pvpapbp

vz(= 1a0)vp(=  1b0)

Qz = vz>2az = vz>2Re(z1)

 = K 
s2

+ (vz>Qz)s + v2
z

s2
+ (vp>Qp)s + v2

p

H(s) = K 
(s + az + jbz)(s + az - jbz)

(s + ap + jbp)(s + ap - jbp)
= K 

s2
+ 2azs + v2

z

s2
+ 2aps + v2

p

p1, p2 = ap � jbpb2
1>4

p1, p2 =

-b1 ; 2b2
1 - 4b0

2
= -  

b1

2
;

B
ab1

2
b2

- b0

H(s) =

a2s2
+ a1s + a0

s2
+ b1s + b0

= K 
(s + z1)(s + z2)

(s + p1)(s + p2)
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which shows that the phase delay depends on the quality factor , whose value is chosen to be greater than 1.

If , Eq. (12.14) is approximated to with an error less than 1%. As a rule of thumb, 

is generally used for second filter designs.

Equation (12.10) is known as the biquadratic function, which serves as the building block for a wide

variety of active filters and has the general form given by

(12.16)

where   �o � undamped natural (or resonant) frequency

Q � quality factor or figure of merit

K � DC gain

Constants k2, k1, and k0 are �1 or 0. Table 12.2 shows their possible values for each type of filter. Substi-

tuting s � j� into Eq. (12.16) will give the frequency domain H( j�), which will have a magnitude and a

phase delay:

(12.17)

where � � 2�f, in radians per second, and f � supply frequency, in hertz.

Normalizing the frequency with respect to the natural frequency so that , Eq. (12.15)

becomes

(12.18)

where natural frequency, in radians per second.

It can be shown (Appendix B) that Q is related to the bandwidth BW and to �o by

(12.19)

where �H � high cutoff frequency, in radians per second, and �L � low cutoff frequency, in radians per

second.

Q =

vo

BW
=

vo

vH - vL

vo =

H( ju) =

(k0 - k2u2) + ( jk1u>Q)

(1 - u2) + ( ju>Q)

u = v>vovov

H( jv) =

-k2v
2

+ jk1(vo>Q)v + k0v
2
o

-v2
+ j(vo>Q)v + v2

o
=

(k0v
2
o - k2v

2) + jk1(vo>Q)v

(v2
o - v2) + j(vo>Q)v

H(s) = K 
k2s2

+ k1(vo>Q)s + k0v
2
o

s2
+ (vo>Q)s + v2

o

Qp = 7bp M vpQp 7 5
Qp
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(a)  Pole angle (b)  Loci of pole angles for v = vo

jw

w o1

w o2

w o3

w o3 > w o2 > w o1

s

jw

wp

w p

2Qp

y

fp = cos−1 11 −
4Qp

2

1
2Qp

2 b p = w p

s

( (

a p =

FIGURE 12.6 Pole angles and their loci
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Depending on the values of the constants k0, k1, and k2, there are four possible cases whose transfer

function and phase angles in frequency domain can be described as follows:

Case 1. For and , there is no zero. Equation (12.18) gives the low-pass character-

istic as shown in Table 12.3(a), and its transfer function in frequency domain is given by 

(12.20)

Case 2. For and , there is one zero on the -axis. Equation (12.18) gives the BP

characteristic as shown in Table 12.3(b), and its transfer function in frequency domain is given by

(12.21)

Case 3. For and , there are two zeros at the origin. Equation (12.18) gives the BR

characteristic as shown in Table 12.3(c), and its transfer function in frequency domain is given by

(12.22)

Case 4. For and , there are two zeros at the origin. Equation (12.18) gives the HP

characteristic as shown in Table 12.3(d), and its transfer function in frequency domain is given by 

(12.23)HHP(s) = K 
-u2

(1 - u2) + ( ju>Q)
= 2 u2K

2(1 - u2)2
+ (u>Q)2

2  ∠  cp -  tan-1a u>Q
1 - u2 b d

k0 = k1 = 0k2 = 1

HBR(s) = K 
(1 - u2)

(1 - u2) + ( ju>Q)
= 2 (1 - u2)K

2(1 - u2)2
+ (u>Q)2

2 ∠- tan-1 a u>Q
1 - u2 b

k1 = 0k0 = k2 = 1

HBP(s) = K 
ju>Q

(1 - u2) + ( ju>Q)
= 2 (u>Q)K

2(1 - u2)2
+ (u>Q)2

2  ∠  cp
2

-  tan-1a u>Q
1 - u2 b d

jvk0 = k2 = 0k1 = 1

HLP(s) = K 
1

(1 - u2) + ( ju>Q)
= 2 K

2(1 - u2)2
+ (u>Q)2

2  ∠ - tan-1a u>Q
1 - u2 b

k1 = k2 = 0k0 = 1
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TABLE 12.2 Biquadratic filter functions

Filter k2 k1 k0 Transfer Function

Low-pass 0 0 1

High-pass 1 0 0

Band-pass 0 1 0

Band-reject 1 0 1

All-pass 1 �1 1 HAP = K 
s2

- (vo>Q)s + v2
o

s2
+ (vo>Q)s + v2

o

HBR =

K(s2
+ v2

o)

s2
+ (vo>Q)s + v2

o

HBP =

K(vo>Q)s

s2
+ (vo>Q)s + v2

o

HHP =

Ks2

s2
+ (vo>Q)s + v2

o

HLP =

Kv2
o

s2
+ (vo>Q)s + v2

o

67722_12_ch12_p803-860.qxd  2/19/10  4:25 PM  Page 812

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Case 5. For and , two zeros are identical to the two poles. Equation (12.18) gives

the AP characteristic as shown in Table 12.3(e), and its transfer function in frequency domain is given by

(12.24)HAP(s) = K 
(1 - u2) + ( ju>Q)

(1 - u2) + ( ju>Q)
= ƒ K ƒ  ∠  0°

k1 = -1k0 = k2 = 1

Active Filters 813

TABLE 12.3 Characteristics of second-order filters

Filter Type Transfer Function Frequency Response Poles and Zeros

(a) Low-pass

(b) Low-band-pass

(c) Band-reject notch

(d) High-pass

(e) All-pass 

jw

s

w

HAP(s) =

s2
- (vo>Q)s + v2

o

s2
+ (vo>Q)s + v2

o

jw

s
2

w

HHP(s) =

s2

s2
+ (vo>Q)s + v2

o

jw

s

w

HBS(s) =

s2
+ v2

o

s2
+ (vo>Q)s + v2

o

jw

s

w

HBP(s) =

(vo>Q)s

s2
+ (vo>Q)s + v2

o

jw

s

w

HLP(s) =

v2
o

s2
+ (vo>Q)s + v2

o

KEY POINTS OF SECTION 12.5

■ The quality factor Q is a measure of the bandwidth of a filter. The lower the value of Q, the more

selective the filter will be.

■ The denominator of all quadratic filter functions is the same, but the numerator depends on the type

of filter.
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12.6 Butterworth Filters

The denominator of a filter transfer function determines the poles and the falloff rate of the frequency re-

sponse. Notice from Table 12.2 that the denominator of the biquadratic function has the same form for all

types of filters. Butterworth filters [7] are derived from the magnitude-squared function

(12.25)

which gives the magnitude of the transfer function as

(12.26)

Plots of this response, known as the Butterworth response, are shown in Fig. 12.7 for n � 1, 2, 4, 6, 8,

and 10. This type of response has the following properties:

1. ⏐Hn( j0)⏐ � 1 for all n (voltage gain at zero frequency—that is, DC voltage gain at � � 0).

2. ⏐Hn( j�o)⏐ � 1 ⁄ �2� � 0.707 for all n (voltage gain at � � �o).

3. ⏐Hn( j�o)⏐ exhibits n-pole roll-off for � � �o.

4. It can be shown that all but one of the derivatives of ⏐Hn( j�)⏐ equal zero near � � 0. That is, the

maximally flat response is at � � 0.

5. For n � 10, the response becomes close to the ideal characteristic of abrupt change from passband

to stop band.

By substituting � � s ⁄ j into Eq. (12.25), we can express the transfer function for Butterworth fil-

ters in the s domain by

(12.27)

(12.28)

where Dn(s) is a polynomial in s, all of whose roots have negative real parts, and ⏐Dn(s)⏐ � ⏐Dn(�s)⏐.

 = 2 1

Dn(s)Dn(-s)
2

ƒ Hn(s) ƒ
2

= 2 1

1 + (-1)n(s>vo)2n
2

ƒ Hn( jv) ƒ =

1

[1 + (v>vo)2n]1>2

ƒ Hn( jv) ƒ
2

=

1

(1 + v>vo)2n
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n = 1

2

46
8

10

0

0.2

0.4

0.6

0.8

1.0

0 0.4 0.8 1.2 1.6 2.0

|H ( jw)|

w
wo

FIGURE 12.7 Butterworth response
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12.6.1 Butterworth Function for n � 1

For n � 1 and letting �o � 1, Eq. (12.27) becomes

(12.29)

Factorizing 1 � s2, we get D1(s) and D1(�s) as

which gives

Since , Eq. (12.24) gives the Butterworth function with negative real parts. That is, for

D1(s) only, we get the general form

The pole angles are . For n � 1, it becomes a first-order function that is not generally

used. For the Butterworth filter, the minimum is a second-order function, .

12.6.2 Butterworth Function for n � 2

If we let �o � 1, for n � 2 Eq. (12.27) becomes

(12.30)

Factoring 1 � s4 gives D2(s)D2(�s) as

which gives

and

Since ⏐D2(s)⏐ � ⏐D2(�s)⏐, Eq. (12.30) gives the Butterworth function with negative real parts. That is,

for D2(s) only, we get the general form

(12.31)

which has Q � 1 ⁄ �2� � 0.707. Thus, for n � 2, a Butterworth filter will exhibit the frequency characteris-

tic of a second-order system (Appendix B), and the frequency response will fall at a rate of �40 dB⁄decade

or �12 dB ⁄octave.

H2(s) =

1

(s>vo)2
+ 22(s>vo) + 1

=

v2
o

s2
+ 22vos + v2

o

D2(-s) = as -

1 - j

22
b as -

1 + j

22
b = s2

- 22s + 1

D2(s) = as -

-1 - j

22
b as -

-1 + j

22
b = s2

+ 22s + 1

D2(s)D2(-s) = s4
+ 1 = as -

-1 - j

22
b as -

1 + j

22
b as -

1 - j

22
b as -

1 + j

22
b

ƒ H2(s) ƒ
2

= 2 1

1 + s4
2 = 2 1

D2(s)D2(-s)
2

n Ú 2
fp = 0o  and 180o

H1(s) =

1

(s>vo) + 1
=

vo

s + vo

ƒ D1(s) ƒ = ƒ D1(-s) ƒ

D1(s) = (1 + s) and D1(-s) = (1 - s)

D1(s)D1(-s) = 1 - s2
= (1 + s)(1 - s)

ƒ H1(s) ƒ
2

= 2 1

1 - s2
2 = 2 1

D1(s)D1(-s)
2
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The angles for all k (�2n � 4) poles are

12.6.3 Butterworth Function for n � 3

If we let �o � 1, for n � 3 Eq. (12.27) becomes

(12.32)

Factoring 1 � s6, we get

which gives D3(s), whose roots have negative real parts, as

The transfer function for n � 3 is given by

(12.33)

(12.34)

Thus, for n � 3, a Butterworth filter will exhibit the frequency characteristic of a third-order system, and

the frequency response will fall at a rate of �60 dB ⁄decade or �18 dB ⁄octave.

The angles for all k (� 2n � 6) poles are

12.6.4 Butterworth Function for Higher-Order Filters

A Butterworth filter will exhibit the frequency characteristic of an nth-order system and will fall at a rate

of 20n dB/decade or 6n dB/octave. The denominator Dn(s) depends on the LHS poles that will be phase

shifted by 180� with respect to the poles of Dn(s) on the RHS. Each pole pk has it complex conjugate p–k

as shown in Fig. 12.8 in the s-plane for n � 1 to 5. Taking the LHS real-axis as the reference, we can find

the LHS pole angles for an nth-order filter from the following expression:

(12.35)

Assuming , the corresponding real and imaginary parts of the poles are given by 

and bk =  sin fkak =  cos fk

vo = 1

fk = 180° - 90°a2k + n - 1
n

b (for  k = 1, 2, p ,  n)

fk =

360o
* k

2 * n
= 0o, 60o, 120o, 180o, 240o, 300o

 =

v3
o

s3
+ 2vos2

+ 2v2
os + v3

o

H3(s) =

1

(s>vo)3
+ 2(s>vo)2

+ 2(s>vo) + 1

D3(s) = (s2
+ s + 1)(s + 1) = s3

+ 2s2
+ 2s + 1

D3(s)D3(-s) = 1 - s6
= (s2

+ s + 1)(s2
- s + 1)(s + 1)(-s + 1)

ƒ H3(s) ƒ
2

= 2 1

1 - s6
2 = 2 1

D3(s)D3(-s)
2

fk =

180° + 360° * k

2 * n
= 45o, 135o, 225o, 315o
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Substituting in Eq. (12.12), we can find the function , which is the reciprocal of , from 

(12.36)

 = qk(s2
+ 2aks + 1)      (for even values of k = 2, 4, p , n)

Dn(s) = (1 + s)qk(s2
+ 2aks + 1) (for odd values of k = 1, 3, p , n)

H(s)D(s)ak

Active Filters 817

s

n = 1

jw

s

n = 2

jw

s

n = 3

jw

s

jw

p1

p1

−f

f

s

n = 4

jw

s

n = 5

jw

FIGURE 12.8 Pole locations for the Butterworth function

Finding the transfer function for the Butterworth response Find the transfer function for the fifth-

order Butterworth response of a BP filter.

SOLUTION

n � 5. From Eq. (12.35) we get the pole angles . The real values are

. Therefore,

 = (1 + s)(s2
+ 2 * 0.309s + 1)(s2

+ 2 * 0.809s + 1)

 D5(s) = (1 + s)(s2
+ 2a1 s + 1)(s2

+ 2a2s + 1)

ak =  cos fk = 1, 0.809, 0.309, 0.809, and 0.309
fk = 0°, ;36°, and ;72°

EXAMPLE 12.1
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12.7 Transfer Function Realization

The poles and zeros of a transfer function for active filters are generally obtained from series and parallel

connection impedances as shown in Fig. 12.9. The transfer function describing the relationship between

the output and input voltages can be described by [8]

(12.37)

where the impedances and consist of series and parallel connections of Rs and Cs. The basic

elements for generating poles and zeros are listed in Table 12.4.

The transfer function is a dimensionless quantity. It is convenient to normalize all circuit elements so that

they become unitless quantities. The relationships among the circuit elements remain the same, irrespective

Z2(s)Z1(s)

H(s) =

Vo(s)

Vi(s)
=

Z2(s)

Z1(s) + Z2(s)

Microelectronic Circuits: Analysis and Design818

Therefore, the transfer function for a BP filter is given by 

The values of of the factorial function for even values of k � 2, 4, . . . , n
are as follows:

1 72 0.309 0.951

2 36 0.809 0.588

3 0 1 0

4 �36 0.809 �0.588

5 �72 0.309 �0.951

bkakfkk

ßk (s
2

+ 2ak s + 1)Qk, ak, and bk

 =

Ks5v5
o

(1 + s)(s2
+ 2 * 0.309s + v2

o)(s2
+ 2 * 0.809s + v2

o)

H(s) =

Ks5

1 + (s>vo)[(s>vo)2
+ 2 * 0.309s>vo + 1][(s>vo)2

+ 2 * 0.809s>vo + 1]

KEY POINTS OF SECTION 12.6

■ Butterworth filters can give a maximally flat response.

■ For n � 10, the response becomes close to the ideal characteristic of abrupt change from passband to

stop band. However, a filter with n � 2 is quite satisfactory for most applications.

V1 V2
+

+

−
−

Z1

Z2I FIGURE 12.9 Impedances for obtaining transfer function
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of their values. Normalization allows scaling of all values and has the advantages of (a) removing the

dimensions from the circuit variables, (b) the relative relationship independent of impedance level, and

(c) allowing the designer to select convenient and practical values of circuit elements. Frequency normaliza-

tion is done by dividing the frequency variable by a normalizing frequency, usually , and the impedances

are normalized by dividing all impedances in the circuit by a normalizing resistance . The normalized s
becomes , and the normalized frequency becomes . Thus, the normalized impedances

for resistance R and capacitance C become 

and

Therefore, the normalized element values are given by 

and (12.38)

12.8 Low-Pass Filters

Depending on the order of the biquadratic polynomial in Eq. 12.16, low-pass filters can be classified into

two types: first-order and second-order.

12.8.1 First-Order Low-Pass Filters

The transfer function of a first-order low-pass filter has the general form

(12.39)H(s) =

Kvo

s + vo

Cn = CvoRoRn =

R

Ro

1

snCn
= a 1

s>vo
b a 1

voCRo
bRn =

R

Ro

vn = v>vosn = s>vo

Ro

vo

Active Filters 819

TABLE 12.4 Circuit elements for generating poles and zeros

Z1 or Z2 Elements Impedance Admittance

R

sC

1

R + (1>sC)
R +

1

sC
R C

sC +

1

R

1

sC + 1>R

R

C

1

sC

C

1

R

R
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A typical frequency characteristic is shown in Fig. 12.10(a). A first-order filter that uses an RC network for

filtering is shown in Fig. 12.10(b). The op-amp operates as a noninverting amplifier, which has the char-

acteristics of a very high input impedance and a very low output impedance.

The voltage (Vx in Laplace’s domain of s) at the noninverting terminal of the op-amp can be found

by the voltage divider rule:

The output voltage of the noninverting amplifier is

which gives the voltage transfer function H(s) as

(12.40)

where the DC gain is

(12.41)

Substituting s � j� into Eq. (12.40), we get

(12.42)

which gives the cutoff frequency fo at 3-dB gain as

(12.43)

The magnitude and phase angle of the filter gain can be found from

(12.44)

and (12.45)

where f � frequency of the input signal, in hertz.

f = - tan-1( f>fo)

ƒ H( jv) ƒ =

K

[1 + (v>vo)2]1>2 =

K

[1 + ( f>fo)2]1>2

fo =

1

2pRC

H( jv) =

Vo( jv)

Vi( jv)
=

K

1 + jvRC

K = 1 +

RF

R1

H(s) =

Vo(s)

Vi(s)
=

K

1 + sRC

Vo(s) = a1 +

RF

R1
bVx(s) = a1 +

RF

R1
b  

1

1 + sRC
 Vi(s)

Vx(s) =

1>sC

R + 1>sC
 Vi(s) =

1

1 + sRC
 Vi(s)
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A

Vo

R

R1 RF

~Vi

+

−

+
+

−

−

RL
C

f (in Hz)fo

Vo

Vi

0.707

1

| |

0

−20 dB/decade

(b)  Filter(a)  Low-pass characteristic

vx

Passband Stop band

FIGURE 12.10 First-order low-pass filter with K � 1
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Designing a first-order low-pass filter

(a) Design a first-order low-pass filter to give a high cutoff frequency of fo � 1 kHz with a pass-band gain of 4.

If the desired frequency is changed to fn � 1.5 kHz, calculate the new value of Rn.

(b) Use PSpice/SPICE to plot the frequency response of the filter designed in part (a) from 10 Hz to 10 kHz.

SOLUTION

(a) The high cutoff frequency is fo � 1 kHz. Choose a value of C less than or equal to 1 	F: let 

C � 0.01 	F. Using Eq. (12.43), calculate the value of R:

Choose values of R1 and RF to meet the pass-band gain K. From Eq. (12.41), K � 1 � RF ⁄ R1. Since K � 4,

If we let R1 � 10 k
, RF � 30 k
.

Calculate the frequency scaling factor, FSF � fo ⁄ fn:

Calculate the new value of Rn � FSF � R:

NOTE: The exact numbers of the resistances are used to demonstrate the validity of the calculated

values with the PSpice simulation results. In a practical design, the commercially available standard

values will be used (i.e., 16 k
 instead of 15,916 
; see Appendix E).

(b) A low-pass filter with the calculated values of the circuit parameters and the LF411 op-amp is shown in

Fig. 12.11.

The plot of the voltage gain is shown in Fig. 12.12, which gives K � 4.0 (expected value is 4) and 

fo � 998 Hz (expected value is 1 kHz) at ⏐H( j�)⏐ � 0.707 � 4 � 2.828. Thus, the results are close to

the expected values. If we use a linear op-amp model in Fig. 3.8, the results will differ slightly.

Rn = FSF * R = 0.67 * 15,916 = 10,664 Æ (use a 15-kÆ potentiometer)

FSF =

fo
fn

=

1 kHz

1.5 kHz
= 0.67

RF

R1
= 4 - 1 = 3

R =

1

2pfoC
=

1

2p * 1 kHz * 0.01 	F
= 15,916 Æ (use a 20-kÆ potentiometer)

EXAMPLE 12.2

D

~

0

0

1
4

4

2

3

3

21 5

6

7

CVs
 1V

+

−

R
15,916 Ω

R1
10 kΩ

RF
30 kΩ

+

−

μA7410.01 μF
U1

VCC
15 V−

+

VEE
15 V−

+

V−

V+ −

FIGURE 12.11 Low-pass filter for PSpice simulation
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12.8.2 Second-Order Low-Pass Filters

The roll-off of a first-order filter is only �20 dB ⁄decade in the stop band. A second-order filter exhibits a

stop-band roll-off of �40 dB ⁄decade and thus is preferable to a first-order filter. In addition, a second-

order filter can be the building block for higher-order filters (n � 4, 6, . . .). Substituting k2 � k1 � 0 and

k0 � 1 into Eq. (12.16), we get the general form

(12.46)

where K is the DC gain. A typical frequency characteristic is shown in Fig. 12.13(a); for high values of Q,

overshoots will be exhibited at the resonant frequency fo. For frequencies above fo, the gain rolls off at the

rate of �40 dB ⁄decade. A first-order filter can be converted to a second-order filter by adding an addi-

tional RC network, known as the Sallen–Key circuit, as shown in Fig. 12.13(b). The input RC network is

shown in Fig. 12.13(c); the equivalent circuit appears in Fig. 12.13(d). The transfer function of the filter

network is 

(12.47)

where K � (1 � RF ⁄ R1) is the DC gain. (See Prob. 12.16 for the derivation.)

Equation (12.47) is similar in form to Eq. (12.46). Setting the denominator equal to zero gives the

characteristic equation

(12.48)

which will have two real parts and two equal roots. Setting s � j� in Eq. (12.48) and then equating the real

parts to zero, we get

-v2
+

1

R2R3C2C3
= 0

s2
+ s 

R3C3 + R2C3 + R2C2 - KR2C2

R2R3C2C3
+

1

R2R3C2C3
= 0

H(s) =

Vo(s)

Vi(s)
=

K>R2R3C2C3

s2
+ s (R3C3 + R2C3 + R2C2 - KR2C2)>R2R3C2C3 + 1>R2R3C2C3

H(s) =

Kv2
o

s2
+ (vo>Q)s + v2

o
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FIGURE 12.12 PSpice frequency plot for Example 12.2
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which gives the cutoff frequency as

(12.49)

To simplify the design of second-order filters, equal resistances and capacitances are normally used—that

is, R1 � R2 � R3 � R, C2 � C3 � C. Then Eq. (12.47) can be simplified to

(12.50)

Comparing the denominator of Eq. (12.50) with that of Eq. (12.46) shows that Q can be related to K by

(12.51)

or (12.52)

The frequency response of a second-order system at the 3-dB point will depend on the damping fac-

tor � such that Q � 1 ⁄ 2�. A Q-value of 1 ⁄ �2� (� 0.707), which represents a compromise between the

peak magnitude and the bandwidth, causes the filter to exhibit the characteristics of a flat passband as

well as a stop band, and gives a fixed DC gain of K � 1.586:

(12.53)K = 1 +

RF

R1
= 3 - 22 = 1.586

K = 3 -

1

Q

Q =

1

3 - K

H(s) =

Kv2
o

s2
+ (3 - K )vos + v2

o

fo =

vo

2p
=

1

2p2R2R3C2C3
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0.707

1

0

(a)  Low-pass characteristic

a

b
Passband Stop band ~ C2 C3

(b)  Filter

R2

~

R3

C2

C3Vo

Vx = Vo/K

Vi

Vo

(c)  Input feedback network (d)  Equivalent circuit

f (in Hz)fo

Vo

Vx

Vi
| |

−40 dB/decade

Vo

R1

R2

R2

R3

C2 C3

R3

RF

Vi

+

+

−

−

Vi

+

−
+

−

+
+

−

−

FIGURE 12.13 Second-order low-pass filter with K � 1
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However, more gain can be realized by adding a voltage-divider network, as shown in Fig. 12.14, so that

only a fraction x of the output voltage is fed back through the capacitor C2; that is,

(12.54)

which will modify the transfer function of Eq. (12.50) to

(12.55)

and the quality factor Q of Eq. (12.51) to

(12.56)

Thus, for Q � 0.707, xK � 1.586, allowing a designer to realize more DC gain K by choosing a lower

value of x, where x � 1.

Q =

1

3 - xK

H(s) =

Kv2
o

s2
+ (3 - xK)vos + v2

o

x =

R4

R4 + R5
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Vo

R1

R2 R3 Vx

R5

R4

RF

C3C2~Vi

+

−

+
+

−

−

FIGURE 12.14 Modified Sallen–Key circuit

Designing a second-order low-pass filter

(a) Design a second-order low-pass filter as in Fig. 12.14, to give a high cutoff frequency of fH � fo � 1 kHz,

a pass-band gain of K � 4, and Q � 0.707, 1, 2, and �.

(b) Use PSpice/SPICE to plot the frequency response of the output voltage of the filter designed in part (a) from

10 Hz to 10 kHz.

SOLUTION

(a) To simplify the design calculations, let R1 � R2 � R3 � R4 � R and let C2 � C3 � C. Choose a value of

C less than or equal to 1 	F: Let C � 0.01 	F. For R2 � R3 � R and C2 � C3 � C, Eq. (12.49) is reduced to

fo =

1

2pRC

EXAMPLE 12.3

D
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which gives the value of R as

Then RF � (K � 1)R1 � (4 � 1) � 15,916 � 47,748 


For Q � 0.707 and K � 4, Eq. (12.56) gives x � 1.586 ⁄ K � 1.586 ⁄ 4 � 0.396. From Eq. (12.54), we get

(12.57)

which, for x � 0.396 and R4 � R � 15,916 
, gives

R5 � 1.525 � 15,916 � 24,275 
 (use a 30-k
 potentiometer)

For Q � 1 and K � 4, Eq. (12.56) gives 3 � xK � 1 or x � 2 ⁄ K � 0.5, and

R5 � R � 15,916 


For Q � 2 and K � 4, Eq. (12.56) gives 3 � xK � 1 ⁄ 2 or x � 2.5 ⁄ K � 0.625, and

R5 � 0.6R � 9550 


For Q � � and K � 4, Eq. (12.56) gives 3 � xK � 1 ⁄ Q � 0 or x � 3 ⁄ K � 0.75, and

R5 � 0.333R � 5305 


NOTE: The exact numbers of the resistances are used to demonstrate the validity of the calculated

values with the PSpice simulation results. In a practical design, the commercially available standard

values will be used (i.e., 48 k
 instead of 47,748 
 and 25 k
 instead of 24,275 
; see Appendix E).

(b) The low-pass filter, with the designed values of the circuit parameters and a simple DC model of the

op-amp, is shown in Fig. 12.15.

R5

R4
=

1
x

- 1 =

1 - x

x

R =

1

2pfoC
=

1

2p * 1 kHz * 0.01 	F
= 15,916 Æ (use a 20-kÆ potentiometer)

0

5
7

3321

4
2

1

6 6

8

4

R5
{RVAL}C3

0

~

0

U3

Vs
 1V

+

−

R2
15,916 Ω

R1
15,916 Ω

RF
47,748 Ω

R3
15,916 Ω

Parameters:
RVAL  24,275

R4
15,916 Ω

−

+

μA741

0.01 μF

C2
0.01 μF

VEE
15 V+

−

VCC
15 V+

−

V+

V− −

−

FIGURE 12.15 Second-order low-pass filter for PSpice simulation
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12.8.3 Butterworth Low-Pass Filters

The Butterworth response requires that ⏐H( j0)⏐ � 1 (or 0 dB); the transfer function in Eq. (12.50) for the

Sallen–Key circuit gives ⏐H( j0)⏐ � K to achieve a Butterworth response with Sallen–Key topology.

Therefore, we must reduce the gain by 1 ⁄K. Consider the portion of the circuit to the left of the terminals

a and b in Fig. 12.13(b). The resistance R2 is in series with the input voltage Vi, as shown in Fig. 12.17(a).

The gain reduction can be accomplished by adding a voltage-divider network consisting of Ra and Rb, as

shown in Fig. 12.17(b). The Sallen–Key circuit for the Butterworth response appears in Fig. 12.17(c). The

values of Ra and Rb must be such that Rin � R2 and the voltage across Rb is Vi ⁄K; that is,

(12.58)

(12.59)

Solving for Ra and Rb, we get

(12.60)

(12.61)

Equations (12.60) and (12.61) will ensure a zero-frequency gain of 0 dB at all values of Q. For example,

if K � 4 and R2 � 15,916 
,

Ra = 4 * 15,916 = 63,664 Æ and Rb =

4 * 15,916

(4 - 1)
= 21,221 Æ

Rb =

K

K - 1
 R2   for ƒ H( j0) ƒ = 1 (or  0 dB)

Ra = KR2                for ƒ H( j0) ƒ = 1(or 0 dB)

Rb

Ra + Rb
=

1

K

RaRb

Ra + Rb
= R2

Microelectronic Circuits: Analysis and Design826

The PSpice plot of the voltage gain Av [�V(R5�2) ⁄ V(Vs��)] (using linear op-amp model in Fig. 3.7) is

shown in Fig. 12.16. For Q � 0.707, we get fo � 758 Hz (expected value is 1 kHz) at a gain of 2.833 (estimated

value is 4 � 0.707 � 2.828). The error in the frequency is caused by the finite frequency-dependent gain of the

op-amp. If we use an ideal op-amp in Fig. 3.7, the simulation will be very close to the expected value. The peak-

ing of the gain increases with higher values of Q; however, the bandwidth also increases slightly ( fo � 1113 Hz

for Q � 2). The plot for Q � � is not shown.

FIGURE 12.16 PSpice frequency response for Example 12.3
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It is more desirable, however, to have a gain of 0 dB at the resonant frequency �o—that is, ⏐H( j�o)⏐ � 1

(or 0 dB). Substituting s � j�o into Eq. (12.50) gives a gain magnitude of K ⁄ (3 � K ), which gives the re-

quired gain reduction of (3 � K ) ⁄ K; that is,

(12.62)

Solving Eqs. (12.58) and (12.62) for Ra and Rb, we get

(12.63)

(12.64)

Therefore, we can design an active filter to yield a gain of 0 dB at either � � 0 or � � �o. In the case

where ⏐H( j�o)⏐ � 1 (or 0 dB) is specified, the zero-frequency gain will be reduced by a factor (3 � K) ⁄ K;

that is,

(12.65)

For Q � �2� and K � 3 � 1 ⁄ Q � 1.586, Eq. (12.65) gives ⏐H( j0)⏐ � 3 � K � 1.414, provided that we

design the filter for ⏐H( j�o)⏐ � 1 (or 0 dB).

ƒ H( j0) ƒ = 3 - K for  ƒ H( jvo) ƒ = 1 (or 0 dB)

Rb = R2
K

2K - 3
 for  ƒ H( jvo) ƒ = 1  (or 0 dB)

Ra = R2
K

3 - K
   for  ƒ H( jvo) ƒ = 1 (or  0  dB)

Rb

Ra + Rb
=

3 - K

K

Active Filters 827

Va~ ~

Rin Rin

R2 Ra Ra

R1

R3

C2 C3
Rb Rb~

(a) (b) (c)

RF 

Vi

+
+

−
−

Vo

+
+

−

−

Vi

+

−
Vi

+

−

FIGURE 12.17 Sallen–Key circuit for the Butterworth response

Designing a second-order low-pass Butterworth filter for H(j�o) � 1

(a) Design a second-order Butterworth low-pass filter as in Fig. 12.17(c) to yield ⏐H( j�o)⏐ � 1 (or 0 dB),

a cutoff frequency of fo � 1 kHz, and Q � 0.707.

(b) Use PSpice/SPICE to plot the frequency response of the output voltage of the filter designed in part (a) from

10 Hz to 10 kHz.

��

EXAMPLE 12.4

D

67722_12_ch12_p803-860.qxd  2/19/10  4:25 PM  Page 827

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Microelectronic Circuits: Analysis and Design828

SOLUTION

(a) For the Butterworth response, Q � 0.707, and Example 12.3 gives C � 0.01 	F and R � 15,916 
. From

Eq. (12.52),

and

From Eq. (12.63),

From Eq. (12.64),

From Eq. (12.65),

NOTE: The exact numbers of the resistances are used to demonstrate the validity of the calculated

values with the PSpice simulation results. In a practical design, the commercially available standard

values will be used (i.e., 147 k
 instead of 146,760 
 and 18 k
 instead of 17,852 
).

(b) For PSpice simulation, the circuit in Fig. 12.15 can be modified by removing R4 and R5, replacing R2 by

Ra, and adding Rb. This modified circuit is shown in Fig. 12.18.

The PSpice plot of the voltage gain is shown in Fig. 12.19, which gives ⏐H( j�o)⏐ � 1.0 at fo � 1 kHz

and ⏐H( j0)⏐ � 1.414, both of which correspond to the expected values.

NOTE: The simulation was run with the DC linear model described in Sec. 6.3.

ƒ H( j0) ƒ = 3 - K = 3 - 1.586 = 1.414

Rb =

RK

2K - 3
=

15,916 * 1.586

2 * 1.586 - 3
= 146,760 Æ

Ra =

RK

3 - K
=

15,916 * 1.586

3 - 1.586
= 17,852 Æ

RF = (K - 1)R1 = (1.586 - 1) * 15,916 = 9327 Æ

K = 3 -

1

Q
= 3 -

1

0.707
= 1.586

0

5
7

33

4

21

2 1

6
6

4

0

~

0

U3

Vs
 1 V

+

−

R1
15,916 Ω

RF
9327 Ω

RA
17,852 Ω

RB
146,760 Ω

R3
15,916 Ω

C3
0.01 μF

C2
0.01 μF

VEE
15 V+

−

VCC
15 V+

−

−

+

μA741

V+

V− −

−

FIGURE 12.18 Second-order low-pass Butterworth filter for PSpice simulation
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FIGURE 12.19 PSpice frequency response for Example 12.4

KEY POINTS OF SECTION 12.8

■ A second-order filter with a fall rate of 40 dB ⁄decade is preferred over a first-order filter with a fall rate

of 20 dB ⁄decade. First- and second-order filters can be used as building blocks for higher-order filters.

■ The Sallen–Key circuit is a commonly used second-order filter. This circuit can be designed to exhibit

the characteristics of a flat passband as well as a stop band and can be modified to give pass-band gain

as well as the Butterworth response.

12.9 High-Pass Filters

High-pass filters can be classified broadly into two types: first-order and second-order. Higher-order filters

can be synthesized from these two basic types. Since the frequency scale of a low-pass filter is 0 to fo and

that of a high-pass filter is fo to �, their frequency scales have a reciprocal relationship. Therefore, if we

can design a low-pass filter, we can convert it to a high-pass filter by applying an RC-CR transformation.

This transformation can be accomplished by replacing Rn by Cn and Cn by Rn. The op-amp, which is mod-

eled as a voltage-controlled voltage source, is not affected by this transformation. The resistors that are

used to set the DC gain of the op-amp circuit are not affected either.

12.9.1 First-Order High-Pass Filters

The transfer function of a first-order high-pass filter has the general form

(12.66)H(s) =

sK

s + vo
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A typical high-pass frequency characteristic is shown in Fig. 12.20(a). A first-order high-pass filter can

be formed by interchanging the frequency-dependent resistor and capacitor of the low-pass filter of

Fig. 12.10(b). This arrangement is shown in Fig. 12.20(b). The voltage at the noninverting terminal of

the op-amp can be found by the voltage divider rule. That is,

The output voltage of the noninverting amplifier is

which gives the voltage gain as

(12.67)

where K � 1 � RF ⁄ R1 is the DC voltage gain.

Substituting s � j� into Eq. (12.67), we get

(12.68)

which gives the cutoff frequency fo at 3-dB gain as

(12.69)

as in Eq. (12.43). The magnitude and phase angle of the filter gain can be found from

(12.70)

and (12.71)

This filter passes all signals with frequencies higher than fo. However, the high-frequency limit is deter-

mined by the bandwidth of the op-amp itself. The gain–bandwidth product of a practical 	741-type 

op-amp is 1 MHz.

f = 90° - tan-1( f>fo)

ƒ H( jv) ƒ =

(v>vo)K

[1 + (v>vo)2]1>2 =

( f>fo)K

[1 + ( f>fo)2]1>2

fo =

vo

2p
=

1

2pRC

H( jv) =

Vo( jv)

Vi( jv)
=

jvK

jv + 1>RC
=

jvK

jv + vo

H(s) =

Vo(s)

Vi(s)
=

sK

s + 1>RC

Vo(s) = a1 +

RF

R1
bVx(s) = a1 +

RF

R1
b  

s

s + 1>RC
 vi(s)

Vx(s) =

R

R + 1>sC
 Vi(s) =

S

s + 1>RC
 Vi(s)

Microelectronic Circuits: Analysis and Design830

A

0.707

1

0

(a)  High-pass characteristic

PassbandStop band

C

~ R

(b)  Filter

Vx

f (in Hz)fO

Vo

Vi
| |

Vo

R1 RF

Vi

+

−

+
+

−

−

FIGURE 12.20 First-order high-pass filter
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12.9.2  Second-Order High-Pass Filters

A second-order high-pass filter has a stop-band characteristic of 40 dB ⁄decade rise. The general form of a

second-order high-pass filter is

(12.72)

where K is the high-frequency gain. Figure 12.21(a) shows a typical frequency response. As in the case

of the first-order filter, a second-order high-pass filter can be formed from a second-order low-pass filter

by interchanging the frequency-dominant resistors and capacitors. Figure 12.21(b) shows a second-order

high-pass filter derived from the Sallen–Key circuit of Fig. 12.13(b). The transfer function can be derived

by applying the RC-to-CR transformation and substituting 1 ⁄ s for s in Eq. (12.47). For R1 � R2 � R3 � R

H(s) =

s2K

s2
+ (vo>Q)s + v2

o

Active Filters 831

Designing a first-order high-pass filter Design a first-order high-pass filter with a cutoff frequency

of fo � 1 kHz and a pass-band gain of 4.

SOLUTION

High-pass filters are formed simply by interchanging R and C of the input RC network, so the design and fre-

quency scaling procedures for low-pass filters are also applicable. Since fo � 1 kHz, we can use the values of

R and C that were determined for the low-pass filter of Example 12.2—that is,

C � 0.01 	F

R � 15,916 
 (use a 20-k
 potentiometer)

Similarly, we use R1 � 10 k
 and RF � 30 k
 to yield K � 4.

A PSpice simulation that confirms the design values can be run by interchanging the locations of R and C
in Fig. 12.11 so that the statements for R and C read as follows:

C  1  2  0.01UF  ; For C connected between nodes 1 and 2

R  2  0  15916 ; For R connected between nodes 2 and 0

EXAMPLE 12.5

D

0.707

1

0

(a)  High-pass characteristic

PassbandStop band

~

(b)  Filter

C2 C3

f (in Hz)fL

Vo

Vi
| |

40 dB/decade

A

R1

R2 R3

RF

Vi

+

−

Vo

+

−

+

−

FIGURE 12.21 Second-order high-pass filter
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and C2 � C3 � C, the transfer function becomes

(12.73)

and Eq. (12.49) gives the cutoff frequency as

(12.74)

Q and K of the circuit remain the same. A voltage-divider network can be added, as shown in Fig. 12.22,

so that only a fraction x of the output voltage is fed back through resistor R2. The transfer function of

Eq. (12.73) then becomes

(12.75)H(s) =

s2K

s2
+ (3 - xK)vos + v2

o

fo =

vo

2p
=

1

2p2R2R3C2C3

=

1

2pRC

H(s) =

s2K

s2
+ (3 - K)vos + v2

o
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R2 R3
R4

R5

Vo

~

RFR1

C2 C3
A

Vi

+

−

+
+

−

−

FIGURE 12.22 Modified second-order

high-pass filter

Designing a second-order high-pass filter

(a) Design a second-order high-pass filter as in Fig. 12.22, with a cutoff frequency of fo � 1 kHz, a pass-band

gain of K � 4, and Q � 0.707, 1, 2, and �.

(b) Use PSpice/SPICE to plot the frequency response of the output voltage of the filter designed in part (a) from

10 Hz to 100 kHz.

SOLUTION

(a) Since high-pass filters are formed simply by interchanging the Rs and Cs of the input RC network and since

fo � 1 kHz, we can use the values of R and C that were determined for the second-order low-pass filter of

Example 12.3—that is, C � 0.01 	F, and

R4 � R � 15,916 
 (use a 20-k
 potentiometer)

For Q � 0.707,

R5 � 24,275 
 (use a 30-k
 potentiometer)

For Q � 1,

R5 � R � 15,916 


EXAMPLE 12.6

D
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For Q � 2,

R5 � 0.6R � 9550 


For Q � �,

R5 � 0.3333R � 5305 


NOTE: The exact numbers of the resistances are used to demonstrate the validity of the calculated

values with the PSpice simulation results. In a practical design, the commercially available standard

values will be used (i.e., 10 k
 instead of 9550 
; see Appendix E).

(b) Figure 12.23 shows the circuit obtained by interchanging the locations of R and C in Fig. 12.15. The PSpice

plots are shown in Fig. 12.24. As expected, the voltage gain shows increased peaking for a higher value of Q.

The PSpice statements for R and C read as follows:

C2  1  2  0.01UF  ; For C2 connected between nodes 1 and 2

R2  2  8  15916 ; For R2 connected between nodes 2 and 8

C3  2  3  0.01UF  ; For C3 connected between nodes 2 and 3

R3  3  0  15916 ; For R3 connected between nodes 3 and 0

NOTE: We will notice a high-end roll-off due to the internal capacitances of the 	A741 op-amp.

0

5

7

33

4

21

2 1

6 6

8

4

0

~

0

R5
{RVAL}

U3

Vs
 1 V

+

−

C3
0.01 μF

C2
0.01 μF

R2
15,916 Ω

RF
47,748 Ω

R1
15,916 Ω

R3
15,916 Ω

R4
15,916 Ω

VEE
15 V+

−

VCC
15 V+

−

−

+

μA741

V+

V− −

−

Parameters:
RVAL  24,275

FIGURE 12.23 Second-order high-pass filter for PSpice simulation

FIGURE 12.24 PSpice plots of frequency response for Example 12.6
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12.9.3 Butterworth High-Pass Filters

Since the frequency scale of a low-pass filter is the reciprocal of that of a high-pass filter, the Butterworth

response of Eq. (12.26) can also be applied to high-pass filters. The magnitude of the transfer function

becomes

(12.76)

where⏐Hn( j�⏐ � 1 for all n, rather than⏐Hn( j0)⏐ � 1. The Butterworth response requires that⏐H( j�)⏐ � 1

(or 0 dB); however, the transfer function in Eq. (12.73) gives ⏐H( j�)⏐ � K. Therefore, we must reduce

the gain by 1⁄K. The gain reduction can be accomplished by adding to Fig. 12.25(a) a voltage-divider

network consisting of Ca and Cb, as shown in Fig. 12.25(b). The complete circuit is shown in Fig. 12.25(c).

The values of Ca and Cb must be such that Cin � C2 and the voltage across Cb is Vi ⁄ K; that is,

(12.77)

(12.78)

Solving for Ca and Cb, we get

(12.79)

(12.80)

Equations (12.79) and (12.80) will ensure a high-frequency gain of 0 dB at all values of Q. For C2 � 0.01 	F

and K � 4, we get

Ca =

0.01 	F

4
= 2.5 nF and Cb =

0.01  	F * (4 - 1)

4
= 7.5 nF

Cb = C2
K - 1

K
      [for  ƒ H( j�) ƒ = 1  (or  0  dB)]

Ca =

C2

K
          [for  ƒ H( j�) ƒ = 1  (or  0  dB)]

Ca

Ca + Cb
=

1

K

Ca + Cb = C2

ƒ Hn( jv) ƒ =

1

[1 + (vo>v)2n]1>2

Microelectronic Circuits: Analysis and Design834

~

C2 Ca

C2

Cb

Ca

C2

Cb~

Zin

~

(a) (b) (c)

R1

A

RF 

C3

R2 R3Vi

+

−
Vi Va

+
+

−
Vi

+

−
−

Vo

+
+

−

−

FIGURE 12.25 Butterworth second-order high-pass filter
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As with low-pass filters, however, it is more desirable to have a gain of 0 dB at the resonant frequency

�o—that is, for ⏐H( j�o)⏐ � 1 (or 0 dB). Substituting s � j�o into Eq. (12.73) yields a gain magnitude of

K ⁄ (3 � K ), which gives the required gain reduction of (3 � K ) ⁄K. Thus, Eq. (12.78) becomes

(12.81)

Solving Eqs. (12.77) and (12.81) for Ca and Cb, we get 

(12.82)

(12.83)

Therefore, we can design a Butterworth high-pass filter to yield a gain of 0 dB at either � � � or � � �o.

However, in the case where ⏐H( j�o)⏐ � 1 (or 0 dB) is specified, the high-frequency gain will be reduced

by a factor (3 � K ) ⁄ K; that is,

(12.84)

For Q � �2� and K � 3 � 1 ⁄Q � 1.586, Eq. (12.84) gives ⏐H( j�o)⏐ � 3 � K � 1.414, provided that we

design the filter for ⏐H( j�o)⏐ � 1 (or 0 dB).

ƒ H( j�) ƒ = 3 - K [for  ƒ H( jvo) ƒ  = 1 (or 0 dB)]

Cb = C2
2K - 3

K
 [for  ƒ H( jvo) ƒ = 1 (or  0 dB)]

Ca = C2
3 - K

K
    [for  ƒ H( jvo) ƒ = 1  (or  0  dB)]

Ca

Ca + Cb
=

3 - K

K

Active Filters 835

Designing a second-order high-pass Butterworth filter for H(j�) � 1

(a) Design a second-order Butterworth high-pass filter as in Fig. 12.25(c) to yield ⏐H( j�)⏐ � 1 (or 0 dB), a

cutoff frequency of fo � 1 kHz, and Q � 0.707.

(b) Use PSpice/SPICE to plot the frequency response of the output voltage of the filter designed in part (a) from

10 Hz to 100 kHz.

SOLUTION

(a) For Q � 0.707, Example 12.6 gives C � 0.01 	F and R � 15,916 
. From Eq. (12.52),

and RF � (K � 1)R1 � (1.586 � 1) � 15,916 � 9327 


From Eq. (12.79),

From Eq. (12.80),

Cb =

C(K - 1)

K
=

0.01 	F * (1.586 - 1)

1.586
= 3.695 nF

Ca =

C

K
=

0.01 	F

1.586
= 6.305 nF

K =

3 - 1

Q
=

3 - 1

0.707
= 1.586

��

EXAMPLE 12.7

D
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NOTE: The exact numbers of the resistances and capacitances are used to demonstrate the validity of the

calculated values with the PSpice simulation results. In a practical design, the commercially available

standard values will be used (i.e., 9.3 k
 instead of 9327 
 and Cb = 4 nF instead of 3.695 nF; see

Appendix E).

(b) For PSpice simulation, the circuit of Fig. 12.18 can be transformed into the circuit of Fig. 12.26 by remov-

ing R4 and R5, interchanging the locations of R and C, replacing C2 by Ca, and adding Cb between nodes a

and b. The PSpice statements for R and C read as follows:

CA  1  2  6.305NF  ; For CA connected between nodes 1 and 2

CB  2  0  3.695NF  ; For CB connected between nodes 2 and 0

R2  2  6  15916 ; For R2 connected between nodes 2 and 6

C3  2  3  0.01UF ; For C3 connected between nodes 2 and 3

R3  3  0  15916 ; For R3 connected between nodes 3 and 0

The PSpice plot of the gain is shown in Fig. 12.27, which gives ⏐H( j�)⏐ � 1.0 at � � �.

0

5

7

33

4

2
a

b

1

2 1

6
6

4

0

~

0

Ca
6.305 nF

Cb
3.695 nF

U1

Vs
 1 V

+

−

R1
15,916 Ω

R3
15,916 Ω

R2
15,916 Ω

RF
9327 Ω

C3
0.01 μF

VEE
15 V+

−

VCC
15 V+

−

−

+

μA741

V−

V+

−

−

FIGURE 12.26 Second-order high-pass Butterworth filter for PSpice simulation

FIGURE 12.27 PSpice plot of frequency response for Example 12.7
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12.10 Band-Pass Filters

A band-pass filter has a passband between two cutoff frequencies fL and fH such that fH � fL. Any fre-

quency outside this range is attenuated. The transfer function of a BP filter has the general form

(12.85)

where KPB is the pass-band gain and �C is the center frequency in radians per second. There are two types

of band-pass filters: wide band pass and narrow band pass. Although there is no dividing line between the

two, it is possible to identify them from the value of the quality factor Q. A filter may be classified as wide

band pass if Q  10 and narrow band pass if Q � 10. The higher the value of Q, the more selective the fil-

ter or the narrower its bandwidth (BW) will be. Thus, Q is a measure of the selectivity of a filter. The re-

lationship of Q to 3-dB bandwidth and center frequency fC is given by

(12.86)

For a wide-band-pass filter, the center frequency fC can be defined as

(12.87)

where fL is the low cutoff frequency, in hertz, and fH is the high cutoff frequency, in hertz. In a narrow-band-

pass filter, the output peaks at the center frequency fC.

12.10.1 Wide-Band-Pass Filters

The frequency characteristic of a wide-band-pass filter is shown in Fig. 12.28(a), where fH � fL. This char-

acteristic can be obtained by implementing Eq. (12.85), which may not give a flat midband gain over a wide

bandwidth. An alternative arrangement is to use two filters: one low-pass filter and one high-pass filter. The

output is obtained by multiplying the low-frequency response by the high-frequency response, as shown in

Fig. 12.28(b); this solution can be implemented simply by cascading the first-order (or second-order)

fC = 2fL fH

Q =

vC

BW
=

fC
fH - fL

HBP(s) =

KPB(vC>Q)s

s2
+ (vC>Q)s + v2

C

Active Filters 837

KEY POINTS OF SECTION 12.9

■ A low-pass filter can be converted to a high-pass filter by applying the RC-to-CR transformation: Rn

is replaced by Cn, and Cn is replaced by Rn.

■ The Sallen–Key low-pass circuit can be modified to exhibit second-order high-pass characteristics

with a pass-band gain as well as a Butterworth response.
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high-pass and low-pass sections. The order of the band-pass filter depends on the order of the high-pass

and low-pass sections. This arrangement has the advantage that the falloff, rise, and midband gain can be

set independently. However, it requires more op-amps and components.

Figure 12.28(c) shows a �20 dB ⁄decade wide-band-pass filter implemented with first-order high-

pass and first-order low-pass filters. In this case, the magnitude of the voltage gain is equal to the prod-

uct of the voltage gain magnitudes of the high-pass and low-pass filters. From Eqs. (12.40) and (12.67),

the transfer function of the wide-midband filter for first-order implementation becomes

(12.88)

Using Eqs. (12.46) and (12.72) gives the transfer function for second-order implementation:

(12.89)

where KPB � overall pass-band gain � high-pass gain KH � low-pass gain KL.

H(s) =

KPBv
2
Hs2

[s2
+ (vL>Q)s + v2

L][s2
+ (vH>Q)s + v2

H]

H(s) =

KPBvHs

(s + vL)(s + vH)

Microelectronic Circuits: Analysis and Design838

(b)  Product of low-pass and high-pass characteristics(a)  Wide-band-pass characteristic

A1

~Vi

Vo

R1 RF

R

C

+

+

−

A2

+
+

−

−
−

R'

C'

R'1 R'F

(c)  Filter

High-pass section Low-pass section

0.707

1

0

PassbandStop band Stop band

f (in Hz)fL fH

Vo

Vi
| |

0.707

1

0

0.707

1

0
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Vo

Vi
| | Vo

Vi
| |

FIGURE 12.28 Wide-band-pass filter
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Designing a wide-band-pass filter

(a) Design a wide-band-pass filter with fL � 10 kHz, fH � 1 MHz, and a pass-band gain of KPB � 16.

(b) Calculate the value of Q for the filter.

(c) Use PSpice/SPICE to plot the frequency response of the filter designed in part (a) from 100 Hz to 10 MHz.

SOLUTION

(a) Let the gain of the high-pass section be KH � 4. For the first-order high-pass section, fL � 10 kHz. Fol-

lowing the steps in Example 12.5, we let C � 1 nF. Then

and KH � 1 � � 4 or � 4 � 1 � 3

If we let R1 � 10 k
, RF � 3R1 � 30 k
.

For the first-order low-pass section, fH � 1 MHz and the desired gain is KL � KPB ⁄ KH � 16 ⁄ 4 � 4. Fol-

lowing the steps in Example 12.2, we let C ′ � 10 pF. Then

and KL � 1 � � 4 or � 4 � 1 � 3

If we let R�1 � 10 k
, R�F � 3R�1 � 30 k
.

(b) From Eq. (12.87),

and BW � 1 MHz � 10 kHz � 990 kHz

From Eq. (12.86), we can find

NOTE: The exact numbers of the resistances are used to demonstrate the validity of the calculated

values with the PSpice simulation results. In a practical design, the commercially available standard

values will be used (i.e., 16 k
 instead of 15.915 k
; see Appendix E).

(c) The wide-band-pass filter with the calculated values is shown in Fig. 12.29.

The frequency response (with a linear model in Fig. 3.8) is shown in Fig. 12.30, which gives KPB � 15.842

(expected value is 16), fL � 10.04 kHz (expected value is 10 kHz), and fH � 997 kHz (expected value is 

1 MHz). For a low value of bandwidth, the response due to the high-pass filter may not reach the expected

gain before the low-pass filter becomes effective. As a result, the pass-band gain may be much lower than 16.

Q =

100 kHz

1 MHz - 10 kHz
= 0.101

fC = 210  kHz * 1 MHz = 100  kHz

R¿F

R¿1

R¿F

R¿1

R¿ =

1

2p * 1 MHz * 10 pF
= 15.915 kÆ

RF

R1

RF

R1

R =

1

2p * 10 kHz * 1 nF
= 15.915 kÆ

EXAMPLE 12.8

D
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12.10.2 Narrow-Band-Pass Filters

A typical frequency response of a narrow-band-pass filter is shown in Fig. 12.31(a). This characteristic can

be derived by setting a high Q-value for the band-pass filter shown in Fig. 12.31(b). This filter uses only

one op-amp in the inverting mode. Because it has two feedback paths, it is also known as a multiple feed-
back filter. For a low Q-value, it can also exhibit the characteristic of a wide-band-pass filter.

A narrow-band-pass filter is generally designed for specific values of fC and Q or fC and BW. The op-

amp, along with C2 and R2, can be regarded as an inverting differentiator such that Vo(s) � (�sC2R2)Vx(s);

the equivalent filter circuit is shown in Fig. 12.31(c). The transfer function of the filter network is

(12.90)HBP(s) =

Vo(s)

Vi(s)
=

(-1>R1C1)s

s2
+ (1>R2)(1>C1 + 1>C2)s + 1>R1R2C1C2

Microelectronic Circuits: Analysis and Design840

NOTE: If we use the linear model, the high-end roll-off will be sooner due to the internal capacitances

of the 	A741 op-amp.

0

0
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4
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2

31 2
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~
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+

−

R1
10 kΩ
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Rp
15,915 kΩ

RF
30 kΩ
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15,915 Ω

−

+

μA741

V−

V+ −

−

−

+

μA741

V−

V+ −

−

VCC
20 V−

+

VEE
20 V−

+

FIGURE 12.29 First-order band-pass filter for PSpice simulation

FIGURE 12.30 PSpice plot of frequency response for Example 12.8
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which is similar in form to Eq. (12.85). (See Prob. 12.29 for the derivation.) For C1 � C2 � C, Eq. (12.90) gives

(12.91)

(12.92)

(12.93)

Solving these equations, we can find the component values:

(12.94)

(12.95)

(12.96)

Resistance R1 can be replaced by RA, and resistance RB can be connected between nodes a and 0 so

that the design specification ⏐HBP( j�C)⏐ � 1 (or 0 dB) is met for the Butterworth response. The method

of calculating the values of RA and RB for a gain reduction of 1 ⁄KPB (�1 ⁄ 2Q2) is explained in Sec. 12.8.

Notice from Eq. (12.96) that, for a known value of Q, the value of KPB is fixed. It is, however, pos-

sible to have different values of KPB and Q by choosing only the value of RB without changing the

value of R1. The new value of the gain KPB is related to 2Q2 by

which gives the value of RB as

(12.97)RB =

R1KPB

2Q2
- KPB

=

Q

2pfCC(2Q2
- KPB)

KPB

2Q2 =

RB

R1 + RB

KPB =

R2

2R1
= 2Q2

R2 =

Q

pfCC

R1 =

Q

2pfCCKPB

KPBavC

Q
b =

1

R1C1

Q =

1

2A

R2

R1

vC =

1

2R1R2C1C2

=

1

C2R1R2

Active Filters 841

AVx

1

0.707

0

(a)  Narrow-band characteristic (c)  Equivalent circuit(b)  Filter

C1

C1VxC2

C2

RB

R2

~

a

~

Vo

Vi
| |

f (in Hz)fL fC fH

Vi

R1
R1

+

+

+
− Vi

+

−
Vo = −sR2C2Vx

+

−Vo

+

−−

−

FIGURE 12.31 Narrow-band-pass filter
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provided that

(12.98)

Also, the center frequency fC can be changed to a new value f ′C without changing the pass-band gain (or

bandwidth) simply by changing RB to R�B, so that

(12.99)R¿B = RBa fC
f ¿C
b2

KPB 6 2Q2

Microelectronic Circuits: Analysis and Design842

Designing a narrow-band-pass filter

(a) Design a narrow-band-pass filter as in Fig. 12.31(b) such that fC � 1 kHz, Q � 4, and KPB � 8.

(b) Calculate the value of RB required to change the center frequency from 1 kHz to 1.5 kHz.

(c) Use PSpice/SPICE to plot the frequency response of the narrow-band-pass filter designed in part (a) from

100 Hz to 1 MHz.

SOLUTION

(a) fC � 1 kHz and Q � 4. Let C1 � C2 � C � 0.0047 	F. Check that the condition in Eq. (12.98) is satisfied;

that is, 2Q2 � 2 � 42 � 32, which is greater than KPB � 8. Thus, we must use RB in Fig. 12.32. Using

Eqs. (12.94), (12.95), (12.96), and (12.97), we get

RB =

Q

2pfCC(2Q2
- KPB)

=

4

2p * 1 kHz * 0.0047 	F * (2 * 42
- 8)

= 5.64 kÆ

KPB =

R2

2R1
=

270.9 kÆ

2 * 16.93 kÆ

= 8

R2 =

Q

pfCC
=

4

p * 1 kHz * 0.0047 	F
= 270.9 kÆ

R1 =

Q

2pfCCKPB
=

4

2p * 1  kHz * 0.0047 	F * 8
= 16.93 kÆ

EXAMPLE 12.9

D
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FIGURE 12.32 Narrow-band-pass filter for PSpice simulation
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(b) From Eq. (12.99), we find that the new value of R�B is

NOTE: The exact numbers of the resistances are used to demonstrate the validity of the calculated

values with the PSpice simulation results. In a practical design, the commercially available standard

values will be used (i.e., 17 k
 instead of 16.93 k
 and 270 k
 instead of 270.9 k
; see Appendix E).

(c) The narrow-band-pass filter with the designed values is shown in Fig. 12.32.

The frequency response is shown in Fig. 12.33, which gives fC � 1 kHz (expected value is 1 kHz) and

KPB � 8.

R¿B = RBa fC
f ¿C
b2

= 5.64 kÆ a 1  kHz

1.5  kHz
b2

= 2.51 kÆ

FIGURE 12.33 PSpice plot of frequency response for Example 12.9

KEY POINTS OF SECTION 12.10

■ The wide-band-pass characteristic can be obtained by cascading a high-pass filter with a low-pass filter.

■ A narrow-band-pass filter has a sharply tuned center frequency and can be implemented with only one

op-amp in inverting mode of operation.

12.11 Band-Reject Filters

A band-reject filter attenuates signals in the stop band and passes those outside this band. It is also called

a band-stop or band-elimination filter. The transfer function of a second-order band-reject filter has the

general form

(12.100)HBR(s) =

KPB(s2
+ v2

C)

s2
+ (vC>Q)s + v2

C
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where KPB is the pass-band gain. Band-reject filters can be classified as wide band reject or narrow band

reject. A narrow-band-reject filter is commonly called a notch filter. Because of its higher Q (�10), the

bandwidth of a narrow-band-reject filter is much smaller than that of a wide-band-reject filter.

12.11.1 Wide-Band-Reject Filters

The frequency characteristic of a wide-band-reject filter is shown in Fig. 12.34(a). This characteristic

can be obtained by adding a low-pass response to a high-pass response, as shown in Fig. 12.34(b); the

solution can be implemented by summing the responses of a first-order (or second-order) high-pass sec-

tion and low-pass section through a summing amplifier. This arrangement is shown in Fig. 12.34(c). The

order of the band-reject filter depends on the order of the high-pass and low-pass sections. For a band-

reject response to be realized, the cutoff frequency fL of the high-pass filter must be larger than the cut-

off frequency fH of the low-pass filter. In addition, the pass-band gains of the high-pass and low-pass

sections must be equal. With an inverting summer (A3), the output will be inverted. Note that ROM in

Fig. 12.34(c) has no function but to minimize the op-amp offsets (see Chapter 14).

Microelectronic Circuits: Analysis and Design844
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R
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FIGURE 12.34 Wide-band-reject filter
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Designing a wide-band-reject filter

(a) Design a wide-band-reject filter as shown in Fig. 12.34(c) with fL � 100 kHz, fH � 10 kHz, and a pass-band

gain of KPB � 4.

(b) Calculate the value of Q for the filter.

(c) Use PSpice/SPICE to plot the frequency response of the filter designed in part (a) from 10 Hz to 10 MHz.

SOLUTION

(a) In Example 12.8, we designed a wide-band-pass filter with fL � 10 kHz and fH � 1 MHz. In this example,

we have fL � 100 kHz and fH � 10 kHz; that is, fL � fH. However, we can follow the design steps in Ex-

ample 12.8 to find the component values, provided that we interchange the high-pass and low-pass sections.

Thus, for the high-pass section of fL � 100 kHz, C � 100 pF and R � 15.915 k
, and for the low-pass sec-

tion of fH � 10 kHz, C� � 1 nF and R� � 15.915 k
. For a pass-band gain of KPB � 4, use R1 � R�1 � 10

k
 and RF � R�F � 30 k
. For the summing amplifier, set a gain of 1. Choose R2 � R3 � R4 � 10 k
.

(b) From Eq. (12.87),

and BW � 100 kHz � 10 kHz � 90 kHz

From Eq. (12.86), we can find

(c) The circuit for PSpice simulation of the wide-band-reject filter is shown in Fig. 12.35.

Q =

31.623 kHz

(100 kHz - 10 kHz)
= 0.351

fC = 210  kHz * 100  kHz = 31.623 kHz

EXAMPLE 12.10

D
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FIGURE 12.35 Wide-band-reject filter for PSpice simulation
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12.11.2 Narrow-Band-Reject Filters

A typical frequency response of a narrow-band-reject filter is shown in Fig. 12.37(a). This filter, often called

a notch filter, is commonly used in communication and biomedical instruments to eliminate undesired fre-

quencies such as the 60-Hz power line frequency hum. A twin-T network, which is composed of two T-shaped

networks, as shown in Fig. 12.37(b), is commonly used for a notch filter. One network is made up of two re-

sistors and a capacitor; the other uses two capacitors and a resistor. To increase the Q of a twin-T network, it

is used with a voltage follower. It can be shown [9] that the transfer function of a twin-T network is given by

(12.101)HNF(s) =

KPB(s2
+ v2

n)

s2
+ (vo>Q)s + v2

o

Microelectronic Circuits: Analysis and Design846

The frequency response is shown in Fig. 12.36, which gives fC � 31.376 kHz (expected value is 31.623 kHz)

and KPB � 4 (expected value is 4).

NOTE: If we use the linear op-amp model, there will be a serious high-end roll-off with 	A741 op-amp.

FIGURE 12.36 PSpice plot of frequency response for Example 12.10 (using linear op-amp model)
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FIGURE 12.37 Narrow-band-reject filter
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where �n � 1 ⁄RC

�o � 1 ⁄ RC

Q �

KPB � 1

Therefore, the notch-out frequency, which is the frequency at which maximum attenuation occurs, is given by

(12.102)fn =

1

2pRC

23>4
23

Active Filters 847

Designing a narrow-band-reject (notch) filter

(a) Design a notch filter as in Fig. 12.37(b) with fn � 60 Hz.

(b) Use PSpice/SPICE to plot the frequency response of the filter designed in part (a) from 1 Hz to 1 kHz.

SOLUTION

(a) fn � 60 Hz. Choose a value of C less than or equal to 1 	F: Let C � 0.047 	F. Then, from Eq. (12.102),

(use a 59-k
 standard resistor of 10% 
tolerance)

(use two 59-k
 resistors in parallel)

(use two 0.047-	F capacitors in parallel)

(b) The circuit of the notch filter for PSpice simulation is shown in Fig. 12.38.

C3 = 2C = 0.094 	F

R3 =

R

2
= 28.22 kÆ

R =

1

2pfnC
=

1

2p * 60 Hz * 0.047 	F
= 56.44 kÆ

EXAMPLE 12.11
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FIGURE 12.38 Narrow-band-reject filter for PSpice simulation
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12.12 All-Pass Filters

An all-pass filter passes all frequency components of the input signals without attenuation. However,

this filter provides predictable phase shifts for different frequencies of the input signals. Transmission

lines (e.g., telephone wires) usually cause phase changes in the signals; all-pass filters are commonly

used to compensate for these phase changes. An all-pass filter is also called a delay equalizer or a

phase corrector.

Figure 12.40(a) shows the characteristic of an all-pass filter; the circuit diagram is shown in Fig. 12.40(b).

The output voltage in Laplace’s domain can be obtained by using the superposition theorem:

(12.103)

If we assume RF � R1, Eq. (12.103) can be reduced to

Vo(s) = -Vi(s) +

2

1 + sRC
 Vi(s)

Vo(s) = -

RF

R1
Vi(s) +

1>sC

R + 1>sC
 a1 +

RF

R1
bVi(s)
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The frequency response of the filter is shown in Fig. 12.39, which gives fn � 60.9 Hz (expected value is

60 Hz) and KPB � 1 (expected value is 1).

FIGURE 12.39 PSpice plot of frequency response for Example 12.11

KEY POINTS OF SECTION 12.11

■ The wide-band-reject characteristic can be obtained by adding the output of a low-pass filter to that

of a high-pass filter through a summing amplifier.

■ A narrow-band-reject filter has a sharply tuned reject frequency and can be implemented with only

one op-amp in the noninverting mode of operation.
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which gives the voltage gain as

(12.104)

Substituting s � j� into Eq. (12.104) gives the magnitude of the voltage gain as 

and the phase angle � as

(12.105)

Equation (12.105) indicates that, for fixed values of R and C, the phase angle � can change from 0° 

to �180° as the frequency f of the input signal is varied from 0 to �. For example, if R � 21 k
 and

C � 0.1 	F, we will get � � �64.4° at 60 Hz. If the positions of R and C are interchanged, the phase

shift � will be positive. That is, the output signal leads the input signal.

f = -2 tan-1
 (vRC) = -2 tan-1(2pfRC)

ƒ H( jv) ƒ = 1

H(s) =

Vo(s)

Vi(s)
=

1 - sRC

1 + sRC
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FIGURE 12.40 All-pass filter

KEY POINT OF SECTION 12.12

■ An all-pass filter does not give any gain attenuation, but it provides predictable phase shifts for

different frequencies of the input signals.

12.13 Switched-Capacitor Filters

Switched-capacitor filters use on-chip capacitors and MOS switches to simulate resistors. The cutoff fre-

quencies are proportional to and determined by the external clock frequency. In addition, the cutoff or

center frequency can be programmed to fall anywhere within an extremely wide range of frequencies—

typically more than a 200,000�1 range. Switched-capacitor filters are becoming increasingly popular

since they require no external reactive components, capacitors, or inductors. They offer the advantages

of low cost, fewer external components, high accuracy, and excellent temperature stability. However,

they generate more noise than standard active filters.
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12.13.1 Switched-Capacitor Resistors

In all the filters discussed so far, discrete resistors and capacitors were connected to one or more op-amps

to obtain the desired cutoff frequencies and voltage gain. Use of discrete resistors is avoided in inte-

grating circuits to reduce chip size; instead, resistor behavior is simulated by using active switches. A re-

sistor is usually simulated by a capacitor and switches. The value of this simulated resistor is inversely

proportional to the rate at which the switches are opened or closed.

Consider a capacitor with two switches, as shown in Fig. 12.41. The switches are actually MOS

transistors that are alternately opened and closed. When S1 is closed and S2 is open, the input voltage is

applied to the capacitor. Therefore, the total charge on the capacitor is

(12.106)

When S1 is open and S2 is closed, the charge q flows to the ground. If the switches are ideal (i.e., they

open and close instantaneously and have zero resistance when they close), the capacitor C will charge and

discharge instantly. The charging current Iin and the discharging current Iout of the capacitor are shown

in Fig. 12.42. If the switches are opened and closed at a faster rate, the current pulses will have the same

magnitude but will occur more often. That is, the average current will be higher at a higher switching

rate. The average current flowing through the capacitor of Fig. 12.41 is given by

(12.107)

where q � capacitor’s charge

T � time between closings of S1 or closings of S2, in seconds

fclk � 1 ⁄ T � clock frequency, in hertz

The equivalent resistance seen by the input voltage is

(12.108)

which indicates that the value of R is a function of C and fclk. For a fixed value of C, the value of R can

be adjusted by adjusting fclk. Therefore, a switched-capacitor resistor, also known as a clock-tunable resistor,

can be built in IC form with a capacitor and two MOS switches. Note that any change in Vi must occur

at a rate much slower than fclk, especially when Vi is an AC signal.

R =

Vi

Iav
=

Vi

ViCfclk
=

1

Cfclk

 = ViCfclk

Iav =

q

T
=

ViC

T

q = ViC

Microelectronic Circuits: Analysis and Design850

~~

S1 S2

Iin IinIout

C R

(a)  Circuit (b)  Equivalent circuit

Vi

+

−
Vi

+

−

FIGURE 12.41 Switched-capacitor resistor
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12.13.2 Switched-Capacitor Integrators

A simulated resistor can be used as a part of an IC to build a switched-capacitor integrator, as shown in

Fig. 12.43. The switches S1 and S2 must never be closed at the same time. That means the clock wave-

form driving the MOS switches must not overlap if the filter is to operate properly.

12.13.3 Universal Switched-Capacitor Filters

A universal filter combines many features in an op-amp and can be used to synthesize any of the normal

filter types: band-pass, low-pass, high-pass, notch, and all-pass. Universal filters are available com-

mercially (e.g., the type FLT-U2 manufactured by Datel-Intersil). A switched-capacitor filter is a type

Active Filters 851
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of universal active filter. It has the characteristics of a second-order filter and can be cascaded to provide

very steep attenuation slopes. Figure 12.44 is a block diagram of the internal circuitry for National Semi-

conductor’s MF5. The basic filter consists of an op-amp, two positive integrators, and a summing node.

An MOS switch, controlled by a logic voltage on pin 5 (SA), connects one of the inputs of the first inte-

grator either to the ground or to the output of the second integrator, thus allowing more application flex-

ibility. The MF5 includes a pin (9) that sets the ratio of the clock frequency ( fclk) to the center frequency

( fC) at either 50�1 or 100�1. The maximum recommended clock frequency is 1 MHz, which results in a

maximum center frequency fC of 20 kHz at 50�1 or 10 kHz at 100�1, provided the product Qfo is less than

200 kHz. An extra uncommitted op-amp is available for additional signal processing. A very convenient

feature of the MF5 is that fo can be controlled independently of Q and the pass-band gain. Without affect-

ing the other characteristics, one can tune fo simply by varying fclk. The selection of the external resistor

values is very simple, so the design procedure is much easier than for typical RC active filters.
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FIGURE 12.44 MF5 universal monolithic switched-capacitor filter (Courtesy of National

Semiconductor, Inc.)

Designing a second-order Butterworth filter using a universal filter Using the MF5, design a 

second-order Butterworth low-pass filter with a cutoff frequency of 1 kHz and a pass-band gain of �4. Assume

a power supply of �5 V and a CMOS clock.

SOLUTION

Step 1. Choose the mode in which the MF5 filter will be operated. Let us choose the simplest one: mode 1,

which has low-pass, band-pass, and notch output and inverts the output signal polarity.

EXAMPLE 12.12

D
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Step 2. Determine the values of the external resistors. The MF5 requires three external resistors that determine

Q and the gain of the filter. The external resistors are connected as shown in Fig. 12.45. For mode 1, the relation-

ship among Q, KLP, and the external resistors is given by the data sheet (on which only three out of six possible

modes are shown) as

(12.109)

(12.110)

In this mode, the input impedance of the filter is equal to R1 since the input signal is applied to INV (pin 3)

through R1. To provide a fairly high input impedance, let R1 � 10 k
. From Eq. (12.110), we get

R2 � �KLPR1 � �(�4) � 10 k
 � 40 k


For a second-order Butterworth low-pass filter, Q � 0.707. Therefore, Eq. (12.109) gives

R3 � QR2 � 0.707 � 40 k
 � 28.28 k


Step 3. Choose the power supplies and complete their connections. Since a power supply of �5 V is required,

V� (pin 6) is connected to �5 V, V� (pin 10) is connected to �5 V, and AGND (pin 11) is connected to the

ground. To eliminate any ripples, two 0.1-	F capacitors are connected across the power supplies.

Step 4. Choose the clock frequency fclk. The 50/100 (pin 9) must be connected to V� (pin 6) for a ratio of 50�1

or to V� (pin 10) for a ratio of 100�1. Let us choose an fclk-to-fo ratio of 50�1. That means the 50/100 (pin 9)

must be connected to V� (pin 6). Since the cutoff frequency is 1 kHz, the external clock frequency is fclk �
50 � 1 kHz � 50 kHz.

Step 5. For a CMOS clock, the L Sh (pin 7) should be connected to the ground (pin 11). The low-pass filter

SA (pin 5) is connected to V� (pin 6), and S1 (pin 4) is connected to the ground (pin 11).

The complete circuit for the second-order low-pass filter is shown in Fig. 12.45.

 KLP = -

R2

R1

Q =

fC
BW

=

R3

R2

RL

~

vout
LP

NC

NC

CLK
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V02

1

7

6

5

4

3

2

BP

L Sh
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V−
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INV1

N

14

8

9

10

11

12

13

50 kHz,
± 5 V

−VEE = −5 V

VCC = +5 V
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+

−

R1
10 kΩ

R2
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R3
28.28 kΩ

C1
0.1 μF
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FIGURE 12.45 MF5 configured as a second-order low-pass filter
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12.14 Filter Design Guidelines

Designing filters requires selecting the values of R and C that will satisfy two requirements: the band-

width and the gain. Normally, more than two resistors and capacitors are necessary, and the designer has

to assume values for some of them, so there is no unique solution to the design problem. The general

guidelines for designing an active filter are as follows:

Step 1. Decide on the design specifications, which may include the cutoff frequencies fL and fH,

pass-band gain KPB, bandwidth BW, damping factor of � � 0.707 for a flat response, ⏐H( j�o)⏐ �
0.707, and ⏐H( j0)⏐ � 1.

Step 2. Assume a suitable value for the capacitor. The recommended values of C are 1 	F to 5 pF.

(Mylar or tantalum capacitors are recommended because they give better performance than other types

of capacitors.)

Step 3. Having assumed a value for the capacitor, find the value for the resistor that will satisfy the

bandwidth or frequency requirement.

Step 4. If the value of R does not fall within the practical range of 1 k
 to 500 k
, choose a differ-

ent value of C.

Step 5. Find values for the other resistances that will satisfy the gain requirements and fall in the

range of 1 k
 to 500 k
.

Step 6. If necessary, change the filter’s cutoff frequency. The procedure for converting the original

cutoff frequency fo to the new cutoff frequency fn is called frequency scaling. It is accomplished by

multiplying the value of R or C (but not both) by the ratio of the original frequency fo to the new cut-

off frequency fn. The new value of R or C can be found from

(12.111)Rn (or Cn) =

Original cutoff frequency fo
New cutoff frequency fn

R (or C)

Microelectronic Circuits: Analysis and Design854

KEY POINT OF SECTION 12.13

■ Switched-capacitor filters use on-chip capacitors and MOS switches to simulate resistors. The cutoff

frequencies depend on the external clock frequency. In addition, the cutoff or center frequency can be

programmed to fall anywhere within an extremely wide range of frequencies.

KEY POINTS OF SECTION 12.14

■ Designing filters requires selecting values of R and C to meet the specifications for bandwidth and DC

gain. Normally more than two resistors and capacitors are used, and values must be assumed for some

of them (normally C). There is no unique solution to a design problem.

■ Once a filter has been designed for one cutoff frequency, new values of R and C can be determined

by multiplying the value of R or C (but not both) by the ratio of the original frequency fo to the new

cutoff frequency fn.
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Summary

Active filters offer many advantages over passive filters. The many types of active filters—low-pass,

high-pass, band-pass, band-reject, and all-pass—are based on the frequency characteristics. A second-

order filter has a sharper stop band and is preferable to a first-order filter. An all-pass filter gives a phase

shift that is proportional to the input signal frequency.

Universal filters are very popular because of their flexibility in synthesizing frequency characteris-

tics with a very high accuracy. A switched-capacitor filter is a type of universal filter that uses on-chip

capacitors and MOS switches to simulate resistors. Its cutoff frequency is proportional to and deter-

mined by the external clock frequency.
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Review Questions

1. What is an active filter?

2. What are the advantages of active filters over passive ones?

3. What are the types of active filters?

4. What are the passband and the stop band of a filter?

5. What is a cutoff frequency?

6. What is the Butterworth response of a filter?

7. What are the differences between first-order and second-order filters?

8. What is frequency scaling of filters?

9. What is a notch filter?

10. What is a notch-out frequency?

11. What is an all-pass filter?

12. What is a universal filter?

13. What is a switched-capacitor resistor?

14. What is a switched-capacitor filter?

15. What is a clock-tunable resistor?
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Problems

The symbol indicates that a problem is a design problem. The symbol indicates that you can check the solu-

tion to a problem using PSpice/SPICE or Electronics Workbench. For PSpice/SPICE simulation, assume op-amps with

parameters Ri � 2 M
, Ro � 75 
, and Ao � 2 � 105.

12.4 First-Order Filters 

12.1 Determine (a) the transfer function of the network shown in Fig. P12.1 and (b) its poles and zeros.

12.2 Determine (a) the transfer function of the network shown in Fig. P12.2 and (b) its poles and zeros.

12.3 Determine (a) the transfer function of the network shown in Fig. P12.3 and (b) its poles and zeros.

12.4 Determine (a) the transfer function of the network shown in Fig. P12.4 and (b) its poles and zeros.

~ vs vo

+
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−

−
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FIGURE P12.4
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−
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12.5 The Biquadratic Function

12.5 Determine (a) the pole and zero quality factors and , (b) the pole and zero resonant frequencies and

, (c) the pole factor , and (d) the pole angle . The transfer function has the general form as given by 

12.6 Plot the frequency and phase responses of the low-pass transfer function in Eq. (12.20) versus 

u = 0.5 to 5 for Q � 0.5, 0.707, and 1 and K � 1. 

12.7 Plot the frequency and phase responses of the high-pass transfer function in Eq. (12.21) versus 

u � 0.5 to 5 for Q � 0.5, 0.707, and 1 and K � 1. 

12.8 Plot the frequency and phase responses of the band-pass transfer function in Eq. (12.22) versus 

u � 0.5 to 5 for Q � 0.5, 0.707, and 1 and K � 1. 

12.9 Plot the frequency and phase responses of the band-reject transfer function in Eq. (12.23) versus

u � 0.5 to 5 for Q � 0.5, 0.707, and 1 and K � 1. 

12.6 Butterworth Filters

12.10 Determine the transfer function for fourth-order Butterworth response of a band-pass filter.

12.11 Determine the transfer function for sixth-order Butterworth response of a band-pass filter.

12.12 Determine the transfer function for seventh-order Butterworth response of a band-pass filter.

12.13 Determine the transfer function for eighth-order Butterworth response of a band-pass filter.

12.14 Determine the transfer function for ninth-order Butterworth response of a band-pass filter.

12.8 Low-Pass Filters

12.15 Design a first-order low-pass filter as in Fig. 12.10(b) to give a low cutoff frequency of fo � 2 kHz with a

pass-band gain of 1. If the desired frequency is changed to fn � 1.5 kHz, calculate the new value of Rn.

12.16 Derive the transfer function H(s) of the network in Fig. 12.13(d).

12.17 Design a second-order low-pass filter as in Fig. 12.14 to give a low cutoff frequency of fo � 10 kHz, a pass-

band gain of K � 5, and Q � 0.707, 1, and �.

12.18 Design a second-order Butterworth low-pass filter as in Fig. 12.17(c) to yield ⏐H( j�o)⏐ � 1 (or 0 dB), a cut-

off frequency of fo � 10 kHz, and Q � 0.707.

12.19 Design a second-order Butterworth filter as in Fig. 12.14 to yield ⏐H( j0)⏐ � 1 (or 0 dB), a cutoff frequency

of fo � 10 kHz, and Q � 0.707.

12.20 Design a third-order Butterworth low-pass filter as in Fig. P12.20 to give a high cutoff frequency of fo �
10 kHz and a pass-band gain of 10. The transfer function has the general form

H3(s) =

10v3
o

s3
+ 2vos2

+ 2v2
os + v3

o

HBP( jv)

HBP( jv)

HHP( jv)

HLP( jv)

H(s) =

5s2
+ 15s + 100

s2
+ 20s + 200

fpbpvz

vpQzQp
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12.21 Design a fourth-order Butterworth low-pass filter as in Fig. P12.21 to give a high cutoff frequency of 

fo � 10 kHz and a pass-band gain of 25. The transfer function has the general form

12.9 High-Pass Filters

12.22 Design a first-order high-pass filter as in Fig. 12.20(b) to give a low cutoff frequency of fo � 400 Hz and a

pass-band gain of K � 2. If the desired frequency is changed to fn � 1 kHz, calculate the new value of Rn.

12.23 Design a second-order high-pass filter as in Fig. 12.22 to give a low cutoff frequency of fo � 2 kHz and a

pass-band gain of 2. If the desired frequency is changed to fn � 3.5 kHz, calculate the new value of Rn.

12.24 Design a second-order Butterworth high-pass filter as in Fig. 12.25(c) to yield ⏐H( j�)⏐ � 1 (or 0 dB), a cut-

off frequency of fo � 10 kHz, and Q � 0.707.

12.25 Design a second-order Butterworth high-pass filter as in Fig. 12.25(c) to yield ⏐H( j�o)⏐ � 1 (or 0 dB), a

cutoff frequency of fo � 10 kHz, and Q � 0.707.

12.26 Design a third-order Butterworth high-pass filter as in Fig. P12.26 to give a low cutoff frequency of fo �
10 kHz and a pass-band gain of 10. The transfer function has the general form

H3(s) =

10s3

s3
+ 2vos2

+ 2v2
os + v3

o

~vi

+

−

R2 R3

RF

R1

C2 C3

R'1
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R'2
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+

−
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+

−

−
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12.10 Band-Pass Filters

12.27 Design a wide-band-pass filter with fL � 400 Hz, fH � 2 kHz, and a pass-band gain of KPB � 4. Calculate

the value of Q for the filter.

12.28 Design a wide-band-pass filter with fL � 1 kHz, fH � 10 kHz, and a pass-band gain of KPB � 20. Calculate

the value of Q for the filter.

12.29 Derive the transfer function H(s) of the network in Fig. 12.31(c).

12.30 Design a band-pass filter as in Fig. P12.30 to give fC � 5 kHz, Q � 20, and KPB � 40.

12.31 a. Design a narrow-band-pass filter as in Fig. 12.31(b) such that fC � 2 kHz, Q � 20, and KPB � 10.

b. Calculate the value of RB required to change the center frequency from 2 kHz to 5.5 kHz.

12.11 Band-Reject Filters

12.32 Design a wide-band-reject filter as in Fig. 12.34(c) to give fH � 400 kHz, fL � 2 kHz, and KPB � 10. Cal-

culate the value of Q for the filter.

12.33 Design a wide-band-reject filter with a falloff rate of 40 dB/decade to give fH � 400 kHz, fL � 2 kHz, and

KPB � 40.

A

vo
~vi

+ +
+−

−

−

RB

R1

R2

C2

C1

FIGURE P12.30

~

C

R
vi

+

+

−

−

R2

R1

RF

R3

C2 C3
A1 +

−

A2

R'1

R'F

+

−

vo

FIGURE P12.26
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12.34 Design an active notch filter as in Fig. 12.37(b) with fn � 400 Hz.

12.35 Derive the transfer function H(s) of the network in Fig. 12.37(b).

12.36 Design an active notch filter as in Fig. P12.36 with fn � 400 Hz and Q � 5.

12.12 All-Pass Filters

12.37 Design an all-pass filter as in Fig. 12.40(b) so that the phase shift is � � �150° at 60 Hz.

12.38 Using the MF5, design a second-order Butterworth low-pass filter with a cutoff frequency of 2 kHz and a

pass-band gain of �2. Assume a power supply of �5 V and a CMOS clock.

A

vo
~vi

+

+
+

− −

−
R1

R2

Ra

RB

C1

C2

FIGURE P12.36
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Learning Outcomes
After completing this chapter, students should be able to do

the following: 

• Describe the operating principle of oscillators for

generating sinusoidal voltage and the conditions 

for sustained oscillations.

• Describe the characteristics and types of 

oscillators.

• Select an oscillator circuit to meet specific 

frequency requirements.

• Design an oscillator circuit to meet desired 

frequency specifications.

Symbols and Their Meanings
Symbol Meaning

Open-loop and closed-loop voltage gains

of an amplifier

Oscillation frequencies in hertz and ra-

dians per second

Transconductance, input resistance, 

and output resistance of a transistor

Hybrid current gain parameter of a BJT

transistor 

MOSFET constant and threshold 

voltage

Kp, Vt

hfe

gm, r�, ro

fo, vo

A, Af

CHAPTER 13
OSCILLATORS
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13.1 Introduction

We know from Sec. 10.11 that an amplifier with negative feedback will be unstable if the magnitude of the

loop gain is greater than or equal to 1 and its phase shift is �180°. Under these conditions, the feedback

becomes positive and the output of the amplifier oscillates. An oscillator is a circuit that generates a repet-

itive waveform of fixed amplitude at a fixed frequency without any external input signal. A waveform of

this characteristic can be obtained by applying positive feedback in amplifiers. Positive feedback provides

enough feedback signal to maintain oscillations. Although oscillations are very undesirable in linear ampli-

fier circuits, oscillators are designed specifically to produce controlled and predictable oscillation. Thus, the

strategy for designing oscillators is quite different from that for designing linear amplifiers. Occasionally,

oscillators have inputs that are used to control the frequency or to synchronize the oscillations with an

external reference. Oscillators are used in many electronic circuits, such as in radios, televisions, com-

puters, and communications equipment.

13.2 Principles of Oscillators

An oscillator is an amplifier with positive feedback. The block diagram of an amplifier with positive feed-

back, shown in Fig. 13.1(a), suggests the following relationships:

vf = bvo

 vo = Ave

 ve = vi + vf

Microelectronic Circuits: Analysis and Design862

Symbol Meaning
Equivalent primary side load inductance and resistance of a transformer-

coupled load

Feedback factor and transfer function of an amplifier

Instantaneous output voltage of an oscillator vo(t)

b(s), H(s)

Lp, Rp

vf

ve vevovi = 0 +
+

Amplifier
A

(a)  Feedback

Feedback
circuit

b

vf

voAmplifier
A

(b)  Oscillator

Feedback
circuit

b

FIGURE 13.1 Oscillator block diagram
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Using these relationships, we get the closed-loop voltage gain Af:

(13.1)

13.2.1 Conditions for Oscillations 

in Eq. (13.1) can be made very large by making 1 � A� � 0. That is, an output of reasonable magni-

tude can be obtained with a very small-value input signal, tending to zero, as shown in Fig. 13.1(b). Thus,

the amplifier will be unstable when 1 � A� � 0, which gives the loop gain as

(13.2)

Expressing Eq. (13.2) in polar form, we get

(13.3)

The above discussion leads to the following design criteria for oscillators:

1. The magnitude of the loop gain⏐A�⏐ must be unity or slightly larger at the desired oscillation

frequency.

2. The total phase shift � of the loop gain must be equal to 0° or 360° at the same frequency.

3. The first two conditions must not be satisfied at other frequencies. This condition is normally met

by carefully selecting the component values.

4. The first two conditions must continue to be satisfied as parameter values change in response to

component tolerance, temperature change, aging, and device replacement. Meeting this criterion

often requires special design considerations.

If an amplifier provides a phase shift of 180°, the feedback circuit must provide an additional phase

shift of 180° so that the total phase shift around the loop is 360°. The type of waveform generated by an

oscillator depends on the types of components used in the circuit; hence the waveform may be sinusoidal,

square, or triangular. The frequency of oscillation is determined by the feedback components:

• RC components generate a sinusoidal waveform at audio frequencies—that is, in the range from

several hertz (Hz) to several kilohertz (kHz).

• LC components generate a square wave at radio frequencies—that is, in the range from 100 kHz

to 100 MHz.

• Crystals generate a triangular or sawtooth wave over a wide range—that is, in the range from 

10 kHz to 10 MHz.

Oscillators can be classified into many types depending on the feedback components, amplifiers, and

circuit topologies used [1]. This chapter covers the following types of oscillators: phase-shift oscillators,

quadrature oscillators, three-phase oscillators, Wien-bridge oscillators, Colpitts oscillators, Hartley oscil-

lators, crystal oscillators, and active-filter tuned oscillators.

Ab = 1  ∠0°  or  1 ∠360°

Ab = 1

Af

Af =

vo

vi
=

A

1 - Ab

Oscillators 863
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Finding the gain and phase for oscillation A block diagram of an oscillator is shown in Fig. 13.2.

Determine the values of the gain A and the phase angle � that will produce a steady-state oscillation.

SOLUTION

Applying the condition of Eq. (13.3), we know that the loop gain must be

from which we get

and 180 � 0 � � � 0 � 360 or � � 360 � 180 � 180°

A * 0.01 * 0.5 * 10 = 1  or  A =

1

0.01 * 0.5 * 10
= 20

A  ∠180° * 0.01  ∠0° * 0.5  ∠u * 10 ∠0° = 1∠360°

EXAMPLE 13.1

Noninverting
amplifier
10 ∠0°

Inverting
amplifier
A ∠180°

Phase-shift
amplifier
0.5 ∠q

Attenuator
0.01 ∠0°

FIGURE 13.2 Oscillator circuit

Finding the frequency and conditions to sustain oscillation The amplifier shown in Fig. 13.3(a) has

a voltage gain of A � 50, input resistance Ri � 10 k�, and output resistance Ro � 200 �. Find the resonant fre-

quency �o and the values of R and R3 that will sustain the oscillation.

SOLUTION

The voltage-controlled current source representation is shown in Fig. 13.3(b), where transconductance Gm � A ⁄ Ro.

Ri is in parallel with R, and we let R1 � Ri � R. Also, Ro is in series with R3, and we let RF � Ro � R3. The equiv-

alent circuit is shown in Fig. 13.4, which represents the amplifier as an ideal voltage amplifier. The feedback

transfer function � of the feedback circuit is given by

b( jv) =

Vf

Vo
 ( jv) =

jvL 7  (- j>vC ) 7  R1

jvL 7  (- j>vC ) 7  R1 + RF

EXAMPLE 13.2
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which can be simplified to give the loop gain as

(13.4)

This will provide a 0° phase shift at the resonant frequency �o given by

(13.5)

At this frequency, the magnitude of A�( j�) becomes

(13.6)

which must be equal to 1 and gives the condition for oscillation as

(13.7)
RF

R1
= A - 1

ƒ Ab( jv) ƒ =

A

1 + RF>R1

vo =

1

2LC
   (in rad/s)

Ab( jv) =

jvLA

RF (1 - v2LC ) + jvL(1 + RF>R1)

R3

Ro

Ri

L RC

AVi

Amplifier

Vi

+

−

+

−

R3

Ri Ro

L RC

GmViVi

+

−

(a)  Voltage-controlled voltage source (b)  Voltage-controlled current source

FIGURE 13.3 LC-feedback amplifier

RF = Ro + R3

R1 = R⏐⏐RiLC

AViVi

Vf Vo

+
+

−
−

+

−

+

−

FIGURE 13.4 Equivalent circuit for Example 13.2
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13.2.2 Frequency Stability

The ability of an oscillator to oscillate at an exact frequency is called frequency stability. The oscillating

frequency is a function of circuit components (e.g., LC components) and can change in response to tem-

perature changes, device replacement, or parasitic elements. Good frequency stability can be obtained by

making the phase shift a strong function of frequency at resonance. That is,⏐d�⁄d�⏐ (at � � �o) is made

large so that only a slight change in � is required to correct any phase shift and restore the loop gain to

zero phase shift.

The quality factor (or figure of merit) Q of a circuit also determines the frequency stability. The higher

the Q factor, the better the stability will be because the variation in phase shift with frequency near resonance

is greater. Crystal oscillators are far more stable than RC or LC oscillators, especially at higher frequencies.

The equivalent electrical circuit of a crystal has a very high Q-value, leading to a high value of d�⁄d�. LC
and crystal oscillators are generally used for the generation of high-frequency signals; RC oscillators are used

mostly for audio-frequency applications.

13.2.3 Amplitude Stability

Like the frequency, the gain of practical amplifiers can change in response to changes in parameters such

as temperature, age, and operating point. Therefore,⏐A�⏐might drop below unity. If the magnitude of A�
falls below unity, an oscillating circuit ceases oscillating. In practice, an oscillator is designed with a value

of ⏐A�⏐ that is slightly higher than unity—say, by 5%—at the oscillating frequency. The greater the value

of⏐A�⏐, the greater will be the amplitude of the output signal and the amount of its distortion. This dis-

tortion will usually lower the gain A to the value required to sustain oscillation.

For good stability, the change in the gain A with a change in the amplitude of output voltage vo should be

made large; an increase in amplitude must result in a decrease in gain. That is, dA ⁄dvo must be a large negative

number. An oscillator is often stabilized by adding nonlinear limiting devices or elements such as diodes.

Microelectronic Circuits: Analysis and Design866

That is, for A � 50, RF ⁄ R1 � 49. Let R1 � Ri � R � 5 k�; then, for Ri � 10 k�, R � 10 k�. Therefore,

Thus, for Ro � 200 �, R3 � 244.8 k�.

RF = Ro + R3 = 49R1 = 245  kÆ

KEY POINTS OF SECTION 13.2

■ To sustain oscillations, the magnitude of the loop gain ⏐A�⏐ must be unity or slightly larger at the

desired oscillation frequency, and the total phase shift � of the loop gain must be equal to 0° or 360°

at the same frequency.

■ For good frequency stability, the phase shift must be made a strong function of frequency at reso-

nance; that is, the Q factor should be high.

■ For good stability, the change in the gain with a change in the amplitude of output voltage vo should

be made large; an increase in amplitude must result in a decrease in gain.
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13.3 Audio-Frequency Oscillators

An audio-frequency (AF) oscillator uses RC components for generating a sinusoidal waveform in the fre-

quency range from several hertz (Hz) to several kilohertz (kHz). There are different ways to make an ampli-

fier oscillate. We will consider the following types of AF oscillators: phase-shift oscillator, quadrature os-

cillator, three-phase oscillator, Wien-bridge oscillator, and ring oscillator. The op-amp Wien bridge is the most

common and easy to implement. The MOS oscillators allow CMOS implementation. 

13.3.1 Phase-Shift Oscillators

A phase-shift oscillator consists of an inverting amplifier with a positive feedback circuit [1]. The ampli-

fier gives a phase shift of 180°, and the feedback circuit gives another phase shift of 180°, so the total

phase shift around the loop is 360°. A phase-shift oscillator consisting of an inverting op-amp amplifier

with positive feedback is shown in Fig. 13.5(a). The feedback circuit provides voltage feedback from the

output back to the input of the amplifier. Any signal that appears at the inverting terminal is shifted by

180° at the output. Therefore, an additional 180° shift is required for oscillation at a specific frequency fo
in order to give a total phase shift around the loop of 360°. Since the feedback network consists of resis-

tors and capacitors, as shown in Fig. 13.5(b), this type of oscillator is also known as an RC oscillator. The

transfer function of the feedback network in Laplace’s domain of s is given by

(13.8)

(see Prob. 13.3). The closed-loop voltage gain of the op-amp circuit is

(13.9)A(s) =

Vo(s)

Vf(s)
= -  

RF

R1

b(s) =

Vf (s)

Vo(s)
=

R3C 3s3

R3C 3s3
+ 6R2C 2s2

+ 5RCs + 1

Oscillators 867

A

VoVoVf Vf

Vd

RFR1

RRRRRR

C C C C C C

ROM = (R1⏐⏐RF)

(b)  Feedback network(a)  Oscillator

+

+

+

+

−

−

+

−

+

−−

−

FIGURE 13.5 Phase-shift oscillator
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Since A� � 1 for an oscillator, from Eqs. (13.8) and (13.9), we get

(13.10)

Substituting s � j� into Eq. (13.10) and canceling the elements in the denominator, we get

�RF(�jR3C3�3) � R1(�jR3C3�3 � 6R2C2�2 � j5RC� � 1)

Equating the real parts to zero, we get

R1(�6R2C2�2 � 1) � 0

which gives the oscillation frequency �o as

(13.11)

where fo is the frequency in hertz. Equating the imaginary parts on both sides yields

�RF(�jR3C3�3) � R1(�jR3C3�3 � j5RC�)

which gives

(13.12)

Substituting the value of � � �o from Eq. (13.11) into Eq. (13.12) yields

(13.13)

which gives the condition for sustained oscillations. This relationship does not control the peak amplitude

of the output voltage. The oscillation frequency �o in Eq. (13.11) is inversely proportional to the RC prod-

uct, assuming that both resistances and capacitances are equal. Theoretically, the frequency can be varied

by varying either R or C. In practice, it is usually easier to vary R on a continuous basis and to vary C on

a discrete basis. Identical capacitors are switched into the circuit at each frequency range. Also, identical

resistances, which together are referred to as a gauged potentiometer, are mounted on the same shaft and

are used to vary the frequency on a continuous basis in each frequency range.

Note that setting the loop gain to unity is not a reliable method for designing an oscillator. To stabi-

lize an oscillator, usually it is necessary to limit the output voltage by introducing nonlinearity. Stability

can be achieved by adding two zener diodes in series with the resistance RB, as shown in Fig. 13.6(a). As

long as the magnitude of the voltage vf across resistance R1 is less than the zener breakdown voltage VZ,

the zener diodes act as an open circuit, and the gain of the amplifier is

(13.14)ƒ A1 ƒ =

RF

R1

RF

R1
= 29

RF = R1 c 5

R2C 2v2 - 1d

vo = v = 2pfo =

1

26RC
     (in rad/s)

-

RF

R1
c R3C 3s3

R3C 3s3
+ 6R2C 2s2

+ 5RCs + 1
d = 1
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As soon as the magnitude of vf starts to increase above VZ, the zener diodes conduct, and the resistor RB

suddenly becomes in parallel with RF so that the gain is reduced. The new gain becomes

(13.15)

which is less than⏐A1⏐. Furthermore, if the output amplitude starts to decrease, the gain⏐A⏐ is increased

again. The vo–vf characteristic of the amplifier is shown in Fig. 13.6(b).

ƒ A2 ƒ =

RF 7  RB

R1

Oscillators 869

vf

vo

A1

A1

D1 D2

(a)  Amplitude stabilization (b)  vo–vf characteristic

Stabilization

Slope = A2

Slope = A2

A1

VoVf

Vd

RFR1

R R R

C C C

0

0

RB

++

+

−−

−

+

−

FIGURE 13.6 Stabilization of a phase-shift oscillator

Designing a phase-shift oscillator
(a) Design the phase-shift oscillator shown in Fig. 13.5(a) so that the oscillating frequency is fo � 400 Hz.

(b) Use PSpice/SPICE to plot the transient response of the output voltage vo(t) in part (a) from 0 to 4 ms.

Assume VCC � VEE � 12 V.

SOLUTION

(a) The following steps can be used to complete the design.

Step 1. Choose a suitable value of C: Let C � 0.1 �F.

EXAMPLE 13.3

D
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Step 2. Calculate the value of R from Eq. (13.11):

Choose R � 1.7 k� (use a 2.7-k� potentiometer).

Step 3. To prevent the loading of the op-amp by the RC network, choose R1 much larger than R by making

R1 	 10R. Therefore, let

Step 4. Choose the value of RF from Eq. (13.13):

Choose a 500-k� potentiometer RF to account for tolerance.

(b) The phase-shift oscillator with the calculated values of the circuit parameters is shown in Fig. 13.7. The

PSpice plot of the output voltage vo � V(RF�2) is shown in Fig. 13.8, which gives the peak-to-peak voltage

Vpp � 6.78 � 6.65 � 13.43 V at fo � 1 ⁄ (4.3125 m � 1.875 m) � 410 Hz (expected value is 400 Hz).

RF = 29R1 = 29 * 17 kÆ = 493 kÆ

R1 = 10R = 10 * 1.7 kÆ = 17 kÆ

 R =

1

2p26 foC
=

1

2p * 26 * 400 Hz * 0.1 �F
= 1624 Æ

0
5

8

7
3

3

2

2

6

5

74

1

6

6

U1

V−

V+

μA741

RF
493 kΩ

R1
17 kΩ

+

+

−
−

+

−

+

−

−

−
+

−

R
1624 Ω

Rx
1624 Ω

Ry
1624 Ω

VCC
12 V

VEE
12 V

C, 1 V
0.1 μF

Cx
0.1 μF

Cy
0.1 μF

vovf

0

FIGURE 13.7 Phase-shift oscillator for PSpice simulation

FIGURE 13.8 PSpice plot of output

voltage for Example 13.3

NOTES:

1. If you observe carefully, you will notice that the amplitude of the output voltage is falling slowly and the os-

cillation will not be sustained for a long time. A nonlinear device is often necessary to stabilize the oscillator.

2. An initial voltage of 1 V has been assigned to the capacitor C in order to start the oscillator, and the UIC (use

initial condition) is used in transient analysis. Otherwise, PSpice will first calculate the biasing values and

then use those values to find the solutions, and the circuit will not oscillate. In practice, random noise or tran-

sients can cause the oscillations to begin, and they are sustained by the feedback of the appropriate signal.

67722_13_ch13_p861-908.qxd  2/19/10  4:56 PM  Page 870

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



13.3.2 Quadrature Oscillators

A quadrature oscillator, as shown in Fig. 13.9(a), generates two signals (sine and cosine) that are in

quadrature—that is, out of phase by 90°. The actual location of sine and cosine signals is arbitrary. In

Fig. 13.9(a), the output of amplifier A1 is labeled as sine and that of amplifier A2 as cosine. This oscil-

lator requires a dual op-amp. Amplifier A2 operates as an inverting integrator and provides a phase shift

of �270° (or 90°); amplifier A1, in combination with the feedback network, operates as a noninverting

integrator and provides the remaining �90° (or 270°) to give the total phase shift of 360° that is required

to satisfy the condition of oscillation. The transfer function of the feedback network shown in Fig. 13.9(b)

in Laplace’s domain of s is given by

(13.16)

If Vo1 is the voltage at the output of amplifier A1, the voltage Vx at its inverting terminal is given by

(13.17)

Since the differential voltage between the op-amp terminals is very small (Vd � 0), we can write

Vf = Vx - Vd L Vx

Vx =

RVo1

R + 1>Cs
=

RCsVo1

1 + RCs

b(s) =

Vf(s)

Vo(s)
=

1>Cs

R + 1>Cs
=

1

1 + RCs
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R

A1Vd

Vo

R C

C

R

D1 D2

Stabilization

C

A2Vd

Vo1

Vx

ROM

(b)  Feedback network(a)  Oscillator

Sine

Vo

VoVf

Vf

C

R

Cosine+

−

+

+

+

−

−

+

−

−

+

−

+

−

+

−

+

−

FIGURE 13.9 Quadrature oscillator
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That is,

(13.18)

which gives the transfer function of amplifier A1, including the feedback network, as

(13.19)

In the frequency domain, Eqs. (13.16) and (13.19) become, respectively,

(13.20)

and (13.21)

The transfer function of amplifier A2 is

which gives a phase shift of 90°. Thus, �G1( j�) must give a phase shift of �90°.

To provide a phase shift of �90°, ⏐�G1( j�)⏐ in Eq. (13.21) must equal unity. That is, �RC � 1,

and the frequency of oscillation is given by

(13.22)

At this frequency, the magnitude of �( j�) in Eq. (13.20) becomes

(13.23)

The loop gain becomes

Therefore, the overall closed-loop gain Av of amplifiers A1 and A2 is given by

(13.24)

which implies a constant gain of 1.4142. The design of a quadrature oscillator is very simple. For fo � 200 Hz

and assuming C � 0.1 �F, Eq. (13.22) gives R � 7958 � (use a 10-k� potentiometer). This oscillator can

be stabilized by connecting two zener diodes back to back across one of the integrating capacitors, as shown

in Fig. 13.9(a) by the shaded area.

Af =

1

b
= 22 = 1.4142

bA( jv) = A2( jv)bA1( jv) =

j

vRC
*

1

jvRC
=

1

v2RC
= 1

b = ƒ b( jv) ƒ = ` 1

1 + j1
` =

1

22

fo =

1

2pRC
  (in Hz)

A2( jv) =

Vo

Vo1
( jv) = -  

1

jvRC
=

j

vRC

bA1( jv) =

1

jvRC
= -  

j

vRC

b( jv) =

1

1 + jvRC

bA1(s) =

Vo1(s)

Vo(s)
=

1

RCs

Vo(s)

1 + RCs
=

RCsVo1

1 + RCs
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13.3.3 Three-Phase Oscillators

A three-phase oscillator generates three sinusoidal voltages of equal magnitude, but displaced by 120°

from each other. They have the same form as the voltages in a three-phase power system and are normally

used for generating control signals synchronized to the power system. A three-phase oscillator consisting

of three “lossy” integrator circuits connected in cascade with unity feedback is shown in Fig. 13.10. The

transfer function of each of the integrators is given by 

(13.25)

Since � � 1 for unity feedback, the loop gain is given by

(13.26)

Then the characteristic equation, which is the numerator of 1 � �A(s) � 0, is

(13.27)

Substituting s � j� into Eq. (13.27) and then equating the imaginary part to zero, we get the frequency of

oscillation �o as

(13.28)vo =

23

RFC
   (in rad/s)

(RFCs)3
+ 3(RFCs)2

+ 3(RFCs) + 1 + aRF

R
b3

= 0

bA(s) = A1(s)A2(s)A3(s) =

- (RF>R)3

(RFCs)3
+ 3(RFCs)2

+ 3(RFCs) + 1

A1(s) = A2(s) = A3(s) = -  

RF 7  (1>Cs)

R
=

-RF>R
1 + RFCs
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Vb
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R
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R
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C

A2

RF

0

0
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R

C

0

Vc = Vo

+
+

−

+
+

−

+

−

−

−

+

−

FIGURE 13.10 Three-phase oscillator
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Equating the real part of Eq. (13.27) to zero at this frequency gives the condition of oscillation as (RF ⁄R)3 � 8;

that is,

(13.29)

Under this condition, the transfer function of each integrator at the oscillating frequency can be determined

from Eq. (13.25). That is,

(13.30)

If we select voltage va(t) as the reference so that

(13.31)

then vb(t) and vc(t) will be phase shifted by 120° and 240°, respectively. That is,

(13.32)

and (13.33)

For fo � 60 Hz and assuming C � 0.1 �F, Eq. (13.28) gives

(use a 50-k� potentiometer)

and Eq. (13.29) gives R � RF ⁄2 � 22.97 k�. This oscillator can be stabilized by connecting two zener

diodes back to back across one of the integrating capacitors, as shown in Fig. 13.10 by the shaded area.

13.3.4 Wien-Bridge Oscillators

A Wien bridge, which is used for making measurements of unknown resistors or capacitors, is shown in

Fig. 13.11(a). The bridge has a series RC network in one arm and a parallel RC network in the adjoining

arm. R1 and RF are connected in two other arms. While the bridge is making measurements, either R1 or

RF acts as a calibrated resistor; the resistance is varied until the null voltage Vd � 0 is found. If all com-

ponent values are known except one, the value of that one can be determined from the following relation:

(13.34)

If an op-amp is inserted into the basic bridge, as shown in Fig. 13.11(b), the bridge is known as a

Wien-bridge oscillator, provided the elements are adjusted so that R2 � R3 � R and C1 � C2 � C. The

op-amp, along with R1 and RF, operates as a noninverting amplifier, as shown in Fig. 13.12(a). The

Wien-bridge oscillator is one of the most commonly used AF oscillators.

The transfer function of the feedback network shown in Fig. 13.12(b) is given by

(13.35)

(see Prob. 13.9).

b(s) =

Vf(s)

Vo(s)
=

RCs

R2C 2s2
+ 3RCs + 1

R2

R3
+

C2

C1
=

RF

R1

RF =

23

2p * 60 * 0.1 �F
= 45.94 kÆ

vc(t) = Vm sin (vt + 240°) = Vm sin (vt - 120°)

vb(t) = Vm sin (vt + 120°)

va(t) = Vm  sin vt

A1( jv) = A2( jv) = A3( jv) = -  

2

1 + j23
= 1  ∠120°

RF

R
= 2
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The closed-loop voltage gain of the noninverting amplifier is given by

(13.36)

For an oscillator, A� � 1. Using Eqs. (13.35) and (13.36), we get

(13.37)a1 +

RF

R1
b  

RCs

R2C 2s2
+ 3RCs + 1

= 1

A(s) =

Vo(s)

Vf(s)
= 1 +

RF

R1
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A2

Vo

Vd

Vd

RF

R2
C1

C2

R3

R3

R1

RF

R1

R2

C1

C2

(a)  Basic Wien bridge (b)  Wien-bridge oscillator

0

+

+

−

−

+

+

−
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FIGURE 13.11 Wien bridge

D1 D2

Stabilization

A

Vf
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RF

R1

R C
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Vf VoR C

R C

(b)  Feedback network(a)  Oscillator

+

−

+

−

+

−

+

−

+

−

FIGURE 13.12 Wien-bridge oscillator
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Substituting s � j� into Eq. (13.37), we get

Equating real parts on the left side to those on the right side, we get

which gives the oscillation frequency as

(13.38)

Equating imaginary parts on the left side to those on the right side, we get

which gives the condition for oscillation as

or (13.39)

For stabilization, a power-sensitive resistor such as a lamp or a thermistor is usually used to adjust

dynamically the loop gain of the oscillator. Figure 13.13(a) shows the use of a small incandescent lamp,

whose resistance characteristic is shown in Fig. 13.13(b). When the filament of the lamp is cold, the resis-

tance is small and the gain A is large. But when the lamp filament becomes hot, the resistance becomes

larger, and the gain A becomes small. This automatic adjustment of the gain causes distortion of the ampli-

fier to be low and stabilizes the oscillator. The nonlinear characteristic can be provided by two back-to-back

zener diodes in series with a resistor RB, as in Fig. 13.6(a).

RF

R1
= 2

1 +

RF

R1
= 3

a1 +

RF

R1
b  jRCv = j3RCv

fo =

1

2pRC
  (in Hz)

0 = -R2C 2v2
+ 1

a1 +

RF

R1
b  jRCv = -R2C 2v2

+ j3RCv + 1
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(a)  Amplitude stabilization by lamp (b)  Lamp characteristic

vx
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+
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+
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−

FIGURE 13.13 Stabilization of a Wien-bridge oscillator
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Designing a Wien-bridge oscillator
(a) Design the Wien-bridge oscillator in Fig. 13.12(a) so that fo � 1 kHz.

(b) Use PSpice/SPICE to plot the transient response of the output voltage vo(t) in part (a) from 0 to 2 ms.

Assume VCC � VEE � 12 V.

SOLUTION

(a) The following steps can be used to complete the design.

Step 1. Choose a suitable value of C: Let C � 0.01 �F.

Step 2. Calculate the value of R from Eq. (13.38):

Choose R � 16 k�.

Step 3. Choose the value of RF from Eq. (13.39). Letting R1 � 10 k�, we have

NOTE: The exact numbers of the resistances are used to demonstrate the validity of the calculated

values with the PSpice simulation results. In a practical design, the commercially available standard

values will be used (i.e., 16 k� instead of 15,916 �; see Appendix E).

(b) The Wien-bridge oscillator with the desired values is shown in Fig. 13.14. The PSpice plot of the output

voltage vo � V(U1�OUT) is shown in Fig. 13.15, which gives the peak-to-peak voltage Vpp � 5.94 � 5.97

� 11.91 V at fo � 1⁄ (1.269 m � 0.247 m) � 978 Hz (expected value is 1 kHz).

NOTE: An initial voltage of 1 V has been assigned to the capacitor Cp in order to start the oscillator,

and the UIC (use initial condition) is used in transient analysis. In practice, random noise or transients

can cause the oscillations to begin, and they are sustained by the feedback of the appropriate signal.

RF = 2R1 = 2 * 10 kÆ = 20 kÆ

R =

1

2pfoC
=

1

2p * 1  kHz * 0.01 �F
= 15,915 Æ

EXAMPLE 13.4

D

vovf

Rp
15,915 ΩR

15,915 Ω
C

0.01 μF
Cp
2 V

0.01 μF

μA741

1
4

2

2

1 4

3

3 5

6

7

U1

V−

V+

VEE
12 V

VCC
12 V

0

0

R1
10 kΩ

+

−

+
+

+

−

−

+

−

−

−

RF
20 kΩ

FIGURE 13.14 Wien-bridge oscillator for PSpice

simulation

FIGURE 13.15 PSpice plot of output voltage

for Example 13.4
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13.3.5 Ring Oscillators

A ring oscillator consists of a number of gain stages in a loop in order to make the total phase shift of 

A three-stage ring oscillator is shown in Fig. 13.16. By neglecting the MOS capacitance, we can find the

transfer function of each stage as given by 

(13.40)

which in frequency domain becomes 

(13.41)

where is the small-signal low-frequency gain and is the natural frequency. Since

three stages are cascaded, the open-loop transfer function becomes 

(13.42)

The circuit oscillates only if the frequency-dependent phase shift equals �180° so that the total phase of

H( j�) � 360° or 0°. Therefore, each stage must contribute � � 60°, which gives the condition for the

oscillation frequency as This gives 

(13.43)

At the oscillation frequency of the magnitude of the loop gain in Eq. (13.42) must equal 1;

that is,

(13.44)ƒ H( jv) ƒ =

A3
o

[21 + (vo>vn)2]3
= 1

v = vo,

vo = 23 vn =

23

RC

tan -1 (vo>vn) = 60°.vo

H( jv) = -  

A3
o

1 + ( jv>vn)3

vn = 1>RCAo = gmR

A( jv) = -  

Ao

1 + ( jv>vn)

A(s) = -gm aR 7  1

sC
b = -  

gmR

1 + RCs
= -  

Ao

1 + RCs

180°.
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M1 M2 M3
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+VDD
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FIGURE 13.16 Three-stage ring oscillator
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which, for , gives the minimum value of to sustain the oscillation as 

(13.45)Ao = gmR Ú 2

Aovo = 23 vn

Oscillators 879

Designing a MOS ring oscillator
(a) Design the ring oscillator in Fig. 13.16 so that fo � 1 kHz. The MOSFET parameters are MOS constant

Kp � 25 �A ⁄ V2, the threshold voltage , length width and modulation

length � � 0.01.

(b) Use PSpice [2] to plot the transient response of the output voltage vo(t) in part (a) from 0 to 2 ms. Assume

VDD � 5 V.

SOLUTION

(a) Assuming that the MOS is operating in the saturation region, the transconductance of each MOS is

which can give the desired value of R to obtain the required gain Ao as given by 

(13.46)

Using KVL in the loop formed by R, and the gate–source voltage of we can write 

which, for identical MOSFETs of gives the gate–source voltage as

(13.47)

Letting (higher than 2), Eq. (13.47) gives the DC biasing gate–source voltage

For Eq. (13.43) gives 

C =

23

2pfoR
=

23

2p * 1 k * 60 k
= 4.59 nF

fo = 1 kHz,

 R =

Ao

gm
=

4

66.67 �A>V = 60 kÆ

gm = 2Kp(vGS - Vt) = 2 * 25 � * (2.333 - 1) = 66.67 �A>V
iD = Kp(vGS1 - Vt)

2
= 25 � * (2.333 - 1)2

= 44.44 �A

vGS =

5 + (4>2) * 1

1 + (4>2)
= 2.333 V

Ao = 4

vGS =

VDD + (Ao>2)Vt

1 + (Ao>2)

vGS = vGS1 = vGS2,

VDD = R iD1 + vGS1 =

Ao

2Kp(vGS1 - Vt)
* Kp(vGS1 - Vt)

2
+ vGS1

M2,VDD,

R =

Ao

gm
=

Ao

2Kp(vGS - Vt)

gm = 2Kp(vGS - Vt),

W = 20 �m,L = 10 �m,Vt = 1 V

EXAMPLE 13.5
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(b) The PSpice schematic with desired values is shown in Fig. 13.17. The PSpice plot of the output voltage

vo � V(C3:2) is shown in Fig. 13.18, which gives the peak-to-peak voltage of Vpp � (3.7974 � 1.4154) �
2.38 V at fo � 1 ⁄(2.6499 ms � 1.7135 ms) � 1046 Hz (expected 1 kHz). Note that an initial voltage of 0

has been assigned to the capacitor C1 in order to start the oscillator, and the UIC (use initial condition) is

used in transient analysis. In practice, random noise or transients can cause the oscillations to begin, and

they are sustained by the feedback of the appropriate signal.

VCC

60 k
5 V 60 k

2.65 nF

60 k

+

−

M1

M2 M3

R1 R2 R3

C1 C2
C3

2.65 nF 2.65 nF

FIGURE 13.18 Output voltage waveform for Example 13.5

FIGURE 13.17 PSpice schematic for Example 13.5

KEY POINTS OF SECTION 13.3

■ A phase-shift oscillator uses an inverting amplifier and a phase-shifting network to satisfy the require-

ments of unity loop gain with 0° or 360° phase shift. The oscillation frequency �o is inversely propor-

tional to the RC product of the feedback network. A nonlinear device is often introduced, however,

to stabilize the oscillator.

■ A quadrature oscillator uses two op-amp inverting integrators and an RC phase shifter. The output

could be sine or cosine. The oscillation frequency �o is inversely proportional to the RC product of

the feedback network.

■ A three-phase oscillator uses three inverting integrators with a unity feedback loop. The oscillation

frequency �o is inversely proportional to the RC product of the feedback network.

■ A Wien-bridge oscillator uses a noninverting amplifier and an RC phase-shifting network. The oscil-

lation frequency �o is inversely proportional to the RC product of the feedback network.
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13.4 Radio Frequency Oscillators

A radio frequency (RF) oscillator uses LC components for generating a waveform in the frequency range

from 100 kHz to 100 MHz. There are different ways to make amplifiers by using op-amps, BJTs, and

MOSFETs; choose the LC components to create conditions for oscillations. We consider the following types

of RF oscillators: Colpitts oscillator, Hartley oscillator, and two-stage MOS oscillator. The op-amp Colpitts

oscillator is the most common and easy to implement. The MOS oscillators allow CMOS implementation.

13.4.1 Colpitts Oscillators

A Colpitts oscillator is a tuned LC-type oscillator, as shown in Fig. 13.19(a). LC oscillators have the advan-

tage of having relatively small reactive elements. They exhibit higher Q than RC oscillators, but they are

difficult to tune over a wide range. For a positive feedback circuit to operate as an oscillator, the loop gain

must be zero; that is,

which is really the characteristic equation of the circuit. Therefore, the condition for oscillation can be

found from the characteristic equation without deriving the transfer function. Nodal analysis can be applied

to find the determinant, which is then set to zero.

The op-amp operates as an inverting amplifier of gain A � RF ⁄R1. If the amplifier is replaced by its

equivalent circuit, Fig. 13.19(a) can be simplified to Fig. 13.19(b). If the voltage source Avf is replaced

by its equivalent current source gmvf, Fig. 13.19(b) can be reduced to Fig. 13.19(c). Using nodal analysis

in Fig. 13.19(c) in Laplace’s domain of s, we can write

(13.48)

(13.49) -

1

sL
Vo(s) + csC1 +

1

sL
+

1

R1
dVf(s) = 0  (at node A)

csC2 +

1

RL
+

1

sL
dVo(s) + cgm -

1

sL
dVf(s) = 0  (at  node  B)

1 - Ab = 0
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(a)  Oscillator (b)  Equivalent circuit (c)  Simplified equivalent circuit

RL

L

Node
A

Node
B

A1

R1 RF

C2

Vo
Vf

Vd

C1

+

−

+

+
+

−

− −

A B

RL

L

C2

Vo

Vf

C1

AVfR1

Rout = 0 

+
+

+

−
−

−

L

VoVf

gmVf

R1 RLC1 C2

A B

+

−

+

−

FIGURE 13.19 Colpitts oscillator
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To find the condition for oscillation, we set the determinant to zero; that is,

which, after simplification, yields

s3C1C2LR1RL � s2L(C1R1 � C2RL) � s(C1R1RL � C2R1RL � L)

� (R1 � RL � gmR1RL) � 0 (13.50)

where gm � A ⁄RL � RF ⁄(R1RL). Substituting s � j� and equating the imaginary parts to zero, we get

which gives the frequency of oscillation �o as

(in rad/s) (13.51)

Assuming RL is large, such that R1RL 
 1⁄(C1C2), Eq. (13.51) can be approximated by

(in rad/s) (13.52)

Similarly, equating the real parts of Eq. (13.50) to zero yields

which gives

Substituting the value of � � �o from Eq. (13.51) gives

After simplification, the above equation becomes

which, for a large value of RL, becomes

(13.53)

or

That is, (13.54)
RF

RL
=

C2

C1

AR1

RL
=

RFR1

R1RL
=

C2

C1

gmR1 =

C2

C1

gmR1 L

C2

C1
+

C1

C2
 
R1

RL
+

L

C2R2
L

+

L

C1R1RL

L(C1R1 + C2RL) cC1 + C2

C1C2L
+

1

C1C2R1RL
d = R1 + RL + gmR1RL

v2L(C1R1 + C2RL) = R1 + RL + gmR1RL

- v2L(C1R1 + C2RL) + (R1 + RL + gmR1RL) = 0

vo = cC1 + C2

C1C2L
d1>2

vo = cC1 + C2

C1C2L
+

1

C1C2R1RL
d1>2

- jv3(C1C2LR1RL) + jv(C1R1RL + C2R1RL + L) = 0

asC2 +

1

RL
+

1

sL
b asC1 +

1

sL
+

1

R1
b + agm -

1

sL
b 1

sL
= 0
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which is independent of R1 and gives the relationship among RL, RF, C1, and C2. Equation (13.53)

gives the minimum value of gm (or RF ⁄R1RL) required to sustain the oscillation with a constant ampli-

tude. If gm is smaller than this value, the oscillation will die exponentially to zero. On the other hand,

if gm is larger than this value, the amplitude will grow exponentially until the nonlinearity of the 

op-amp limits the amplitude. Therefore, to ensure oscillation, the value of gm must exceed the mini-

mum value.

In the above analysis, we used a simple op-amp model and neglected the loss in the resistance of

the inductor. As a result, we obtained relatively simple expressions for the frequency and the condi-

tion to sustain oscillation. If a complex op-amp model including the inductor loss were used, the oscil-

lation frequency would depend (generally only slightly) on other circuit parameters. Usually, the

inductor or one of the capacitors is made adjustable so that the frequency can be initially tuned to the

desired value.

Oscillators 883

Designing a Colpitts oscillator Design the Colpitts oscillator of Fig. 13.19(a) so that the oscillating frequency

is fo � 150 kHz.

SOLUTION

Step 1. Choose suitable values of C1 and C2: Let C1 � 0.01 �F and C2 � 0.1 �F; that is, C2 ⁄C1 � 0.1 ⁄0.01 � 10.

Step 2. Calculate the value of L from Eq. (13.52):

Step 3. Choose the values of RF and RL from Eq. (13.54):

Let RL � 100 k�. Therefore, RF � 10RL � 1 M�.

Step 4. Choose a value of A: Let A � 10 � RF ⁄R1. Then

Step 5. Check the values of gm and fo:

Equation (13.51) gives �o � 941.86 krad/s, and fo � �o ⁄ 2� � 149.9 kHz.

gm =

A

R1
=

10

100 kÆ

= 0.1 mA>V

R1 =

RF

A
=

1 MÆ

10
= 100 kÆ

RF

RL
=

C2

C1
=

0.1

0.01
= 10

L =

C1 + C2

4p2C1C2 f
2
o

=

0.01 �F + 0.1 �F

4p2
* 0.01 �F * 0.1 �F * (150 kHz)2

= 124 �H

EXAMPLE 13.6

D
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Finding the oscillation frequency of a Colpitts BJT-tuned oscillator A Colpitts BJT oscillator is

shown in Fig. 13.20. The circuit parameters are r� � 1.1 k�, hfe � 100, L � 1.5 mH, C1 � 1 nF, C2 � 99 nF,

and RL � 10 k�. R2, R3, and RE set the DC-biasing circuit. L, C1, and C2 form a parallel resonant circuit. The

RF choke offers very high impedance at the frequency of oscillation and acts as a constant-current source feed-

ing the LC resonant circuit.

(a) Calculate the frequency of oscillation fo.

(b) Check to make sure the condition for oscillation is satisfied.

(c) Calculate the value of R2.

SOLUTION

Since the RF choke offers a very high impedance, it can be considered as a short circuit for small-signal analysis.

Thus, the AC equivalent circuit is as shown in Fig. 13.21(a). Replacing the transistor by its transconductance model

(voltage-controlled current source) gives the small-signal AC equivalent circuit shown in Fig. 13.21(b), which is

similar to the circuit shown in Fig. 13.21(c). Thus, the analysis of the Colpitts op-amp oscillator in Sec. 13.4.1 is

applicable in this case: 

(a) From Eq. (13.52), the frequency of oscillation is

(b) For R2 

 r�, R1 � r� � R2 � r� � hfe ⁄gm. Therefore, Eq. (13.53) becomes

 gmR1 L gmr� =

gmhfe

gm
=

C2

C1

fo =

1

2p
 cC1 + C2

C1C2L
d1>2 =

1

2p
 c 1 nF + 99 nF

1 nF * 99 nF * 1.5 mH
d1>2 = 130.6 kHz

gm =

hfe

r�
=

100

1.1 kÆ

= 90.91 mA>V

EXAMPLE 13.7

C1

C2
CB

CE

+VCC

∞

L

RF choke

Q1

R3

RL

R2 RE

C

E

B

∞

FIGURE 13.20 Colpitts BJT oscillator
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which gives

(13.55)

This value is approximately equal to the value of transistor hfe � 100. Thus, the condition for oscillation is satisfied.

(c) From Eq. (13.53),

Since R1 � r� � R2 � 1089 �,

which gives R2 � 108.9 k�.

r� R2

r� + R2
= 1089

R1 =

C2

C1gm
=

99
gm

=

99r�

hfe
= 99 *

1.1 kÆ

100
= 1089 Æ

 =

99

1
= 99

hfe =

C2

C1

vo

C1

C2

L

Q2

R2

(b)  Small-signal AC equivalent circuit(a)  AC equivalent circuit

RL

L

vovf
gmvfR2 RLC1 C2

B

E

C

rπ

C

E

B
+

+

− −

+

−

FIGURE 13.21 Equivalent circuits for Example 13.7

Finding the oscillation frequency of a Colpitts BJT oscillator A Colpitts BJT oscillator is shown in

Fig. 13.22. The circuit parameters are r� � 2.7 k�, hie � 150, L � 10 �H, C1 � 1 nF, C2 � 100 nF, and RL �
10 k�. The BJT acts like a normal amplifier, and the LC resonant signal is fed back to the input base in order

to sustain the oscillation. Therefore, the configuration is different from the oscillator circuit in Fig. 13.20.

(a) Find the approximate value of the frequency of oscillation fo.

(b) Use PSpice/SPICE to plot the transient response of the output voltage vo(t) from 20 ms to 2 ms.

SOLUTION

(a) From Eq. (13.52), the frequency of oscillation is

fo =

1

2p
cC1 + C2

C1C2L
d1>2 =

1

2p
c 1 nF + 100 nF

1 nF * 100 nF * 10 �H
d1>2 = 1.6 MHz

EXAMPLE 13.8
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Microelectronic Circuits: Analysis and Design886

(b) The PSpice plot of the output voltage vo � V(RL�2) is shown in Fig. 13.23, which gives fo � 1 ⁄(49.149 �s �
48.505 �s) � 1.5 MHz (expected value is 1.6 MHz).

NOTE: An initial voltage of 1 V has been assigned to the capacitor C2 in order to start the oscillator,

and the UIC (use initial condition) is used in transient analysis.

R1
21 kΩ

R2
6.8 kΩ

RL
10 kΩ

Q1
Q2N2222 L

10 μH

RC
5 kΩ

RE
1 kΩ

VCC
15 V

C3
0.1 μF

CE
0.1 μF

C2
100 nF

C1
1 V
1 nF

0

0

0

D

S

G

+ −

FIGURE 13.22 BJT Colpitts oscillator for PSpice simulation

FIGURE 13.23 PSpice plot of

output voltage for Example 13.8

Finding the oscillation frequency of an LC-tuned MOSFET oscillator An LC-tuned MOSFET 

oscillator is shown in Fig. 13.24. Find the values of L, C, and n for an oscillation frequency of fo � 150 kHz.

The parameters of the MOSFET are gm � 5 mA/V, rd � 25 k�, and RG � 10 k�.

EXAMPLE 13.9

vf RG

CL

+VDD
20 V

+

−
Cs

n:1

Rsr

M1

S

D

G

∞

FIGURE 13.24 Colpitts MOSFET oscillator
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SOLUTION

This oscillator uses the transformer to feed back the oscillating signal to the gate input, to sustain the oscilla-

tion. The small-signal AC equivalent circuit is shown in Fig. 13.25(a). Replacing the MOSFET by its transcon-

ductance model gives the small-signal equivalent circuit shown in Fig. 13.25(b), which can be simplified to

Fig. 13.25(c). The transfer characteristic of vo versus vf in Laplace’s domain can be written as

which gives the voltage gain A as

(13.56)

where (13.57)

Substituting s � j� into Eq. (13.56), we get

(13.58)

For oscillation, A � ⏐A( j�)⏐ � 1 �0°. Therefore, the imaginary part of the denominator must equal zero;

that is,

j avC -

1

vL
b = 0

A( jv) =

gm

(1>R1) + j(vC - 1>vL)

R1 = rd 7  RG

n2

A(s) =

Vo(s)

Vf(s)
=

gm

(1>R1) + sC + (1>sL)

Vo(s)

gmVf(s)
= Z(s) =

1

1>R1 + sC + 1>sL

Vf
RG

C

M1

RG

n2

R1 = rd

(a)  AC equivalent circuit

(b)  Small-signal AC equivalent circuit (c)  Simplified equivalent circuit

Vf

Vo

VoVo rd RGLC C

D

S

G

gmVf gmVf

1:n

n:1

L rd

RG

n2

+

−

+

−

+

−

+

−

+

−

FIGURE 13.25 Equivalent circuits for Example 13.9
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13.4.2 Hartley Oscillators

If the inductor and the capacitors of a Colpitts op-amp oscillator are interchanged, it becomes a Hartley

op-amp oscillator, as shown in Fig. 13.26(a). Since inductors are more expensive than capacitors, this

oscillator is less desirable than a Colpitts oscillator. Replacing the amplifier with its equivalent current

source gmVf reduces Fig. 13.26(a) to Fig. 13.26(b).

Microelectronic Circuits: Analysis and Design888

which gives the oscillation frequency fo as

(13.59)

At this frequency, the gain must be unity; that is,

(13.60)

Step 1. Choose a suitable value of C: Let C � 0.01 �F.

Step 2. Calculate the value of L from Eq. (13.59):

Step 3. Find the value of R1. From Eq. (13.60),

Step 4. Using Eq. (13.57), calculate the value of the turns ratio n: Since

n2 � 49.6 and n � 7.04. Thus, n � 7.

200 = 25 kÆ 7 a10 kÆ

n2
b

R1 =

1
gm

=

1

5 mA>V  =

1000

5 A>V = 200 Æ

L =

1

4p2Cf 2
o

=

1

4p2
* 0.01 �F * (150 kHz)2

= 112.6 �H

ƒ  A( jv) ƒ = gmR1 = 1

fo =

vo

2p
=

1

2p2LC

L1 L2

C

Node
B

Node
A

R
L2L1

(b)  Equivalent circuit(a)  Oscillator

A

R1 RF

C

VoVf

Vd

VoVf Vf

gmVf

R1 RL

A B

Vx

+ +

+
+

− −
−

−

+

−

+

−

+

−

FIGURE 13.26 Hartley oscillator
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Using nodal analysis in Fig. 13.26(b), we can write

(13.61)

(13.62)

To find the condition for oscillation, we set the determinant to zero; that is,

which, after simplification, yields

s3CL1L2(R1 � RL � gmR1RL) � s2[CR1RL(L1 � L2) � L1L2]

� s(L1RL � L2R1) � R1RL � 0 (13.63)

where gm � A ⁄ RL � RF ⁄ (R1RL). Substituting s � j� and equating the real parts of Eq. (13.63) to zero,

we get

which gives the frequency of oscillation �o as

(in rad/s) (13.64)

For C(L1 � L2) 

 L1L2 ⁄ R1RL, Eq. (13.64) can be approximated by

(13.65)

Equating the imaginary parts of Eq. (13.63) to zero, we get

Substituting � � 2�fo into Eq. (13.65), we get

which, solved for gmR1, gives

(13.66)

For a large value of RL, Eq. (13.66) gives the approximate value of gm:

(13.67)gm L

L2

R1L1

gmR1 =

L1

L2
+

R1L2

RLL1

1

C(L1 + L2)
* CL1L2(R1 + RL + gmR1RL) = L1RL + L2R1

- jv3CL1L2(R1 + RL + gmR1RL) + jv(L1RL + L2R1) = 0

fo =

1

2p
 c 1

C(L1 + L2)
d1>2  

(in Hz)

vo =

1

[C(L1 + L2) + L1L2>R1RL]1>2

-v2[CR1RL(L1 + L2) + L1L2] + R1RL = 0

asC +

1

RL
+

1

sL2
b asC +

1

sL1
+

1

R1
b + (gm - sC)sC = 0

 - sCVo(s) + csC +

1

sL1
+

1

R1
dVf(s) = 0  (at node A)

csC +

1

RL
+

1

sL2
dVo(s) + (gm - sC )Vf(s) = 0  (at node B)

Oscillators 889
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Equation (13.67) gives the minimum value of gm required to sustain the oscillation with a constant ampli-

tude. To ensure oscillation, the value of gm must exceed the minimum value. The capacitor or one of the

inductors is usually made adjustable so that the frequency can be initially trimmed to the desired value.

Microelectronic Circuits: Analysis and Design890

Designing a Hartley oscillator
(a) Design the Hartley oscillator shown in Fig. 13.27 so that fo � 5 MHz. Use a depletion NMOS whose para-

meters are and Vp � �2.83 V. The load resistance is R � 150 �, and the power supply

voltage is This oscillator uses the capacitor C to feed back the oscillating signal to the gate

input, to sustain the oscillation.

(b) Use PSpice to plot the transient response of the output voltage vo(t) in part (a) from 10 �s to 10.5 �s. 

Assume VDD � 15 V.

SOLUTION

The small-signal AC equivalent circuit is shown in Fig. 13.28, which is similar to Fig. 13.26(b):

Step 1. Choose suitable values of L1 and L2: Let L1 � L2 � 10 �H.

Step 2. Calculate the value of C from Eq. (13.65):

Step 3. Find the value of effective load resistance RL. The Q-point of the circuit is VDSQ � VDD � 15 V, and

VGSQ � 0. The value of gm varies from 3 mA ⁄ V to 6.5 mA ⁄ V. To ensure oscillation, we choose gm � 3 mA ⁄ V.

Since R1 is infinity in Fig. 13.28, Eq. (13.66) can be reduced to

gm =

L1

R1L2
+

L2

RLL1
=

L2

RLL1

C =

1

4p2f 2
o(L1 + L2)

=

1

4p2
* (5 MHz)2(10 �H + 10 �H)

= 50.66 pF

gm = 2Kp ƒ Vp ƒ = 2 * 250 �A>V2
* ƒ -2.83 ƒ = 1.415 mA>V

VDD = 15 V.
Kp = 250 �A>V2

EXAMPLE 13.10

D

TX1

M1

+VDD

C
50.66 μF

L2

10 μH

L1

10 μH

L3

1 μH
R

150 Ω

S

0

0

D

G

FIGURE 13.27 Hartley JFET oscillator

+

−

+

−

L1 L2

C

vovgs gmvgs RL

G D

S
0

FIGURE 13.28 Simplified equivalent

oscillator for Example 13.10
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13.4.3 Two-Stage MOS Oscillators

In the analyses of the Colpitts and Hartley oscillators, we assumed that inductors are lossless, with no re-

sistances. In practice, inductors suffer from a resistive component that can be modeled as a parallel resis-

tance with an ideal inductor. The parallel equivalent makes the analysis simpler. The series impedance can

Oscillators 891

which gives the value of effective load resistance RL as

This is the lowest value of RL at which sustained oscillation can occur for gm � 1.415 mA ⁄ V. Therefore, we

select a higher value—say, RL � 1.5 k�.

Step 4. Calculate the value of turns ratio n, which is related to the load resistance R and the effective load

resistance RL, by

Step 5. Calculate the inductance of the transformer secondary L3, which is related to L2, by

(b) The PSpice schematic with the desired values is shown in Fig. 13.29. The PSpice plot of the output voltage

vo � V(R:2) is shown in Fig. 13.30, which gives the peak-to-peak voltage of Vpp � �3.75 V to � 4.0 V at

fo � 1 ⁄(10.326 �s � 10.124 �s) � 4.95 MHz (expected 5 MHz). Note that an initial voltage of 2 V has

been assigned to the capacitor C in order to start the oscillator, and UIC (use initial condition) is used in

transient analysis. In practice, random noise or transients can cause the oscillations to begin, and they are

sustained by the feedback of the appropriate signal.

NOTE: Increasing the value of R will increase the output voltage and the readers are encouraged to

simulate the circuit with different values of R. * symbols in Figs. 13.27 and 13.29 are the dot symbols

of the transformer and refer to the direction of the positive induced voltages in the windings.

L3 = n2L2 = 0.3162
* 10  �H = 1 �H

n =

A

R

RL
=

A

100 Æ

1.5 kÆ

= 0.316

RL =

L2

gmL1
=

10 �H

1.415 mA>V * 10 �H
= 707 Æ

+

−

VDD

15 V

2 V

50.66 pF

C

10 µH

L2

TX1

1 µH

L3
150

R

10 µH

L1
MoscND1

M1

*

*

FIGURE 13.29 PSpice schematic for

Example 13.10 FIGURE 13.30 Output voltage waveform for Example 13.10
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be transformed to an equivalent parallel topology as shown in Fig. 13.31(a). A two-stage MOS oscilla-

tor [3] is shown in Fig. 13.31(b). The drain of one transistor is connected to the gate of the other tran-

sistor, and it is also called the cross-coupled oscillator. The frequency-dependent phase around the loop

is zero (0°) because each stage contributes to a zero frequency-dependent phase shift at resonance. The

equivalent Rp and Lp can be determined by equating their impedances.

(13.68)

or (13.69)

Equating the real and imaginary parts on both sides, we get

and (13.70)

Solving for Rp and Lp, we get 

(13.71)

(13.72)

where is the quality factor of an inductor. For and . Assuming

identical transistors, their transconductances and the output resistances will be equal, and

The open-loop voltage gain is 

(13.73)

To satisfy the oscillation condition, it requires a gain of 1 only—that is, —which is an advantage

of this oscillator. The oscillation frequency fo is given by 

(13.74)

The MOS oscillator in Fig. 13.31(b) can be made to operate as a Colpitts oscillator by applying a voltage

feedback from the drain to the source terminal of the MOSFET, as shown in Fig.13.32(a). Capacitors C1

fo =

1

2p2CpLp

Ao Ú 1

Ao = -gm1(Rp 7  ro1) * -gm1(Rp 7  ro1) = g2
m(Rp 7  ro)2

ro = ro1 = ro2.
gm = gm1 = gm2

Rp M  v2L2
s>RsLp M  LsQ 7 3,Q = vLs>Rs

 Rp =

v2LsLp

Rs

Lp = Lsa1 +

R2
s

L2
sv

2 b = Lsa1 +

1

Q2b

LsRp + LpRs = LsRpRsRp - v2LsLp = 0

(LsRp + LpRs)jvLs + RsRp - v2LsLp = jvLsRp

jvLs + Rs =

Rp( jvLp)

Rp + jvLp

Microelectronic Circuits: Analysis and Design892

Ls

Rs

CpCp Lp Rp

VDD

Cp

Vo

RpCp LpP

YX

Rp

M1 M2

(a)  Series-parallel equivalent (b)  MOS oscillator

FIGURE 13.31 Two-stage MOS oscillator
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and C2 form a potential divide. The equivalent capacitance CF offered by C1 and C2 is in parallel with Cp.

To simplify the analysis, we will omit Cp to derive the oscillation conditions, and the small-signal AC

equivalent circuit is shown in Fig. 13.32(b). Using the equivalent circuit in Fig. 13.19(c), we can express

the equivalent impedance of M1, C1, and C2 as 

(13.75)

Therefore, the equivalent impedance of ZM, Lp, and Rp is given by 

(13.76)

For resonant oscillation, which gives the following expression:

Equating the imaginary part gives the resonant frequency as 

Equating the real part gives the gain as 

which, for becomes 

(13.77)gmRp =

(C1 + C2)2

C1C2

v2
= C1 + C2>C1C2Lp,

gmRp = v2(C1 + C2)Lp

v =

A

gmLp + (C1 + C2)Rp

C1C2LpRp
 M  

A

(C1 + C2)

C1C2Lp

( jv)3C1C2LpRp + ( jv)2(C1 + C2)Lp + jv(C1 + C2)Rp + jv gmLp + gmRp = 0

ZT ( jv) = 0,

 =

s3C1C2LpRp + s2(C1 + C2)Lp + s(C1 + C2)Rp + sgmLp + gmRp

[s(C1 + C2) + gm]sLpRp

1

ZT
=

1

ZM
+

1

sLp
+

1

Rp
=

s2C1C2

s(C1 + C2) + gm
+

1

sLp
+

1

Rp

ZM =

1

sC1
+

1

sC2
+

1

sC1
 

1

sC2
 gm =

s(C1 + C2) + gm

s2C1C2

Oscillators 893

C2VG

Cp

VDD

C1

V1

vo

LP RP

M1
VGS gmVGS RP

Vo

LPC2

C1

+

−

(a)  MOS circuit (b)  Small-signal AC equivalent

FIGURE 13.32 MOS Colpitts oscillator 
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Designing a MOS ring oscillator 
(a) Design the MOS oscillator shown in Fig. 13.31(b) so that fo � 250 kHz. The MOS parameters are MOS

constant threshold voltage length width and mod-

ulation � .

(b) Use PSpice to plot the transient response of the output voltage vo(t) in part (a) from 4000 �s to 4020 �s.

Assume VCC � 12 V.

SOLUTION

(a) The DC-biasing analysis is similar to the MOS ring oscillator in Fig. 13.16. Choosing a voltage gain of

Eq. (13.47) gives the DC biasing gate–source voltage 

Let For Eq. (13.74) gives 

(b) The PSpice schematic with the desired values is shown in Fig. 13.33. The PSpice plot of the output volt-

age vo � V(M2:d) is shown in Fig. 13.34, which gives the peak-to-peak voltage of Vpp � 23,635 V at 

fo � 1⁄ (4.0049 ms � 4.0009 ms) � 250 kHz (expected 250 kHz). Note that an initial voltage of 1.5 V has

been assigned to the capacitor Cp1 in order to start the oscillator, and UIC (use initial condition) is used in

transient analysis. In practice, random noise or transients can cause the oscillations to begin, and they are

sustained by the feedback of the appropriate signal.

Lp =

1

(2pfo)2Cp

=

1

(2p * 250 kHz)2
* 0.01 �F

= 40 �H

fo = 250 kHz,Cp = 0.01 �F.

 Rp =

2Ao

gm
=

22

275 �A>V = 5.1 kÆ

 gm = 2Kp(vGS - Vt) = 2 * 25 �A>V2
* (6.5 - 1) = 275 �A>V

 iD = Kp(vGS1 - Vt)
2

= 25 �A>V2
* (6.5 - 1)2

= 765.2 �A

vGS =

5 + (2>2) * 1

1 + (2>2)
= 6.5 V

Ao = 2,

= 0.01
W = 10 �m,L = 10 �m,Vt = 1 V,Kp = 25 �A>V2,

EXAMPLE 13.11

+

−

VCC

12 V

1.5 V

40 µH 0.01 µF 0.01 µF

Lp1

40 µH

Lp227 k
Rp1 27 k

Rp2
Cp1 Cp2

M1

MoscN1

MoscN1

M2

FIGURE 13.33 PSpice schematic for

Example 13.11

FIGURE 13.34 Output voltage waveform for

Example 13.11

D
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13.5 Crystal Oscillators

Because of their excellent frequency stability, quartz crystals are commonly used to control the frequency

of oscillation. If the inductor L of the Colpitts oscillator in Fig. 13.19(a) is changed to a crystal, the oscil-

lator is called a crystal oscillator. Crystal oscillators are commonly used in digital signal processing.

The symbol for a vibrating piezoelectric crystal is shown in Fig. 13.35(a); its circuit model is shown in

Fig. 13.35(b), which can be simplified to Fig. 13.35(c). The quality factor Q of a crystal can be as high as

several hundred thousands. Cp represents the electrostatic capacitance between the two parallel plates of

the crystal. L has a large value (as high as hundreds of henries) and is determined from L � 1 ⁄Cs�
2
o, where

�o is the resonant frequency of the crystal. Rs can be as high as a few hundred thousand ohms and is

determined from Rs � �oL ⁄Q, where the quality factor Q is in the range of 104 to 106. Typical values for

a 2-MHz quartz crystal are Q � 80 � 103, Cp ⁄Cs � 350, L � 520 mH, Cs � 0.0122 pF, and Rs � 82 �.

Table 13.1 shows typical component values for common cuts of quartz oscillator crystals.

Since Q is very high in the typical quartz crystal, we may neglect Rs. The crystal impedance is given by

(13.78) =

1

sCp
 c s2

+ v2
s

s2
+ v2

p
d

Z(s) =

1

sCp + sL + 1>sCs
=

1

sCp
 c s2

+ 1>LCs

s2
+ (Cp + Cs)>(LCsCp)

d

Oscillators 895

KEY POINTS OF SECTION 13.4

■ A Colpitts oscillator uses an inverting amplifier and a phase-shifting network consisting of two capac-

itors and one inductor. The oscillation frequency �o is inversely proportional to the LC product.

■ A Hartley oscillator is a derivation of a Colpitts oscillator. The phase-shifting network consists of two

inductors and a capacitor. The oscillation frequency �o is inversely proportional to the LC product.

■ In a cross-coupled oscillator, the drain of a MOS transistor is connected to the gate of another tran-

sistor. The frequency-dependent phase around the loop is zero (0°) because each stage contributes to

zero frequency-dependent phase shift at resonance. A MOS oscillator can be operated as a Colpitts

oscillator by applying a voltage feedback from the drain to the source terminal.

TABLE 13.1 Common cuts of quartz oscillator crystals (RCA Corp.)

Frequency 32 kHz 280 kHz 525 kHz 2 MHz 10 MHz

Cut XY bar DT DT AT AT

Rs 40 k� 1820 � 1400 � 82 � 5 �
L 4800 H 25.9 H 12.7 H 0.52 H 12 mH

Cs, in pF 0.00491 0.0126 0.00724 0.0122 0.0145

Cp, in pF 2.85 5.62 3.44 4.27 4.35

Cp ⁄ Cs 580 450 475 350 300

Q 25,000 25,000 30,000 80,000 150,000
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If we substitute s � j�, the impedance in Eq. (13.78) becomes

(13.79)

Therefore, the crystal exhibits two resonant frequencies: series resonance at

(13.80)

and parallel resonance at

(13.81)

Note that �p 
 �s. However, since Cp 

 Cs, the two resonance frequencies are very close. The plot of

crystal reactance against frequency in Fig. 13.35(d) illustrates that the crystal exhibits the characteristic of

an inductor over the narrow frequency range between �s and �p.

It is possible to have a variety of crystal oscillators. A Colpitts-derived op-amp crystal oscillator is

shown in Fig. 13.36(a); its equivalent circuit is shown in Fig. 13.36(b). This circuit should oscillate at the

resonance frequency of the crystal inductance L with the series equivalent of Cs and Cp � C1C2 ⁄ (C1 � C2).

Since Cs is much smaller than Cp, C1, or C2, it will be dominant and the oscillating frequency can be

approximately found from

(13.82)

Using nodal analysis in Fig. 13.36(b), we can write

(13.83)

(13.84)-

1

Re + sL e
Vo(s) + csC1 +

1

Re + sL e
+

1

R1
dVf (s) = 0

csC2 +

1

Re + sLe
+

1

RL
dVo(s) + cgm -

1

Re + sLe
dVf (s) = 0

vo L

1

2LCs

vp = cCs + Cp

CsCpL
d1>2

vs =

1

2LCs

Z( jv) = - a j

vCp
b av2

- v2
s

v2
- v2

p
b
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L

Rs

Cs

Cp

Re

Le

(a)  Symbol of
       piezoelectric
       crystal

(b)  Equivalent
       circuit

(c)  Simplified
      equivalent
      circuit

Crystal
reactance

Inductive

Capacitive

0 ws wp w
(in rad/s)

(d)  Crystal reactance versus frequency

≈≈

FIGURE 13.35 Symbol and circuit model of piezoelectric crystal
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Assuming RL is large, tending to infinity, we set the determinant to zero to find the condition for oscilla-

tion; that is,

which, after simplification, yields

s3C1C2LeR1 � s2(C1C2ReR1 � C2Le) � s(C1R1 � C2R1 � C2Re) � 1 � gmR1 � 0 (13.85)

where gm � A ⁄RL � RF ⁄ (R1RL). Substituting s � j� and equating the imaginary parts of Eq. (13.85) to

zero, we get

which gives the frequency of oscillation fo as

(13.86)

Similarly, equating the real parts of Eq. (13.85) to zero, we get

��2(C1C2ReR1 � C2Le) � 1 � gmR1 � 0

which gives

After substitution of the value of � � �o � 2�fo from Eq. (13.86), the above equation becomes

(13.87)1 + gmR1 =

(C1R1 + C2R1 + C2Re)(C1C2ReR1 + C2Le)

C1C2LeR1

1 + gmR1 = v2(C1C2ReR1 + C2L e)

fo =

1

2p
 cC1R1 + C2R1 + C2Re

C1C2LeR1
d1>2  

(in Hz)

- jv3(C1C2LeR1) + jv(C1R1 + C2R1 + C2Re) = 0

asC2 +

1

Re + sLe
b asC1 +

1

Re + sL e
+

1

R1
b + agm -

1

Re + sL e
b 1

Re + sL e
= 0
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LeReRL

(a)  Oscillator
(b)  Equivalent circuit

A

R1 RF
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VoVf

C1

VoVf

gmVf

R1 RLC1 C2

Node
A

Node
B

A B

+ +

+

+

− −
−

+

−

−

FIGURE 13.36 Crystal oscillator
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Since Q is very high, Re � 0, and Eqs. (13.86) and (13.87) can be reduced to

(13.88)

and

or (13.89)

which is the same condition as expressed in Eq. (13.53) for the Colpitts oscillator in Fig. 13.19(a).

gmR1 =

C2

C1

1 + gmR1 =

C1 + C2

C1
= 1 +

C2

C1

fo =

1

2p
 cC1 + C2

C1C2L e
d1>2  

(in Hz)
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Finding the oscillation frequency of a crystal oscillator The op-amp oscillator in Fig. 13.36(a) uses

a 2-MHz crystal and has C1 � 0.01 �F, C2 � 0.1 �F, RL � 100 k�, R1 � 100 k�, and RF � 1 M�.

(a) Find the frequency of oscillation fo.

(b) Use PSpice/SPICE to verify the frequency in part (a). Assume VCC � VEE � 15 V.

SOLUTION

(a) For a 2-MHz crystal, Cs � 0.0122 pF, Cp � 4.27 pF, Rs � 82 �, and L � 0.52 H. Let

The effective capacitance Ceq is given by Cs in series with Ceqp � Cp � C1C2 ⁄ (C1 � C2):

Thus, the frequency of oscillation fo becomes

(b) The circuit for PSpice simulation is shown in Fig. 13.37. The PSpice plot of the output voltage across Cs

[i.e., vo � V(Cs�2)] is shown in Fig. 13.38, which gives fo � 1 ⁄ (763.146 n � 243.137 n) � 1.923 MHz,

close to the calculated frequency of 1.998 MHz. The amplitude of the output voltage is stable, not falling.

fo =

1

2p
 c 1

CeqL
d1>2 =

106

2p20.0122 * 0.52
= 1.998 MHz

 =

0.0122 pF * 9095 pF

0.0122 pF + 9095 pF
L 0.0122 pF

Ceq =

Cs * Ceqp

Cs + Ceqp

 =

4.27 pF + 0.01 �F * 0.1 �F

0.01 �F + 0.1 �F
= 9095 pF

Ceqp =

Cp + C1C2

C1 + C2

EXAMPLE 13.12
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NOTE: An initial voltage of 5 V has been assigned to the capacitor C2 in order to start the oscillator,

and the UIC (use initial condition) is used in transient analysis. In practice, random noise or transients can

cause the oscillations to begin, and they are sustained by the feedback.
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RL
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FIGURE 13.37 Crystal oscillator for PSpice simulation

FIGURE 13.38 PSpice plot of output

voltage for Example 13.12

KEY POINT OF SECTION 13.5

■ A crystal oscillator has the same circuit topology as a Colpitts oscillator except that it uses a crystal

instead of an inductor. A crystal has strong frequency stability.

13.6 Active-Filter Tuned Oscillators

An active band-pass filter with a high Q-value can be operated as an oscillator provided that a positive feed-

back is applied. This type of oscillator, which consists of a narrow-band filter and a limiter, is illustrated in

Fig. 13.39(a). To understand the operation of the circuit, let us assume that the oscillation has already started.

The output of the filter vo is a sine wave whose frequency is the center frequency of the filter fo. This sine

wave is fed to a limiter, which produces a square-wave output vf of frequency fo. The peak amplitude of the

square wave is determined by the type of limiting devices. The square wave is in turn fed back to the band-

pass filter, which filters the harmonics and produces a sinusoidal output vo at the fundamental frequency

fo. The quality of the sine wave is a direct function of the selectivity (Q-factor) of the band-pass filter. The

design of this type of oscillator is very simple, and the oscillator has independent frequency control.
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A typical practical implementation of an active-filter tuned oscillator using a narrow-band filter is

shown in Fig. 13.39(b). An inverter is added to the output of the filter in order to provide positive feed-

back. A simple diode limiter along with resistance RL is used to generate a square wave, which is fed

back to the input of the filter.
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vf

vo

−vo

vo

vf

tt

vf vf

−Vf

−

−

−Vf

+Vf

+

+

+

+Vf

0
0

RB

C2

C1

fo

Active filter

Limiter

(a)  Active filter with limiter

Filter

Inverter

Limiter

(b)  Typical implementation

vovf

R1

RL

R3

R2
R4 = R3

D1 D2

−

+

−

−

+

FIGURE 13.39 Active-filter tuned oscillator

PSpice simulation of an active-filter tuned oscillator Modify the narrow-band filter that was designed

in Example 12.10 so that it operates as an oscillator, and use PSpice/SPICE to plot the output voltage.

SOLUTION

The circuit for PSpice simulation is shown in Fig. 13.40. Instead of an inverter, a voltage-controlled voltage

source with �1 gain is used to provide the positive feedback required for oscillation.

EXAMPLE 13.13
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The PSpice plots of the output voltage vo � V(E1�3) at the output of the op-amp and the voltage across

the diodes vD1 � V(RL�1) are shown in Fig. 13.41. We get the oscillation frequency fo � 1 ⁄ (5.913 m �
4.8548 m) � 962 Hz (expected value is 1 kHz), the peak amplitude of the output voltage is �5.17 V, and the

peak amplitude of the diode limiter is �557 mV.

E1

EPOLY

R1
16.93 kΩ

+

+

−

−

+

+

−

−

−

−

R2
270.89 kΩ

RB
5.64 kΩ

RL
10 kΩ

D1
D1N4148

D2
D1N4148

VEE
15 V

VCC
15 V

C1
0.0047 μF

C2
0.0047 μF

μA741

14

4

9

3

17
8

2

2

3

0

05

6

7

U1

V+

V−

0

FIGURE 13.40 Active-filter tuned oscillator for PSpice simulation

FIGURE 13.41 PSpice plot of output voltage for Example 13.13

KEY POINT OF SECTION 13.6

■ An active-filter tuned oscillator uses a narrow-band filter with positive feedback. A limiter is used in

the feedback path to provide square-wave input signals to the filter. This type of oscillator has the

advantages of independent frequency and amplitude control.
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13.7 Design of Oscillators

The design of a sinusoidal oscillator involves the following steps:

Step 1. Identify the specifications of the output stage—for example, oscillation frequency fo, load

resistance RL, and the DC supply voltages VCC and VEE (or VDD and VSS).

Step 2. Select the type of oscillator and the circuit topology, depending on the oscillation frequency

and the types of devices available, such as BJTs, MOSFETs, or op-amps.

Step 3. Analyze the circuit, and find the component values such that the condition A� � 1 �0° or

�360° is satisfied.

Step 4. Limit the output voltage by introducing nonlinearity to stabilize the oscillator, if necessary.

Step 5. Use PSpice/SPICE to simulate and verify your design. Use the standard values of compo-

nents with their tolerances.

Microelectronic Circuits: Analysis and Design902

Worst-case analysis of the phase-shift oscillator in Example 13.3 Use PSpice/SPICE to find worst-

case output voltage and frequency ranges of the phase-shift oscillator in Example 13.3. Use standard component

values: C � 0.1 �F � 10%, R � 1.6 k� � 5%, R1 � 17 k� � 5%, and RF � 490 k� � 5%.

SOLUTION

To assign tolerances to resistors and capacitors, we will use model RMOD for resistors and CMOD for capacitors.

Also, we will add a statement for the worst-case analysis (.WCASE) [2].

The PSpice plots of the worst-case maximum and nominal output voltages vo � V(3) are shown in Fig. 13.42(a),

which give the worst-case peak values of 8.7 V and �9.1 V and an oscillation frequency of 1⁄2.322 ms � 430 Hz

(nominal value is 422 Hz). The plots of the worst-case minimum and nominal output voltages vo � V(3) are shown

in Fig. 13.42(b), which give the worst-case peak values of 8.05 V and �9.45 V and an oscillation frequency of

1⁄2.246 ms � 445 Hz (nominal value is 422 Hz). Thus, the output frequency can vary from 430 Hz to 445 Hz

based on component tolerances.

EXAMPLE 13.14

(a)  Maximum and nominal values (b)  Minimum and nominal values

FIGURE 13.42 Worst-case output of the phase-shift oscillator for Example 13.14
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Summary

Oscillators use positive feedback and are commonly employed in electronics circuits. There are many

types of oscillators. However, RC, LC, and crystal oscillators are the most commonly used. For a feed-

back circuit to operate as an oscillator, the magnitude and the phase shift of the loop gain must be

unity and 0° (or 360°), respectively. Frequency stability is an important criterion in defining the qual-

ity of an oscillator. Crystal oscillators have the highest frequency stability. The frequency of oscilla-

tion and the conditions for oscillation can be determined from the transfer function or the determinant

of a circuit.
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Review Questions

1. What is an oscillator?

2. What are the two conditions for oscillation?

3. What are the major types of oscillators?

4. What is an RC oscillator?

5. What is an LC oscillator?

6. What is a crystal oscillator?

7. What is the frequency stability of oscillators?

8. What is the figure of merit of an oscillator?

9. What is a phase-shift oscillator?

10. What is a Wien-bridge oscillator?

11. What is a quadrature oscillator?

12. What is a Colpitts oscillator?

13. What is a Hartley oscillator?

14. What is a crystal oscillator?

15. What is an active-filter tuned oscillator?

Problems

The symbol indicates that a problem is a design problem. The symbol indicates that you can check the solu-

tion to a problem using PSpice/SPICE or Electronics Workbench.

13.2 Principles of Oscillators

13.1 For the circuit in Fig. P13.1, determine the values of A and � that will produce a steady-state sinusoidal 

oscillation.

PD

Oscillators 903
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13.2 The amplifier in Fig. 13.3 has a voltage gain of A � 200, input resistance Ri � 50 k�, and output resistance

Ro � 500 �. Find the values of R, R3, C, and L so that the oscillation frequency is fo � 5 kHz.

13.3 Audio-Frequency Oscillators

13.3 Derive the transfer function �(s) of the feedback network shown in Fig. 13.5(b).

13.4 Design a phase-shift oscillator as shown in Fig. 13.5(a) so that fo � 1 kHz.

13.5 Find the values of R and C for the phase-shift oscillator in Fig. P13.5 so that the oscillation frequency is

fo � 5 kHz.

13.6 Find the values of R, R3, C, and L for the phase-shift oscillator in Fig. P13.6 so that the oscillation frequency

is fo � 5 kHz.

FIGURE P13.5
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13.7 Design a quadrature oscillator as shown in Fig. 13.9(a) so that fo � 500 Hz.

13.8 Design a three-phase oscillator as shown in Fig. 13.10 so that fo � 50 Hz.

13.9 Derive the transfer function �(s) of the feedback network in Fig. 13.12(b).

13.10 Design a Wien-bridge oscillator as shown in Fig. 13.12(a) so that fo � 5 kHz.

13.11 Design the MOS ring oscillator in Fig. 13.16 so that fo � 2 kHz. The MOSFET parameters are MOS constant

threshold voltage length width and modulation

length Use PSpice to plot the transient response of the output voltage vo(t) in part (a) from 0 to

1 ms. Assume VDD � 5 V.

13.12 Determine the oscillation frequency fo for the ring oscillator in Fig. 13.16 if and The

MOSFET parameters are MOS constant threshold voltage length 

width and modulation length Use PSpice to plot the transient response of the out-

put voltage vo(t) to verify the result. Assume .

13.4 Radio Frequency Oscillators

13.13 Design a Colpitts oscillator as shown in Fig. 13.19(a) so that the oscillation frequency is fo � 500 kHz.

13.14 A Colpitts BJT oscillator is shown in Fig. 13.20. The circuit parameters are r� � hie � 500 �, 

hfe � 200, L � 1.5 mH, C1 � 10 nF, C2 � 10 nF, and RL � 5 k�. Calculate the frequency of oscillation fo
and the value of R1 required to sustain the oscillation.

13.15 Design a Colpitts BJT oscillator as shown in Fig. 13.20 so that fo � 250 kHz. The circuit parameters are

r� � hie � 500 �, hfe � 200, and RL � 5 k�.

VDD = 5 V
� = 0.01.W = 20 �m,

L = 10 �m,Vt = 1 V,Kp = 25 �A>V2,
C = 6 nF.R = 40 kÆ

� = 0.01.
W = 20 �m,L = 10 �m,Vt = 1 V,Kp = 25 �A>V2,

FIGURE P13.6
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13.16 An LC-tuned MOSFET oscillator is shown in Fig. 13.24. Find the values of L, C, and n for an oscillation fre-

quency of fo � 100 kHz. The parameters of the MOSFET are gm � 7.5 mA/V, rd � 50 k�, and RG � 20 k�.

13.17 A Colpitts BJT oscillator is shown in Fig. P13.17. Calculate the frequency of oscillation fo and the value of

RE1 required to sustain the oscillation.

13.18 Design a Colpitts oscillator as shown in Fig. 13.19(a) so that the oscillation frequency is fo � 5 kHz.

Assume VCC � VEE � 12 V. 

13.19 The Colpitts oscillator of Fig. 13.19(a) has C1 � 400 pF, C2 � 200 pF, and L � 1 mH. Determine the fre-

quency of oscillation fo and the minimum value of gain A � RF ⁄ R1 needed to sustain the oscillation.

13.20 Determine the frequency of oscillation for the Colpitts MOSFET oscillator in Fig. P13.20(a). The MOSFET

can be replaced by its transconductance model, shown in Fig. P13.20(b). The parameters are rd � 25 k�,

gm � 5 mA/V, RG � 1 M�, L � 1.5 mH, C1 � 10 nF, and C2 � 10 nF. Calculate the frequency of oscillation

and check to make sure the condition for oscillation is satisfied.

13.21 Design a Hartley oscillator as shown in Fig. 13.27 so that fo � 500 kHz. Use a 2N3821 n-channel JFET

whose parameters are IDSS � 0.5 mA to 2.5 mA, Vp � �4 V, and gm � 1.5 mA/V to 4.5 mA/V. The load

resistance is R � 50 �, and the power supply voltage is VDD � 15 V.

FIGURE P13.20
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13.22 Design the MOS oscillator in Fig. 13.32(b) so that fo � 200 kHz. The MOS parameters are MOS constant

threshold voltage length width and modulation

Use PSpice to plot the transient response of the output voltage vo(t) in part (a) from 

to Assume VCC � 12 V.

13.23 Determine the oscillation frequency fo for the ring oscillator in Fig. 13.31(a) if and

The MOSFET parameters are MOS constant threshold voltage 

length width and modulation length Use PSpice to plot the transient

response of the output voltage vo(t) to verify the result. Assume .

13.5 Crystal Oscillators

13.24 Design a crystal oscillator as shown in Fig. 13.36(a) so that fo � 14 MHz. The crystal parameters are 

fo � 10 MHz, Q � 150 � 103, Cs � 0.0145 pF, Cp � 4.35 pF, and L � 12 mH. Assume a transconduc-

tance gain of⏐gm⏐� 1 mA/V for the amplifier.

13.6 Active-Filter Tuned Oscillators

13.25 The equivalent circuit of a tuned oscillator is shown in Fig. P13.25. Derive the expressions for the oscilla-

tion condition and the frequency of oscillation.

13.26 Design an active-filter tuned oscillator as shown in Fig. 13.39(b) so that fo � 10 kHz. Assume RL � 10 k�
and VCC � VEE � 12 V.

FIGURE P13.25
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Learning Outcomes
After completing this chapter, students should be able to do

the following: 

• Describe the internal structure and types of op-amps

(CMOS, bipolar, and BiCMOS) and the effects of

amplifier configurations (difference and single-ended

output) on the op-amp performance.

• Identify the circuit parameters of the internal design

that affect the op-amp performance (offset voltage,

offset current, and unity-gain frequency).

• List the typical values of performance parameters for

different types of op-amps.

• Analyze op-amp circuits to determine the DC-biasing

conditions and the performance parameters.

Symbols and Their Meanings
Symbol Meaning

Instantaneous base currents of transis-

tors 1 and 2

Base, collector, and emitter currents 

of an nth BJT 

Transconductance of an amplifier

Saturation current of an nth BJT 

MOS constant and threshold voltage 

of an nth MOSFET 

Output resistance of an nth BJT 

or MOSFET Mn

Qnron

Mn

Kpn, Vtn

QnISn

Gm

Qn

iBn, iCn, iEn

iB1, iB2

CHAPTER 14
OPERATIONAL

AMPLIFIERS
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14.1 Introduction

So far we have discussed separately the analysis and design of transistor amplifiers, differential amplifiers,

and output stages. An operational amplifier normally consists of these stages. In this chapter, we examine

the internal circuitry of 10 commercially available op-amps. Much of the circuitry will be closely related to

that of other ICs. We analyze in detail one of the oldest but most popular amplifiers, the LM741.

14.2 Internal Structure of Op-Amps

The general configuration of an op-amp is shown in Fig. 14.1 [1]. All stages are direct coupled—that is, there

are no coupling or bypass capacitors. Since capacitors and resistors of over 50 k� occupy large areas on IC

chips and exhibit parasitic effects, they are usually avoided in ICs. Therefore, op-amp circuits are designed

using transistors with matching characteristics. Mismatches do exist, however, and cause offset voltages.

Microelectronic Circuits: Analysis and Design910

Symbol Meaning
Input and output resistances of an amplifier stage

Instantaneous voltages at the base of transistors 1 and 2

Input and output offset voltages

Positive and negative DC supply voltages

Gate–source voltage and drain current of an nth MOSFET 

Width-to-length ratios of an NMOS and a PMOS

Current gain of an nth BJT and transconductance of an 

nth MOSFET Mn

QnbFn, gmn

(W>L)n, (W>L)p

MnvGSn, iDn

VCC(VDD), VEE(VSS)

Vio, Voo

vB1, vB2

Ri, Ro

vO1 vO2 vO

Q3

Q1 Q2

Q5

Q4

−VEE

IB1vB1 vB2IB2

iO1

Cx

IQ

−VEE

+VCC

+
Gain
stageIQ

2

IQ

2
IQ

2
Output
stage

−

+

−

+

−

+

−

+

−

FIGURE 14.1 General configuration of an op-amp
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The voltage gain of each of the differential and gain stages is normally in the range from 300 to 1000.

The output stage is an emitter follower, and its gain is unity. Thus, the overall open-loop voltage gain of

an op-amp is on the order of 105 to 106. The output stage provides a low-output impedance so that it can

drive a load with relatively low values of load resistance. It is normally operated in class AB mode to

reduce crossover distortion. In general, BJT op-amps have a larger voltage gain, whereas MOSFET

op-amps have higher input resistances.

For stability of the op-amp, the phase shift of each stage is kept to a minimum. Since each stage con-

tributes to the phase shift, the total number of stages is generally limited to three. A compensation capacitor

Cx is normally connected across the second stage.

� NOTE Unless specified, we will assume that the base–emitter voltage is VBE = 0.6 V.

Operational Amplifiers 911

KEY POINT OF SECTION 14.2

■ In general, an op-amp circuit consists of a differential input stage, a gain stage, an output stage, and

protection circuitry. Each stage uses active biasing and an active load.

14.3 Parameters and Characteristics 
of Practical Op-Amps

Most op-amps contain a differential-coupled pair as an input stage. Practical op-amps exhibit character-

istics that deviate significantly from the ideal characteristics [2, 3]. These deviations are discussed in de-

tail in Chapter 6. Here we consider some parameters that depend on the internal design of the op-amp.

The effects of deviations from the ideal can be incorporated in the equivalent circuit of the op-amp, as

shown in Fig. 14.2 where Rcm � Ric is the common-mode input resistance.

vd vO
2Rcm = 2Ric

2Rcm = 2Ric

Rid

vB2

vB1

VOS

IOS
2 Advd + Acvic

Ibias = IB

Ibias = IB

Ro
+

+
+

−

−
−

+

−

FIGURE 14.2 Equivalent circuit of an op-amp
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14.3.1 Input Biasing Current

The input biasing current IB is defined as the average of the two DC input currents to the bases of Q1 and

Q2; that is,

(14.1)

(14.2)

The polarity of IB is shown for an npn transistor input stage in Fig. 14.2. For a pnp input stage, IB would

flow out of the amplifier terminals. Transistors in an ideal op-amp are assumed to have a large value of �F,

tending to infinity, and to draw zero DC input current. In a practical op-amp, however, �F has a finite value.

Thus, IB has a small but finite value. The typical magnitudes of the biasing currents are 10 pA to 100 nA

for BJT input devices and 1 nA to 10 pA for MOSFET input devices. This input biasing current will cause

a small DC-output voltage when the external input voltage is zero.

The effect of biasing current IB can be determined for the inverting or noninverting amplifier, as

shown Fig. 14.3. Assuming IB1 � IB2 � IB, then vd � Ri (IB1 � IB2) � 0. Since vd � 0 due to the feed-

back of Vob, there will be no current flowing through R1; that is, iS � 0, and the biasing current IB will

flow through RF. Thus,

which gives the output voltage due to input biasing current IB as

(14.3)

Thus, the output offset voltage due to the input biasing current IB depends directly on the feedback resis-

tance RF. To minimize the effect of IB, the value of RF should be small. However, the ratio RF ⁄ R1 deter-

mines the voltage gain vO ⁄vS. The output voltage due to IB does not depend on whether the input voltage

source vS is connected. Thus, Eq. (14.3) is applicable for both inverting and noninverting amplifiers.

Vob = RFIB

vd = 0 = - IBRF + Vob

L

IC

bF
=

IQ

2bF
   (for BJT input stage only)

IB =

IB1 + IB2

2
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R1

IB2

IB1

Aovd

Ro
Ri

vd

RF IF = −IB

iS = 0 

vob

+
+

−

−

+

−

FIGURE 14.3 Inverting or noninverting amplifier

with input biasing current
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The effect of IB on the output voltage can be eliminated or minimized by making Thevenin’s equiv-

alent resistance at the (�) terminal equal to that at the (�) terminal. This arrangement can be imple-

mented by connecting a resistance Rx to the noninverting terminal, as shown in Fig. 14.4, such that

which gives the offset-minimizing resistance Rx as

(14.4)

For example, if RF � 100 k� and IB � 500 nA, then Vob � 100 k� � 500 � 10�9 � 50 mV without Rx, and

Vob � 0 if Rx � (10 k� � 100 k�) � 9.091 k�. Therefore, by connecting resistance Rx, which is equal to the

parallel combination of R1 and RF, we can minimize the output voltage due to the input biasing current. Since

IB1 and IB2 are not exactly equal, Vob will be minimized but not completely eliminated. The connections of the

input voltage vS and the input/output relations are shown in Fig. 14.5 for inverting and noninverting amplifiers.

Rx =

R1RF

R1 + RF
= R1||RF

V
+

= V
-
 or RTh+

= RTh-

Operational Amplifiers 913

A

R1

IB1 = −IB2 = IB

vd

RF
IF = −IB

iS = 0

V−

V+

Vob
Rx = (R1⏐⏐ RF)

IB2

−

−

−

+
++

FIGURE 14.4 Effect of offset-minimizing

resistance Rx

−

−

+

−

−

+

++
~vS

A
R1

Rx = (R1⏐⏐ RF)

RF

vd

(a)  Inverting amplifier (b)  Noninverting amplifier

iF

iS

vO = − 
RF
R1

vS

A
R1

Rx

RF

vd

vO = 1 + RF
R1

vS

iS

~vS for Vob = 0  for Vob = 0 

−

−

+
+

−

−

+
+

FIGURE 14.5 Amplifiers with offset-minimizing resistance Rx
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Rx was included in the op-amp circuits in Chapter 3, although it is not necessary for an ideal

op-amp. However, while an op-amp circuit is being built, Rx should be connected. For op-amps with an

FET input stage (e.g., the LF411 op-amp), the input biasing current is very low (50 pA), and the absence

of offset-minimizing resistance Rx should not introduce any significant error.

14.3.2 Input Offset Current

The DC input base currents will be equal only if the two transistors have equal current gains (betas). How-

ever, even two theoretically identical transistors right next to each other on an IC chip will not be exactly

identical. Geometrically identical devices on the same IC die typically display a mismatch that is normally

distributed with a standard deviation of 5% to 10% of the mean value. This mismatch in the two biasing

currents is random from circuit to circuit and is described by the input offset current IOS, which is defined

as the difference between the two base currents of the transistors:

(14.5)

IOS arises from mismatches in the area and �F of the transistors. Beta and collector current values typically

deviate by 10% and 1%, respectively. Thus, IOS can be found approximately from

(14.6)

The value of the bias-minimizing resistance Rx in Eq. (14.4) was derived by assuming equal input-

biasing currents: IB1 � IB2 � IB. In practice, these currents are not equal because of internal imbalances

within the op-amp circuit. The input offset current Iio is a measure of the degree of mismatching, and it

is defined by

(14.7)

For the �A741C op-amp, Iio is quoted as having a maximum absolute value of 200 nA and a typical value

of 30 nA; it can be either positive or negative. An amplifier with offset-minimizing resistance Rx is shown

in Fig. 14.6. The effective input voltage at the noninverting terminal is given by

(14.8)V
+

= -RxIB1

Iio = IB1 - IB2

IOS =

(0.1 + 0.01)IC

bF
=

0.11IQ

2bF
=

0.055IQ

bF

IOS = |IB1 - IB2|
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A

R1

RFiS
if

IB2

IB1

vd

V–

V+

Voi

if = iS − IB2

−

+

−

+

−

+

Rx = R1⏐⏐RF 

FIGURE 14.6 Inverting or noninverting amplifier with

input offset current
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Since the differential voltage between the input terminals is vd � 0, V� � V�. Assuming the op-amp

draws negligible current and applying KCL at the inverting terminal, we get

which gives

(14.9)

Substituting V� � �RxIB1, we get the output offset voltage

(14.10)

Substituting Rx (�R1 � RF) from Eq. (14.4) into Eq. (14.10) gives the output voltage as

(14.11)

For example, if RF � 100 k� and Iio � �200 nA, then

To minimize the effect of Iio, the value of RF should be small.

� NOTE If Rx is zero or is absent, Eq. (14.8) is to be used. If Rx � R1 � RF, Eq. (14.11) is to be used.

Voi = ;100 * 103
* 200 * 10-9

= ;20 mV  (DC)

Voi = RF(IB2 - IB1) = -RFIio

Voi = RF a -Rx

R1 7  RF
IB1 + IB2b

Voi

RF
=

V
+

R1 7  RF
+ IB2

V
+

R1
+ IB2 +

V
+

- Voi

RF
= 0

Operational Amplifiers 915

Finding the effects of offsets on the output of an op-amp integrator The inverting integrator in

Fig. 14.7 has R1 � 1 k�, Rx � 1 k�, CF � 0.1 �F, VCC � 15 V, �VEE � �15 V, and maximum saturation volt-

age � �14 V. The op-amp parameters are Vio � 6 mV, IB � 500 nA, and Iio � 200 nA at 25°C.

(a) Determine the total output offset voltage vof.

(b) Repeat part (a) if Rx � 0

EXAMPLE 14.1

A

R1

CF

iS

if
IB2

IB1

vD v+

v–

vof

Rx = R1

+

++
+

+

−

−−

−

−

FIGURE 14.7 Circuit for Example 14.1
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SOLUTION

R1 � 1 k�, Rx � 1 k�, Vio � 6 mV, IB � 500 nA, and Iio � 200 nA. The equivalent circuit of the integrator

with input offset voltage and input biasing currents is also shown in Fig. 14.7.

(a) Rx � R1. The output voltage will be due to Vio and Iio. With Vio � 0, we get

With IB1 � IB2 � 0, we get

Applying the superposition theorem, we get for the current flowing through the capacitor CF

(14.12)

where Iio � (IB1 � IB2) is the input offset current. The total output offset voltage due to the capacitor current if
can be found from

(14.13)

where vC(t � 0) is the initial capacitor voltage. Substituting if from Eq. (14.12) into Eq. (14.13) gives the total

output offset voltage as

(14.14)

This equation indicates that the output offset voltage will rise linearly until the output reaches the satura-

tion voltage of the amplifier, which is �14 V in this example. If the power supplies are turned on and

enough time is allowed, the output will build up to the saturation voltage, even without any external input

signal to the integrator. For this reason, this is not a practical circuit (as discussed in Sec. 3.5); it needs a

DC feedback resistor RF, as shown in Fig. 3.16. After the power supply is switched on, the time required

for the total output offset voltage to reach the saturation level vof � 14 V can be found from Eq. (14.14)

with vC(t � 0) � 0:

which gives t � 241.3 ms.

14 = a 6 * 10-3

0.1 * 10-6
* 1 * 103

-

200 * 10-9

0.1 * 10-6
b t + 6 * 10-3

- 1 kÆ * 600 * 10-9
- 0

vof =

Vio

CFR1
t -

Iio

CF
t + Vio - RxIB1 - vC(t = 0)

-vof =

1

CFL
a -Vio

R1
+ Iiob  dt + (-Vio + RxIB1) + vC(t = 0)

-vof =

1

CFL
if dt + (-Vio + RxIB1) + vC(t = 0)

if = iS + IB1 - IB2 =

-Vio

R1
+ Iio

if =

-Vio

R1

if = iS - IB2 = IB1 - IB2

iS = -

v
-

R1

v
-

= v
+

= -R1IB1

v
+

= -RxIB1 = -R1IB1
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14.3.3 Input Offset Voltage

If the input terminals of an op-amp are tied together and connected to the ground, as shown in Fig. 14.8(a),

a certain DC voltage exits at the output. This voltage is called the output offset voltage Voo. The input off-

set voltage is the differential input voltage that exists between two terminals without any external inputs

applied. In other words, it may be regarded as the input voltage that should be applied between the input

terminals to force the output voltage to zero, as shown in Fig. 14.8(b). If Voo is divided by the voltage gain

Ao of the op-amp, the result is the input offset voltage Vio. Assuming that the output voltage is not satu-

rated, Vio can be determined from

(14.16)

Input offset voltage is quoted as an absolute value, and it may be positive or negative. The maxi-

mum value of Vio for the �A741C is �6 mV. If the output voltage is saturated to Vsat, as is usually the

case, Eq. (14.16) is valid only if ⏐Voo⏐ 	 ⏐Vsat⏐. The polarity of Vio is unpredictable, and so is the out-

put offset voltage Voo.

Vio =

Voo

Ao
  for |Voo| … |Vsat|

Operational Amplifiers 917

(b) If Rx � 0, the total output offset voltage will be due to the input offset voltage, the input biasing current,

�IB2 � �IB � (Iio ⁄ 2), and the input offset current, and it can be found from Eq. (14.14) by replacing Iio

by IB2. That is,

(14.15)

The time required for the output voltage to reach the saturation level vof � 14 V can be found from Eq. (14.15)

with vC(t � 0) � 0:

which gives t � 218.7 ms.

14 = a 6 * 10-3

0.1 * 10-6
* 1 * 103

+

400 * 10-9

0.1 * 10-6
b t + 6 * 10-3

+ 0

vof = a Vio

CFR1
+

IB - Iio>2
CF

b t + Vio - vC(t = 0)

Practical
op-amp

−VEE −VEE

+VCC +VCC

+
+

−

−

Voo

++

−

−
Voo

−Vio

(a)  Input terminals grounded

Ideal
op-amp

(b)  Input offset voltage

~ +

−

FIGURE 14.8 Input offset voltage
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The output offset voltage is caused by internal mismatching in the input stage. A simple differen-

tial pair, as shown in Fig. 9.2(b), consists of two transistors Q1 and Q2. Any differential signal between

the input terminals is amplified and gives the output voltage Voo. In practice, the characteristics of the

two transistors will not be exactly the same; therefore, the collector-biasing currents IC1 and IC2 will dif-

fer. As a result, even without any input voltages, there could be a differential output voltage, which is

amplified in subsequent stages and possibly aggravated by more mismatching.

The effect of the input offset voltage can be determined for the inverting and noninverting ampli-

fiers in Fig. 14.9. For both configurations, Vio may be considered as the input to the noninverting

terminal, since there is no other input signal. Applying Eq. (3.18) gives the output offset voltage:

(14.17)

For example, if R1 � 10 k�, RF � 100 k�, and Vio � �6 mV, then

That is, the output voltage Voo can be �66 mV (DC) without any external input signal vS applied.

14.3.4 Power Supply Rejection Ratio

So far we have assumed that the DC supply voltages VCC(VDD) and VEE(VSS) have no effect on the output

voltage. In practice, the power supply voltages change, causing the DC-biasing currents of the internal tran-

sistors to change. As a result, the input offset voltage will also change. The power supply rejection ratio (PSRR)

is defined as the change in input offset voltage per unit change in the DC supply voltage. If 
Vio is the change

in input offset voltage due to a change in the DC supply voltage 
VDC, PSRR is expressed as

(14.18)

(14.19) = 20 log ` ¢Vio

¢VDC
`

PSRR =

¢Vio

¢VDC

Voo = ; a1 +

100 kÆ

10 kÆ

b * 6 mV = ;66 mV

Voo = a1 +

RF

R1
bVio
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+VCC

+
+

−

+

−

−

+

−

Avd ≈ 0 vd ≈ 0

R1

RF

Vio
Voo = 1 +

RF
R1

Vio Voo = 1 +
RF
R1

Vio

(a)  Inverting amplifier

vd A

R1

RF

Vio

(b)  Noninverting amplifier

vd

−VEE −VEE

+VCC

iS = 0 iS = 0 +

−

+

−

FIGURE 14.9 Inverting and noninverting amplifiers with input offset voltage
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This ratio is also known as the supply voltage rejection ratio (SVRR) or the power supply sensitivity (PSS).

The maximum value of PSRR for the �A741C op-amp is 150 �V⁄ V. For example, if the DC supply volt-

ages change from VDC � �15 V to �12 V and PSRR � 150 �V⁄ V, then


VDC � 2 � 15 � 2 � 12 � 6 V

and 
Vio � PSRR 
VDC � 150 �V � 6 � 900 �V

14.3.5 Thermal Voltage Drift

In previous sections, we assumed that the input offset voltage Vio, input biasing current IB, and input off-

set current Iio remain constant. A practical op-amp consists of devices such as diodes and transistors whose

parameters change with temperature. Thermal drift is a measure of the change in an offset parameter due

to a unit change in temperature. Thermal voltage drift is defined as the rate of change of input offset volt-

age Vio per unit change in temperature, and it is expressed as

(14.20)

Thermal-biasing current drift is defined as the rate of change of input biasing current IB per unit change

in temperature, and it is expressed as

(14.21)

Thermal input offset current drift is defined as the rate of change of input offset current Iio per unit change

in temperature, and it is expressed as

(14.22)

Thus, the output voltage due to drifts can be found from

(14.23)

(14.24) = a1 +

RF

R1
bDv¢T + RFDb¢T  for Rx = 0

Vod = a1 +

RF

R1
b¢Vio + RF¢ Iio = a1 +

RF

R1
bDv¢T + RFDi¢T

Di =

¢Iio

¢T
 (A>°C)

Db =

¢IB

¢T
  (A>°C)

Dv =

¢Vio

¢T
  (V>°C)
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Finding the effects of thermal drift on the output of an inverting op-amp circuit The inverting

amplifier in Fig. 14.5(a) has R1 � 10 k�, RF � 100 k�, and Rx � RF � R1 � 9.091 k�. The op-amp parame-

ters are Vio � �6 mV, IB � 500 nA, Iio � �200 nA, and PSRR � 150 �V⁄ V. The thermal drifts are Dv �
15 �V⁄ °C, Di � 0.5 nA ⁄°C, and Db � 0.5 nA ⁄ °C at 25°C. The temperature is 55°C. The DC supply voltages

change from VCC � 15 V to 12 V and �VEE � �15 V to �12 V. The input voltage is vS � 100 mV (DC).

Determine the output voltage vO if (a) Rx � RF � R1 � 9.091 k� and (b) Rx � 0.

EXAMPLE 14.2
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SOLUTION

R1 � 10 k�, RF � 100 k�, Vio � �6 mV, IB � 500 nA, Iio � �200 nA, Dv � 15 �V⁄ °C, Di � 0.5 nA ⁄ °C, 

Db � 0.5 nA ⁄°C, and vS � 100 mV. Then

�T � 55 � 25 � 30°C

�VDC � (15 � 15) � (12 � 12) � 6 V

�Vio � Dv �T � PSRR �VDC � 15 	 10�6 	 30 � 150 	 10�6 	 6 � 1.35 mV

�Iio � Di �T � 0.5 	 10�9 	 30 � 15 nA

�IB � Db �T � 0.5 	 10�9 	 30 � 15 nA

(a) With offset-minimizing resistance Rx, the total output voltage of the inverting amplifier is given by

(14.25)

(b) With Rx � 0, the total output voltage of the inverting amplifier is given by

(14.26)

 = - 1029.4 mV (min)  or  -867.65 mV (max)

 = -1000 mV ; 80.85 mV + 51.5 mV

+  100 * 103
* (500 + 15) * 10-9

 = - a100 kÆ

10 kÆ

b * 100 * 10-3
; a1 +

100 kÆ

10 kÆ

b * (6 + 1.35) * 10-3

vO = -

RF

R1
 vS ; a1 +

RF

R1
b (Vio + ¢Vio) + RF(IB + ¢IB)

= - 1102.35 mV (min)  or  -897.65 mV (max)

 = -1000 mV ; 80.85 mV ; 21.5 mV

; 100 * 103
* (200 + 15) * 10-9

 = - a100 kÆ

10 kÆ

b * 100 * 10-3
; a1 +

100 kÆ

10 kÆ

b * (6 + 1.35) * 10-3

vO = -

RF

R1
vS ; a1 +

RF

R1
b (Vio + ¢Vio) ; RF(Iio + ¢Iio)

14.3.6 Determining the Thermal Voltage Drift

Because of mismatches, an output voltage will exist even when the external input is zero. The differential volt-

age that must be applied to the input terminals of an amplifier to drive the output to zero is called the input off-
set voltage Vio. This input offset voltage is a function of temperature. The rate of change of the input offset volt-

age Vio per unit change in temperature is known as the thermal voltage drift, and it is expressed as

(14.27)Dv =

¢Vio

¢T
  (in V>°C)
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BJT Amplifiers

The difference in the B-E voltages will cause an offset voltage. Using Eqs. (9.129) and (9.130), we can ex-

press this offset voltage as

(14.28)

Since the mismatch in the collector current is generally small (i.e., iC1 iC2), we can find the input offset

voltage Vio from

(14.29)

Thus, the saturation current IS is the prime contributing factor to Vio in a BJT amplifier and is proportional

to the transistor base width WB. Its value can vary from one transistor to another. Assuming that WB1 � WB

and WB2 � WB � 
WB are the base widths of transistors Q1 and Q2, respectively, Eq. (14.29) becomes 

(14.30)

For WB �� 
WB, which is usually the case, Eq. (14.30) can be approximated by

(14.31)

The beta of a transistor is inversely proportional to the base width WB. Therefore, any change in WB

will cause an almost equal change in beta; that is, 
�F ⁄�F � 
WB ⁄ WB. Since the change in the base

width is generally within 10%, the offset voltage can be found approximately from

Vio � 0.1VT (14.32)

For BJT input devices, this value is typically 2 mV to 5 mV (for compound devices) and can often be nul-

lified with an external potentiometer.

The ratio 
WB ⁄ WB is relatively independent of temperature. Since VT � kT ⁄q, dVT ⁄dT � k ⁄q �
VT ⁄ T. Thus, we can find the thermal drift from Eq. (14.31) as follows:

(14.33)

For example, if Vio � 2.6 mV and T � 25°C � 273 � 25 � 298 K,

CMOS Amplifiers

From Eq. (9.54), the transconductance of a MOSFET is given by

(14.34)gm = 2Kp(VGS - Vt) =

2ID

VGS - Vt

Dv =

2.6 mV

298
= 8.72 �V>K

Dv =

dVio

dT
=

VT

T
 a¢WB

WB
b =

Vio

T

Vio = VT a¢WB

WB
b

Vio = VT ln a WB

WB + ¢WB
b = VT ln a 1

1 + ¢WB>WB
b

Vio = vBE2 - vBE1 = VT ln a IS1

IS2
b

L

vBE2 - vBE1 = VT c ln 
iC2

IS2
-  ln 

iC1

IS1
d = VT ln a iC2

IS2
*

IS1

iC1
b
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If 
ID is the difference between the drain currents of MOSFETs, an input offset voltage 
VGS � VOS must
be applied between the two gates to cancel the difference. Any increase in 
VGS will cause an increase in

ID. However, any differential increase 
Vt in the threshold voltages will cause a decrease in drain cur-
rent. That is, Eq. (14.19) gives

which gives the input offset voltage Vio as

(14.35)

The ratio 
ID ⁄ ID will depend on any change in the W⁄ L ratio of the MOSFET. Thus, Eq. (14.35) can be
written in terms of the W⁄ L ratio:

(14.36)

In CMOS amplifiers, the value of 
Vt alone, which is absent in BJTs, can be as high as 2 mV—a magni-
tude as large as Vio for BJTs. The value of (VGS � Vt) is usually much greater than VT. Thus, the offset
voltage of CMOS amplifiers will generally be considerably larger than that of BJT amplifiers. To have a
low value of Vio, MOSFETs should be operated with a low value of (VGS � Vt).

For MOSFET amplifiers, thermal drift cannot be correlated with the offset voltage. The thermal
drift of 
Vt ⁄ dT can be quite significant.

14.3.7 Offset Voltage Adjustment

We saw in the previous section that an op-amp can have an output voltage Voo without any external input

signal. Op-amps are generally compensated internally; they have built-in offset adjustment terminals, as

shown in Fig. 14.10. The output voltage can be adjusted to zero by an offset null potentiometer.

Vio = ¢Vt +

¢(W>L)

W>L (VGS - Vt )

Vio = ¢Vt +

¢ID

ID
 (VGS - Vt )

¢ID =

gm

2
 (¢VGS - ¢Vt) =

gm

2
 (Vio - ¢Vt )
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+VCC

µA741

2

3

7

6

5

1
4

−VEE

RL

R

+

−

10 kΩ

FIGURE 14.10 Op-amp with compensating terminals
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The recommended value of the potentiometer is normally quoted in the data sheet; it is 10 k� for the

�A741 series. By varying the potentiometer, the output offset voltage can be adjusted to zero within a cer-

tain input offset voltage adjustment range (�15 mV for the �A741 op-amp).

It is possible to compensate for the offset voltage by injecting a small voltage into the (�) terminal

or the (�) terminal of an op-amp. An offset-compensating network is shown in Fig. 14.11(a). The po-

tentiometer R is varied to produce an input offset voltage Vio, which should be just adequate to negate

the output offset voltage. Thevenin’s equivalent circuit of the network is shown in Fig. 14.11(b); the

equivalent resistance of the compensating network is Rnt � 0, shown in Fig. 14.11(c), and the equiva-

lent voltage is Vnt � VCC � VEE, shown in Fig. 14.11(d). From the voltage division rule, the voltage Vx,

which should be equal to Vio, is given by assuming Ro �� Rnt:

(14.37)

The values for the network should be such that they do not alter the normal operation of the amplifier. That

is, Rb � Rnt so that Rb does not affect Vnt significantly; Rb �� Rc so that the op-amp biasing current flows

mostly through Rc (usually 	100 �). The following relations are recommended:

For Rb � Rnt � Rc, Eq. (14.37) can be approximated by

(14.38)

The compensating network can be used in inverting, noninverting, and differential amplifiers, as shown in

Fig. 14.12. For a voltage follower, Fig. 14.12(a) can be modified by making R1 � 0 and RF � � and then

connecting one side of Rc to the output side instead of connecting to the ground.

Vio L

RcVnt

Rb
=

RcVCC(= VEE)

Rb

Rb Ú 1000Rc

Rb Ú 10Rnt   [where Rnt(max) = (R>2)  7  (R>2) = R>4]

Vx L Vio =

RcVnt

Rnt + Rb + Rc
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+VCC

+VCC

−

−

+

+A

−VEE
Voo

Vio
Vx

Vnt Rc

Rb

R

−VEE

(d)  Vnt(c)  Rnt

Vnt = VCC = VEE

VCC or VEE

R

−

+
Vnt

Rnt ≈ Rc

Rnt Rb Vx

Rc
R R

Rnt = 0

0

(a)  Network (b)  Thevenin’s equivalent

FIGURE 14.11 Offset-compensating network (external connection)
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+VCC

+

−

−

−

+
+

−

+A

vO ≈  

Rx = RF⏐⏐ (R1 +  Rc)  
Rb > Rc > R

vS1 +

vd
Rx

RF

Rc

vS

Rb

R

−VEE

R1 RF

~ ( (R1 + Rc

+

−

−

−

+ +A

vO = −  

Rx ≈ (R1⏐⏐ RF)  
Rb > Rc > R

vS

vd
Rx

Rc

RF
R1

R1 RF

+VCC
Rb

R

−VEE

+

−
vS ~

+

−

−

−

+ +
A

Rx = RF − Rc

Ra = R1

Rb > Rc > R

vd

R1

Rb

RF

R

+VCC

Rc

R

−VEE

+

−
vb ~

+

−
va ~

vO =  (va − vb)
RF

R1

(a)  Noninverting amplifier (b)  Inverting amplifier

(c)  Differential amplifier

FIGURE 14.12 Op-amp amplifiers with offset-compensating network

Designing an offset-compensating network The noninverting amplifier in Fig. 14.12(a) has R1 � 10 k�,

RF � 100 k�, and Rx � RF � R1 � 9.091 k�. Design the offset-compensating network. The op-amp parameters

are Vio � 6 mV, IB � 500 nA, Iio � 200 nA, and PSRR � 150 �V⁄ V. The DC supply voltages are VCC � 15 V

and �VEE � �15 V.

SOLUTION

Since the offset due to the biasing current IB is minimized by the resistance Rx, the output offset voltage will be

contributed mostly by Vio. For Vio � 6 mV and Vnt � VCC � 15 V, Eq. (14.38) gives 6 mV � 15Rc ⁄ Rb.

Letting Rc � 10 �, we get

Letting Rb � 10Rnt(max) � 10(R ⁄4), we get

R =

4Rb

10
= 4 *

25 kÆ

10
= 10 kÆ   (potentiometer)

Rb =

15Rc

6 mV
= 25 kÆ

EXAMPLE 14.3

D
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14.3.8 Common-Mode Rejection Ratio

The CMRR, which is defined as the ratio of the differential voltage gain to the common-mode voltage gain, may

also be defined as the change in input offset voltage per unit change in common-mode voltage. Let vic � 0 and

apply vid to drive the output voltage to zero. vid should thus be equal to the input offset voltage VOS. If we

keep vid constant and increase vic by an amount 
vic, the output voltage will change by an amount

(14.39)

To drive the output voltage to zero, we have to change vid by an amount 
vid, where

(14.40)

Equation (14.40) indicates that any change in vic causes a corresponding change in VOS. From Eq. (14.40),

we get

(14.41)

which shows that the input offset voltage is dependent on the CMRR and the common-mode signal. For

CMRR � 105 (or 100 dB) and 
vic � 15 V, the change in the input offset voltage will be 
VOS � 150 �V.

14.3.9 Input Resistance

The input resistance for a MOSFET input stage is very high, in the range of 109 � to 1012 �. For a BJT in-

put stage, however, the input resistance is typically in the range of 100 k� to 1 M�. Usually, the voltage gain

is large enough that this input resistance has little effect on the circuit performance. In some differential am-

plifiers, a compound transistor configuration known as a Darlington pair is used to give a much higher input

resistance and a much lower input biasing current than a single transistor would provide. A Darlington pair is

shown in Fig. 14.13. The effective B-E voltage of the equivalent transistor QT in Fig. 14.13(b) is

(14.42)= VT ln a IC1IC2

IS1IS2
b

VBE = VBE1 + VBE2 = VT ln a IC1

IS1
b + VT ln a IC2

IS2
b

CMRR =

Ad

Ac
=

¢vic

¢vid

2
vo =0

=

¢vic

¢VOS
=

dvic

dVOS

2
vo =0

¢vid =

¢vO

Ad
=

Ac¢vic

Ad
= ¢VOS

¢vO = Ac¢vic
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The network will change the voltage gain from

to

causing a 0.09% error.

1 +

RF

R1 + Rc
= 1 +

100 kÆ

10,010 Æ

= 10.99

1 +

RF

R1
= 1 +

100 kÆ

10 kÆ

= 11
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Since IC � IC2 � �FIC1, Eq. (14.42) becomes

(14.43)

Solving for IC, we get

(14.44)

where IS � ���FI�S1�IS�2� � effective saturation current and VT � 2VT � effective thermal voltage.

The collector current IC of equivalent transistor QT can be related to IB1 by

(14.45)

Thus, the effective input resistance of the compound pair is given by

(14.46)

which will be 2�F times greater than that for a single device. For a single equivalent transistor, r� � 2�Fr�.

Thus, if IC � 200 �A, �F � 100, and VT � 26 mV,

for a single transistor and

for a Darlington pair. The input offset voltage VOS, however, will increase (generally �2� times) as a result

of the increase in the effective thermal voltage.

r¿� = 1002
* 2 *

26 mV

200 �A
= 2.6 MÆ

r� =

bFVT

IC
= 100 *

26 mV

200 �A
= 13 kÆ

r¿� =

V¿T

IB1
 M  b2

F
2VT

IC

IC = IC2 = bFIB2 = (1 + bF)IC1 = bF(1 + bF)IB1 M  b
2
FIB1

= IS exp aVBE

V¿T
b

IC = 2bFIS1IS2 aVBE

2VT
b

= 2VT ln a IC

bFIS1IS2
bVBE = VT ln a I 2

C

bFIS1IS2
b

IC1bFbF>(1 + bF) L
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VBE

Q1

IB1

IC = IC2

IC1

VBE1

IB2 = IE1

+

−

−

+

−

+
−

+

VBE2

Q2

QT

IB1

IC

VBE

(a)  Two transistors (b)  Equivalent transistor

FIGURE 14.13 Darlington pair
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14.3.10 Output Resistance

The output stage is usually an emitter follower in class AB operation, and hence it gives a low output re-

sistance, on the order of 40 � to 100 �. This resistance is low enough that it does not strongly affect per-

formance. If IC(out) is the collector-biasing current of the output stage, then r� of the output transistor be-

comes r� � �FVT ⁄ IC(out), which, if converted to the emitter terminal by a dividing factor of (1 � �f), will

give approximately the output resistance of the op-amp. That is,

(14.47)

The collector-biasing current of the output stage (which is in milliamperes) is generally much greater than

that of the differential stage (which is in microamperes). For example, if �F � 100, VT � 26 mV, and

IC(out) � 1 mA, Rout � 26 mV⁄ 1 mA � 26 �.

14.3.11 Frequency Response

Because of the parasitic capacitances and the minority carrier charge storage in the devices within the op-

amps, the voltage gain decreases at high frequency. The frequency at which the open-loop voltage gain falls

to unity is defined as the unity-gain bandwidth, and it is in the range of 1 MHz to 20 MHz. The differen-

tial stage in Fig. 14.1 can be represented by a voltage-controlled current source, as shown in Fig. 14.14(a).

C1 is the effective capacitance due to the output capacitance of the differential stage and the input capaci-

tance of the second stage. R1 is the effective resistance due to the output resistance of the differential stage

and the input resistance of the second stage. Gm1 is the transconductance of the differential stage.

Rout =

bFVT

IC(out)(1 + bF)
 M  

VT

IC(out)
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(a)  Small-signal equivalent circuit of op-amp

(b)  Small-signal high-frequency equivalent circuit

io1 ic BA

R2 C2Gm2vo1 vo
vo1R1

C1
Gm1vid

Cx

+

−

+

−

vo

vid vo1

vo2 

Av2

io1

ic

Ri C1Rid
Gm1vid

Differential stage Gain stage Output stage

Cx

A

B
+

−

+

+
+

− −

+

−

−

Av3 = 1

FIGURE 14.14 High-frequency equivalent circuit of an op-amp
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The second stage generally has a common-emitter or common-source configuration with an active

load for a large voltage gain. It can also be represented by another voltage-controlled current source, as

shown in Fig. 14.14(b). Gm2 is the transconductance of the second stage. C2 and R2 are the effective

capacitance and the output resistance of the second stage, respectively. Av2 is the voltage gain of the sec-

ond stage and is negative—that is, Av2 � �Gm2R2.

The gain of the output stage is generally unity: Av3 � 1. Since the gain of the second stage is neg-

ative, the capacitance Cx will exhibit Miller’s effect and split the poles. Also, Cx will influence both the

frequency response and the slew rate considerably. From Eqs. (10.131) and (10.132), we can find the

new poles:

(14.48)

(14.49)

If Cx �� C1 and C2, Eq. (14.49) can be approximated by

(14.50)

The first pole is due to the Miller capacitance

which is much larger than C1. To make �p1 act as the unity-gain frequency �u, we can select the appro-

priate value of Cx. Since the values of C1 and C2 are small, the second pole �p2 will become very large

and move to the right, provided the value of Gm2 is large enough.

Effects of Cx on Unity-Gain Bandwidth

To determine the effect of Cx on the bandwidth, let us consider Fig. 14.15, which is a simplified version of

Fig. 14.14(b) in which R1 and R2 are treated as open circuited over the high-frequency range of interest.

Under these assumptions, �p1 moves to the extreme left—that is, �p1 � 0—and does not give the unity-

gain bandwidth. Using KCL at the input node of Fig. 14.15, we can write the node voltages as

(14.51)(vo - vo1)(vCx) = Gm1vid + vo1(vC1)

CM = Cx(1 + Gm2R2) M  CxGm2R2 (for Gm2R2 7 7 1)

vp2 L

Gm2Cx

Cx(C1 + C2)
=

Gm2

C1 + C2

vp2 L

Gm2Cx

C1C2 + Cx(C1 + C2)

vp1 L

1

Gm2CxR1R2
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io1 ic

io2

Node
B 

Node
A 

C2Gm2vo1voC1
Gm1vid

Cx

+

−

vo1

+

−

FIGURE 14.15 Simplified high-frequency

equivalent circuit of an op-amp
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where Gm1 � IQ ⁄ 2VT is the transconductance of the differential stage. is the DC biasing current of the

differential amplifier shown in Fig. 14.1.

Substituting vo � �Av2vo1 (i.e., vo1 � �vo ⁄ Av2) into Eq. (14.51) and simplifying, we get the overall

voltage gain Ao:

(14.52)

(14.53)

where is the voltage gain of the second stage. For Av2 �� 1, which is usually the case, Eq. (14.53)

can be simplified to

(14.54)

At the unity-gain frequency �u,⏐A(�)⏐� 1. Thus, �u is given by

(14.55)

which gives the corresponding frequency (i.e., the unity-gain bandwidth) fu as

(14.56)

(14.57)

Thus, fu is directly proportional to the biasing current IQ of the differential stage and inversely proportional

to the compensating capacitance Cx. A specific value of Cx is purposely added to the circuit, either on the

chip for compensated op-amps or as an external capacitor, to set the desired value of fu. For example, if

IQ � 20 �A, VT � 26 mV, and Cx � 50 pF, we get fu � 1.22 MHz.

Effects of Cx on Zeros

The capacitance Cx also has a Miller’s effect on the output side of the second stage, given by

and introduces a right-half-plane zero on the transfer function. The zero �z can be found from Fig. 14.16

by making the output voltage vo 0, as shown in Fig. 14.16(a). We get

which gives the zero frequency �z as

(14.58)vz =

Gm2

Cx

Gm2vo1 = (vo1 - vo)(vCx) = vo1(vCx)

L

CN = Cx a1 +

1

Gm2R2
b L Cx (for Gm2R2 7 7 1)

=

IQ

4pVTCx

fu =

Gm1

2pCx

vu =

Gm1

Cx

Ao(v) =

Gm1

vCx

Av2

=

Gm1>(vCx)

(1 + 1>Av2) + (C1>Cx)>Av2

Ao(v) =

vo

vid
=

Gm1

(1 + 1>Av2)(vCx) + (vC1)>Av2

IQ
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If Gm2 is large, which is usually the case for BJT amplifiers, then the zero will be at a very high frequency.

However, if Gm2 of the second stage is of the same magnitude as Gm1 of the first stage, which is generally

the case for CMOS amplifiers, the zero frequency will be close to the unity-gain frequency �u.

Since a zero introduces a phase shift, the phase margin of the amplifier will be decreased, affecting

the amplifier stability. However, it is possible to remedy the stability problem by adding a resistance Rx in

series with Cx, as shown in Fig. 14.16(b). The combination of Rx and Cx can move the zero and make �z

a very large frequency. The zero frequency �z can be found by making the output voltage vo � 0; that is,

which gives the new zero frequency �z as

(14.59)

Thus, as Rx approaches 1 ⁄Gm2, the zero frequency �z tends to approach infinity. It is important to note that,

by making Rx � 1⁄Gm2, we can locate the zero frequency at the negative real axis, which will increase the

phase margin.

According to Eq. (14.50), the second pole �p2 may be close to the unity-gain frequency �u for a

low value of Gm2. As a result, �p2 may introduce an appreciable phase shift and thus decrease the phase

margin. This problem can be resolved by increasing the value of Cx in order to split the poles further.

14.3.12 Slew Rate

Op-amps are limited by the slew rate (SR), which specifies the maximum rate at which the output voltage

can change without introducing any significant amount of distortion. That is, SR � (dvo ⁄ dt)max. Like the

unity-gain frequency, the SR depends on the capacitance Cx. Figure 14.15 illustrates that the current ic
through the capacitor is related to the output voltage vo by

(14.60)ic = Cx
d

dt
 (vo - vo1)     

= Cx
d

dt
 avo +

vo

Av2
b

 

vz =

1

Cx(1>Gm2 - Rx)

   Gm2vo1 =

(vo1 - vo)

Rx + 1>( jvCx)
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io1

io2

ic

vo ≈ 0 vo ≈ 0

+

−

+

−

+

−

+

−

vo1R1 C1
Gm1vid

(a)  Finding zero

Cx

io2

ic

Gm2vo1Gm2vo1 vo1R1 C1
Gm1vid

(b)  New zero location

Cx Rx

FIGURE 14.16 Equivalent circuit for determining zeros
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(since vo1 � �vo ⁄ Av2), which gives dvo ⁄ dt as

(14.61)

Let us assume that Av2 �� 1—that is, vo1 tending to zero, vo1 � 0—and that ic can be approximated

by the output current of the differential amplifier (i.e., ic � io1 � Gm1vid). Then Eq. (14.61) can be

approximated by

(14.62)

Consider the unity-gain follower shown in Fig. 14.17(a). If a step input vI � Vm (say, 10 V) is ap-

plied to it, in zero time the output will not change, as shown in Fig. 14.17(b). Thus, Vm will appear as

the differential voltage between the two input terminals, and the differential stage in Fig. 14.1 will be

overdriven. Transistors Q1 and Q3 in Fig. 14.1 will carry the whole biasing current IQ, and transistor Q2

will be cut off. Q4, however, is the mirror of Q3, and it will produce a current of IQ, which will flow into

the second stage.

The biasing current limits the maximum value of the output current io1 of the differential stage to

the value IQ in one direction and the value �IQ in the other direction; that is, io1(max) � �IQ. Thus, the

SR corresponding to io1(max) is given by

(14.63)

Like the unity-gain frequency fu, the slew rate is directly proportional to IQ and inversely proportional to

Cx. If the gain of the second stage is large, then the op-amp behaves as an integrator, as shown in Fig. 14.18.

Relation between SR and fu

Substituting IQ � 4�VTCx fu from Eq. (14.57) into Eq. (14.63), we can relate the positive SR (known simply

as SR) to fu; that is,

(14.64)SR =

4pVTCx fu
Cx

= 4pVT fu

SR =

dvo

dt
2
 max 

=

io1(max)

Cx
= ;

IQ

Cx

dvo

dt
 M  

ic

Cx
=

io1

Cx

dvo

dt
=

ic

Cx(1 + 1>Av2)

Operational Amplifiers 931

vI

vO

t
0

vO

Op-amp

Vm

vO = SR × t

(b)  Waveforms(a)  Unity-gain follower

vI

t
0

+
+

+

− −

−

FIGURE 14.17 Unity-gain follower
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or

(14.65)

Thus, there is a direct relation between the SR and the unity-gain frequency of an op-amp. For example, if

IQ � 20 �A, VT � 26 mV, and Cx � 50 pF, then Eq. (14.54) gives fu � 1.22 MHz and Eq. (14.63) gives

SR =

IQ

Cx
=

20 �A

50 pF
= 0.4 V>�s

fu =

SR

4pVT
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vo

vo

vo1 ≈ 0

Av2
Av3 = 1

Cx

io1 = IQ +

−

+

−

+

+

−

−

± FIGURE 14.18 Integrating model of an op-amp

KEY POINTS OF SECTION 14.3

■ The CMRR of an op-amp is very large (typically 105), and the output voltage due to a common-mode

signal is negligible.

■ The voltage gain of an op-amp decreases with frequency; however, the gain–bandwidth product

remains constant. That is, if the gain decreases, the bandwidth increases.

■ The slew rate SR of an op-amp limits the maximum input frequency at which the op-amp can amplify

a signal without significant distortion. For minimum distortion, the SR of the input signal should be

less than that of the op-amp.

■ An imperfect op-amp produces an output offset voltage caused by parameters such as Vio, Iio, IB,

PSRR, and thermal drift. A resistor is usually connected at the (�) terminal to minimize offset due to

DC-biasing currents.

■ A compensating network (either internal or external) may be connected to negate the offset voltage.

■ The input offset voltage of MOSFET amplifiers is considerably higher than that of BJT amplifiers.

This difference is due to mismatches in base widths for BJTs, in IDSS and Vp for MOSFETs, and in Vt

and W⁄L for MOSFETs.

■ A Darlington BJT pair is commonly used to provide high input resistance, low input base current, and

high current gain.

■ The unity-gain frequency fu depends directly on the biasing current IQ of the differential stage and

inversely on the compensation capacitance Cx. The slew rate SR is directly proportional to fu.

■ If the transconductance of the gain stage is on the same order as that of the first stage, the zero

frequency will be close to the unity-gain frequency and the phase margin will be reduced. A resis-

tor Rx is usually connected in series with Cx to move the zero frequency to infinity.
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14.4 CMOS Op-Amps

The internal structure of operational amplifiers has, in general, three stages: a differential stage, a gain stage,

and an output stage. The gain and output stages are often combined into a single stage. This type of amplifier

has a very high input resistance, and the voltage gain is generally less than that of other types of comparable

amplifiers. In this section, we illustrate three CMOS amplifiers: one basic type and two commercial types.

14.4.1 Basic CMOS Op-Amp

A basic CMOS amplifier with a differential stage and a gain stage is shown in Fig. 14.19 [4, 5]. PMOS

transistors M6, M7, and M8 are used to generate biasing current sources. NMOS transistors M1, M2, M3,

and M4 form the differential stage. NMOS M1 operates as a common-source amplifier. is used for fre-

quency compensation by introducing a dominant pole (see Sec. 10.12). The main task in the design of

CMOS amplifiers is to determine the width-to-length ratios of the NMOS and PMOS. Usually, 

ratios of M3, M4, and M8 are half of those for other MOSFETs. The differential pair is the “heart” of op-

amps and can be formed by cascoding MOSFETs to yield high gain and low CMRR (see Sec. 9.2.1).

Using Eq. (9.61), the voltage gain of the differential stage is given by

and the voltage gain of the gain (second) stage is given by 

Therefore, the overall low-frequency voltage gain of the amplifier is

(14.66)Ao = A1A2 = (gm2 + gm4)(ro2 7  ro4)gm5  

(ro5 7  ro6)

A2 = -gm5  

(ro5 7  ro6)

A1 = - (gm2 + gm4 )(ro2 7  ro 4)

W>L(W>L)

Cx
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(W/L)n
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3
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FIGURE 14.19 Basic CMOS amplifier
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14.4.2 CMOS Op-Amp MC14573

The simplified schematic of op-amp MC14573 is shown in Fig. 14.20. Its internal structure can be divided

into a differential CMOS stage, a gain stage, and a biasing circuit. This op-amp has a very high input re-

sistance, but the gain is lower than that of other op-amps, as expected. Some parameters of the MC14573

op-amp are listed in Table 14.1.

Microelectronic Circuits: Analysis and Design934

TABLE 14.1 Parameters of op-amp MC14573

Parameter Minimum Typical Maximum Units

DC supply voltages VDD �18 V

Input offset voltage VOS 160 600 �V

Thermal drift Dv 1 �V⁄ °C

Input biasing current IB 1.0 nA

Input offset current IOS 200 pA

Differential input resistance Rid 1012 �
Common-mode input resistance Ric 1012 �
Output resistance Ro 50 �
Input capacitance Ci 1.0 pF

Open-loop voltage gain Ao 90 dB

Common-mode rejection ratio (CMRR) 75 95 dB

Unity-gain bandwidth fu 70 MHz

Slew rate (SR) 2.5 V ⁄�s

Power supply rejection ratio (PSRR) 75 97 dB

Q3 Q4

NMOS NMOS

Q5 Q6

PMOS PMOS

NMOS

Q7

Differential stage

Q1

PMOS

Q2

PMOS

Q8

PMOS

−VSS

+VDD

Iref

IQ IQ1

Rref

Cx

DC current
source

Input + 

Input −

Output stage
Gain stage

vO

+

−

FIGURE 14.20 Schematic for op-amp MC14573 (Copyright of

Motorola. Used by permission.)
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Differential Stage

The input stage is a PMOS differential amplifier consisting of transistors Q1 and Q2. Its load is a current

mirror consisting of NMOS transistors Q3 and Q4.

Gain Stage

The gain stage is also the output stage. Q7 is operated as a common-source amplifier with Q8 as the active

load. Cx is the compensation capacitor connected to Q7.

DC Biasing

The differential stage is biased by transistors Q5 and Q6 as a current source. An external resistance Rref sets

the DC biasing current IQ, which can be found approximately from

(14.67)

The value of can be solved for known values of , , , and . Transistor Q8 serves as the load

to the output stage. Since the gate voltages of Q5, Q6, and Q8 are the same, the biasing drain current Q8

equals IQ1 � IQ.

KpVtVSSVDDVGS5

 = Kp(VGS - Vt )
2

 IQ = Iref =

VDD + VSS - VSG

Rref

Operational Amplifiers 935

Analyzing the CMOS op-amp MC14573 The CMOS amplifier in Fig. 14.20 is operated at a biasing cur-

rent of IQ � 40 �A. The parameters of the MOSFETs are Kx � 10 �A ⁄ V2, ⏐VM(NMOS)⏐� VM(PMOS) � 70 V, 

Vt � 0.5 V, and W⁄L � 160 �m ⁄ 10 �m, except for Q7, for which W⁄L � 320 �m ⁄ 10 �m. Assume VDD �
�VSS � 5 V.

(a) Find VGS, gm, and ro for all MOSFETs.

(b) Find the low-frequency voltage gain of the amplifier Avo.

(c) Find the value of the external resistance Rref.

(d) Find the value of compensation capacitance Cx that gives a unity-gain bandwidth of 1 MHz and the corre-

sponding slew rate.

(e) Find the value of resistance Rx to be connected in series with Cx in order to move the zero frequency to infinity.

(f) Find the common-mode input voltage range.

(g) Find the output voltage range.

SOLUTION

(a) Kp, VGS, gm, and ro are calculated using the following equations:

(14.68)Kp =

KxW

L

EXAMPLE 14.4

D
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(14.69)

(14.70)

(14.71)

Their values are shown in Table 14.2.

(b) Using Eq. (7.34) the voltage gain of the first differential stage with the active load is given by

(14.72)

The voltage gain of the second stage with the active load is given by

(14.73)

Thus, the overall voltage gain is Avo � Av1Av2 � 198 � 198 � 39,204 (or 91.87 dB).

(c) From Eq. (14.67), we get the value of the external resistance Rref as

(d) For fu � 1 MHz, Eq. (14.56) gives the value of compensation capacitance Cx as

From Eq. (14.63), we get the slew rate as

(e) From Eq. (14.59), the value of resistance Rx for is

Rx =

1

Gm2
=

1
gm7

=

1

226.3 � A>V = 4.42 kÆ

vz = 0

SR =

IQ

Cx
=

40 �A

18 pF
= 2.22 V>�s

Cx =

Gm1

2pfu
=

Gm2

2pfu
=

113.1 �A>V
2p * 1 MHz

= 18 pF

Rref =

VDD - VSS - VGS5

IQ
=

(5 + 5 - 1) V

40 � A
= 225  kÆ

 = -226.3 � * (1.75 M 7  1 .75 M) = - 198

 Av2 = -gm7(ro7 7  ro8)

 = -113.1 � * (3.5 M 7  3 .5 M ) = - 198

 Av1 = -gm4(ro2 7  ro4)

ro =

|VM|
ID

gm = 2Kp(VGS - V t ) = 22KpID

VGS = V t +

A

ID

Kp

TABLE 14.2 Calculated values for Example 14.4

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8

W⁄L (in �m ⁄�m) 160 ⁄10 160 ⁄10 160 ⁄10 160 ⁄10 160 ⁄10 160 ⁄10 320 ⁄10 160 ⁄10

Kp (in �A ⁄ V2) 160 160 160 160 160 160 320 160

ID (in �A) 20 20 20 20 40 40 40 40

VGS (in V) 0.854 0.854 0.854 0.854 1 1 0.854 1

gm (in �A ⁄ V) 113.1 113.1 113.1 113.1 160 160 226.3 160

ro (in M�) 3.5 3.5 3.5 3.5 1.75 1.75 1.75 1.75
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14.4.3 CMOS Op-Amp TLC1078

The simplified schematic of the TLC1078 op-amp is shown in Fig. 14.21. Its structure is similar to that of

op-amp MC14573 in Fig. 14.20. The internal structure can be divided into a differential CMOS stage, a

gain stage, an output stage, and a biasing circuit. Some parameters of the TLC1078 op-amp are listed

in Table 14.3.

Operational Amplifiers 937

(f) Transistor Q6 will leave saturation when the common-mode input voltage becomes

Transistors Q1 and Q2 will leave saturation when the common-mode input voltage falls below the voltage at the

drain of Q1 by ⏐Vt⏐—that is, when

Thus, the common-mode input voltage range is �4.5 V to 3.646 V.

(g) Transistor Q8 will leave saturation when the output voltage becomes

Transistor Q7 will leave saturation when the output voltage becomes

Thus, the output voltage range is �4.646 V to 4.5 V.

vo(min) = -VSS + |VGS7| - |Vt| = -5 + 0.854 - 0.5 = -4.646 V

vo(max) = VDD - |VGS8| + |Vt| = 5 - 1 + 0.5 = 4.5 V

vic(min) = -VSS + |VGS3| - |Vt| = -5 + 1 - 0.5 = -4.5 V

vic(max) = VDD - |VGS6| + |Vt| - |VGS1| = 5 - 1 + 0.5 - 0.854 = 3.646 V

TABLE 14.3 Parameters of op-amp TLC1078

Parameter Minimum Typical Maximum Units

DC supply voltages VDD 18 V

Input offset voltage VOS 180 600 �V

Thermal drift Dv 1 �V⁄ °C

Input biasing current IB 0.7 pA

Input offset current IOS 0.1 pA

Differential input resistance Rid 1.5 T�
Common-mode input resistance Ric 1.5 T�
Output resistance Ro 50 �
Input capacitance Ci 1.0 pF

Open-loop voltage gain Ao 110 120 dB

Common-mode rejection ratio (CMRR) 75 97 dB

Unity-gain bandwidth fu 110 MHz

Slew rate (SR) 47 V ⁄ms

Power supply rejection ratio (PSRR) 75 97 dB
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Differential Stage

The input stage is a PMOS differential amplifier consisting of transistors Q1 and Q5. Its load is a current mir-

ror consisting of NMOS transistors Q2 and Q4, which have sources R2 and R3 to give high output resistances.

Gain Stage

The gain stage uses NMOS Q7 in a common-source configuration with PMOS Q6 as the current source ac-

tive load. The combination of Cx and R5 is a pole-zero circuit, which can reduce the lowest pole or break

frequency to a low value to ensure stability. Also, it can produce a zero to cancel out one of the second

poles of the amplifier’s open-loop frequency response.

Output Stage

The output stage consists of a pair of NMOS transistors that operate in the class AB push-pull mode. Tran-

sistor Q8 is the source follower, sourcing current to the load during the interval when the signal at the out-

put of Q7 goes up above the quiescent value. Transistor Q9 acts as the common-source amplifier, sinking

current from the load during the interval when the signal at the output of the differential stage goes down

below the quiescent value.

A decreasing signal at the output of the differential stage will be amplified by Q7 with a phase shift

of 180° and then will appear through the source follower of Q8 as an increasing signal to the load. How-

ever, an increasing signal will be amplified by the common-source amplifier of Q9 with a phase shift

of 180° and then will appear as a decreasing signal to the load. Thus, the voltages applied to the gates of Q8

and Q9 will be phase shifted by 180°. The voltage gain through the two paths will be the same, however.

Microelectronic Circuits: Analysis and Design938

R2 R3

Cx

D1 D2

Q2 Q4

Q7

Q9

NMOS

Q3

PMOS

Q5

PMOS

Q1

PMOS

Q6

PMOS

NMOS

Q8

NMOS

Q11

PMOS

Q12

PMOS

NMOS

R7

Q10 Q13

NMOS NMOS

NMOS

R5

R1 R4

+VDD

Output stageGain stage

DC biasing

DC biasing

R6

Differential stage

Input +

Input −

Active mirror load

vO1 vO

+

−

+

−

FIGURE 14.21 Schematic for op-amp TLC1078 (Reprinted by permission of Texas Instruments)
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Analyzing the CMOS op-amp TLC1078 The CMOS amplifier in Fig. 14.21 is operated at a biasing cur-

rent of IQ � 40 �A. The parameters of the MOSFETs are Kx � 10 �A ⁄ V2, ⏐VM(NMOS)⏐ � VM(PMOS) � 70 V,

Vt � 0.5 V, and W ⁄ L � 160 �m ⁄10 �m, except for Q10, for which W ⁄L � 40 �m ⁄ 10 �m. Find the value of

the resistance R7. Assume VDD � VSS � 5 V.

SOLUTION

We have

For IQ � 40 �A and Kp � 160 �A ⁄ V2, Eq. (14.69) gives

Thus,

Also,

The drain current ID13 of Q13 is given by

(14.74)

Since VGS10 � VGS13 � IQR7, the drain current ID10 of Q10 is given by

(14.75)

The VGS values of Q10 and Q13 are different, but their drain currents are equal; that is,

ID13 = ID10 and Kp13(VGS13 - Vt )
2

= Kp10(VGS13 - IQR7 - Vt )
2

ID10 = Kp10(VGS10 - Vt )
2

= Kp10(VGS13 - IQR7 - Vt )
2

ID13 = Kp13(VGS13 - Vt )
2

ID3 = ID6 = ID11 = ID12 = ID10 = ID13 = IQ

VGS3 = VGS6 = VGS11 = VGS12 = VGS13 = 1 V

VGS = Vt + 2ID>Kp = 0.5 + 240>160 = 1 V

 Kp10 =

KxW

L
= 10 � *

40

10
= 40 � A>V2     (for Q10)

 Kp =

KxW

L
= 10 � *

160

10
= 160 � A>V2   (for all MOSFETs expect Q10)

EXAMPLE 14.5

D

DC Biasing

The differential amplifier is biased by transistors Q3 and Q6 as a current source whose gate voltage is set

by the voltage divider circuit consisting of transistors Q10 through Q13. All transistors are identical, except

for Q10 and Q13, whose channel widths differ from that of the others.
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14.5 BJT Op-Amps

Like MOSFET op-amps, BJT amplifiers have three stages: a differential stage, a gain stage, and an output

stage. They have the disadvantages of a lower input resistance and a higher input biasing current. However,

BJTs provide higher voltage gain [6–8]. In this section, we consider two popular op-amps.

14.5.1 BJT Op-Amp LM124

The LM124 op-amp is designed to operate from a power supply of �16 V, but it can operate from a

single power supply as low as 5 V. The simplified schematic is shown in Fig. 14.22. Some parameters

of the LM124 op-amp are listed in Table 14.4.

Differential Stage

The differential input stage consists of bipolar transistors Q1 through Q4. They are connected in Darling-

ton pairs to give high input resistances and low input biasing currents. These BJTs drive the current mir-

ror load consisting of transistors Q8 and Q9 for a high differential gain.

Microelectronic Circuits: Analysis and Design940

KEY POINTS OF SECTION 14.4

■ CMOS op-amps can have either two or three stages. The gain and output stages are often combined

into a single stage. This type of amplifier has a very high input resistance, and the voltage gain is gen-

erally less than that of other comparable types of amplifiers.

■ Since MOSFETs have lower transconductance than other amplifiers, the gain stage often requires

zero-pole compensation (see Fig. 14.21).

which relates R7 to IQ as follows:

(14.76)

Since Kp is proportional to the ratio W ⁄L, Eq. (14.76) can be expressed as

(14.77)

which, for IQ � 40 �A, W10 � 40 �m, W13 � 160 �m, VGS13 � 1 V, and Vt � 0.5 V, gives R7 � 12.5 k�.

Thus, the ratio �W�13� ⁄�W�10� sets the value of resistance R7 or IQ.

R7 =

VGS13 - Vt

IQ
 c aW13

W10
b1>2

- 1 d

R7 =

VGS13 - Vt

IQ
 c aKp13

Kp10
b1>2

- 1 d
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Gain Stage

The gain stage is a common-emitter amplifier consisting of pnp transistor Q10 (with an active load), which

is followed by a Darlington pair consisting of transistors Q11 and Q12. The beta of a pnp transistor is gen-

erally low. The Darlington pair offers a high load to transistor Q10. This arrangement ensures a high volt-

age gain (100 dB). The number of poles in the op-amp increases with the number of transistor stages. Cx

is used for feedback compensation.

Operational Amplifiers 941

TABLE 14.4 Parameters of op-amp LM124

Parameter Minimum Typical Maximum Units

DC supply voltages VS �16 V

Input offset voltage VOS 1.0 2.0 mV

Thermal drift Dv 100 200 �V⁄ °C

Input biasing current IB 20 50 nA

Input offset current IOS 2.0 10 nA

Differential input resistance Rid 2 M�
Common-mode input resistance Ric 2 M�
Output resistance Ro 75 �
Input capacitance Ci 4.0 pF

Open-loop voltage gain Ao 50 100 V⁄ mV

Common-mode rejection ratio (CMRR) 70 85 dB

Unity-gain bandwidth fu 1.0 MHz

Slew rate (SR) 3.0 V⁄�s

Power supply rejection ratio (PSRR) 650 100 dB

Q8 Q9

R10
30 kΩ

+VCC

+VCC

+

−
+

−

IQ
6 μA

IQ3
50 μA

IQ1
4 μA

IQ2
100 μA

Q2

Q1 Q4

Q3

Q10

Q11

Q12

Q7

Q6

Q13

Q5

Output stageDifferential stage Gain stage

Input

OutputInput

Active load

Cx
6 pF

RSC

vO

FIGURE 14.22 Simplified schematic for op-amp LM124 (Courtesy of National Semiconductor, Inc.)
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Output Stage

The Darlington emitter follower consisting of transistors Q5 and Q6 offers a lower-than-average output

resistance and a high resistance to the gain stage. If the voltage at the collector of transistor Q12 goes up

in the positive direction, transistor Q6 will drive the load and source current of IQ3 (50 �A). However,

if the current of Q6 falls below the level of IQ3 (50 �A), transistor Q6 will be off, and the voltage across

the load will go down below the quiescent level. This will cause transistor Q13 to turn on and sink the

load current. Transistor Q7, together with resistor RSC, provides short-circuit protection by limiting the

current through Q6. This is done by turning Q7 on if the voltage across RSC exceeds the base–emitter

voltage VBE7.

14.5.2 BJT Op-Amp LM741

The LM741 op-amp is familiar to students because its characteristics are commonly used in illustrating the

applications of op-amps. This op-amp was first introduced in 1966 by Fairchild Semiconductor, Inc. It is

relatively simple. It has a large voltage gain and a large CMRR. The range of common-mode and differ-

ential input voltages is wide. The schematic is shown in Fig. 14.23. The op-amp circuit can be divided into

five parts: a DC-biasing circuit, an input stage, an amplifier stage, an output stage, and overload protec-

tion. Some parameters of the LM741 op-amp are listed in Table 14.5.

Differential Stage

The differential input stage consists of bipolar transistors Q1 through Q4. They form common-emitter and

common-base configurations (see Fig. 9.42) for higher bandwidth and gain. This stage is biased by the cur-

rent source consisting of Q8, and it drives the current mirror active load consisting of Q5, Q6, and Q7. The

biasing feedback loop formed by Q8 and Q9 stabilizes the biasing currents in each of the input transistors

at approximately one-half of the collector current of Q10.

Microelectronic Circuits: Analysis and Design942

TABLE 14.5 Parameters of op-amp LM741

Parameter Minimum Typical Maximum Units

DC supply voltages VCC �22 V

Input offset voltage VOS 1.0 5.0 mV

Thermal drift Dv 15 �V⁄ °C

Input biasing current IB 80 550 nA

Input offset current IOS 20 200 nA

Differential input resistance Rid 0.3 2 M�
Common-mode input resistance Ric 2 M�
Output resistance Ro 75 �
Input capacitance Ci 4.0 pF

Open-loop voltage gain Ao 50 200 V⁄mV

Common-mode rejection ratio (CMRR) 70 90 dB

Unity-gain bandwidth fu 1.0 MHz

Slew rate (SR) 0.5 V⁄�s

Power supply rejection ratio (PSRR) 70 90 dB
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Gain Stage

The gain stage consists of a common-emitter Darlington pair amplifier made up of transistors Q16 and Q17.

Transistor Q17 drives an active load consisting of transistor Q13B for high gain, and it is followed by the

pnp transistor Q23 in common-emitter configuration. The extra emitter on Q23 prevents Q17 from saturat-

ing by diverting the base drive current from Q16 when VCB of Q17 reaches zero volts. This arrangement

eliminates the possibility of a high current condition—that is, a high base voltage of Q16 and a high col-

lector voltage of Q7—that could damage Q16. Q23B acts as the DC feedback so that VB16 � VC17 �
VEB23B. Cx is used for frequency compensation.

Output Stage

The output stage is a push-pull output stage and operates in class AB mode to reduce crossover distortion.

It is biased by a VBE multiplier circuit (see Fig. 14.24) consisting of transistors Q18 and Q19.

Protection Circuitry

Resistors R6 and R7 provide short-circuit protection, turning on Q15 and Q21 to limit the currents through

Q14 and Q20, respectively. Turning on Q21 also turns on transistors Q22 and Q24, thereby shorting the in-

put signal to the base of Q16 in the gain stage.

Microelectronic Circuits: Analysis and Design944

KEY POINT OF SECTION 14.5

■ BJT amplifiers usually have three stages: a differential stage, a gain stage, and an output stage. They

have the disadvantages of a low input offset voltage (1 mV), a low input resistance (2 M�), and a high

input biasing current (60 nA), but they provide large gain (100 dB) and wide bandwidth (1 MHz).

14.6 Analysis of the LM741 Op-Amp

As an example, let us carry out a complete analysis of the LM741 op-amp shown in Fig. 14.23, finding the

DC biasing currents, the small-signal gain, the input and output resistances, and the unity-gain bandwidth.

The analysis can be divided into three sections: DC analysis, AC analysis, and frequency-response analysis.

14.6.1 DC Analysis

The DC analysis to determine the quiescent operating currents and voltages of the transistors can be sim-

plified by making the following assumptions:

1. The output resistances of the transistors are very high and do not affect the currents flowing in the

circuit. Usually, this assumption results in a 10% to 20% error in the calculated currents.

2. The output voltage is maintained at a constant specified value by the internal feedback loop. Let us

assume that the output voltage is zero. This assumption is necessary because of the very high gain,
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typically 105, which results in a very low input voltage. If the output voltage is calculated with two

input terminals grounded, any change in the beta or output resistances could cause a large change

in the output voltage, and the transistors could be operating in the saturation region rather than in

the active region as expected.

3. The npn transistors have large betas; let us assume �F(npn) � 250.

4. The betas of pnp transistors are much lower than those of npn transistors; let us assume �F(pnp) � 50.

Assume VT � 26 mV for all transistors.

Biasing Circuit

The currents in the biasing current sources of Q10 and Q13AB can be calculated from Fig. 14.24. Let us as-

sume that all transistors are operating in the forward-active region, the base currents are negligible, VT �
26 mV, and VBE � 0.7 V. The reference current can be calculated as follows:

(14.78)

The transistors Q10 and Q11 form a Widlar current source. Using Eq. (9.98), we can find the output cur-

rent I1 from

(14.79)

which, by trial-and-error solution, gives I1 � 19 �A.

 V T ln a 0.73 mA

I1
b = 5 kÆ * I1

 V T ln a Iref

I1
b = R 4  

I1

 =

(15 + 15 - 2 * 0.7) V

39 kÆ

= 0.73 mA

 Iref =

V CC - V EE - V BE11 - V EB12

R5

Operational Amplifiers 945

Q13

VCC = +15 V

VEE = −15 V

Iref I1

I2 I3

Q12

Q11 Q10

R5
39 kΩ

R4
5 kΩ

B
A

FIGURE 14.24 Biasing circuit for the LM741 op-amp
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Transistor Q13 is a multicollector lateral pnp device. Thus, currents I2 and I3 are three-fourths and

one-fourth of the reference current Iref, respectively:

If we replace the biasing circuit in Fig. 14.24 by the equivalent current sources of I1, I2, and I3, the circuit

in Fig. 14.23 can be simplified to that in Fig. 14.25.

Input Stage

The input stage provides a high input resistance for differential and common-mode input signals, the

differential-to-single output, and some voltage gain. The input stage of the LM741 with biasing current

sources is shown in Fig. 14.26. Since the npn transistors have large values of beta, the base currents are

negligible compared to the collector currents. For identical transistors, IC9 � IC8.

The current IT, which is the sum of IC8 plus the base currents of Q8 and Q9, can be found from

(14.80)IT = IC8 + IB8 + IB9 = IC9 

a1 +

2

bF(pnp)
b

I3 = a1

4
b * 0.73 mA = 0.18 mA

I2 = a3

4
b * 0.73 mA = 0.55 mA
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VCC = +15 V

VEE = −15 V

+

−

R1
1 kΩ

R2
1 kΩ

R3
50 kΩ

R9
50 kΩ

R8
100 Ω

VCC

Q7

Q6Q5

Q1

Q8Q9

Q2

Q4

Q3

Q19

Q18

Q20

Q14

VCC
vO

Q16

Q17

Q23

I2
550 μA

I3
180 μA

I1
19 μA

+ −
27 Ω

27 Ω
40 kΩ

Output

Output stageDifferential stage Gain stage

FIGURE 14.25 The LM741 op-amp with biasing current sources
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where �F(pnp) is the current gain for pnp transistors. Neglecting the base currents of Q1 and Q2, we find

that the emitter currents of Q3 and Q4 are

(14.81)

The sum of the base currents of Q3 and Q4 and the collector current of Q9 must be equal to the biasing cur-

rent of I1 � 19 �A. Thus,

(14.82)

which can be simplified to Substituting IC9 from Eq. (14.82)

into Eq. (14.80) yields

(14.83)

 M (19 �A)a1 +

2

50
b = 19.38 �A

 IT M I1a1 +

2

bF(pnp)
b

I1 = IC9[(2 + bF(pnp))>(1 + bF(pnp))] M IC  9.

I1 = IC9 +

IE3

1 + bF(pnp)
+

IE4

1 + bF(pnp)
= IC9 

c1 +

1 + 2>bF(pnp)

1 + bF(pnp)
d

IE3 = IE4 =

IT

2
=

IC9

2
 a1 +

2

bF(pnp)
b
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50 kΩ

R1
1 kΩ

R2
1 kΩ

VCC

Q7

Q6Q5

Q
1

Q8Q9
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Q4

Q3

I1
19 μA

IR3

IE7

VEE = −15 V

IB5 IB6

IB8 IB9

IC6

IC2

IT

IC8

IC9

IC5

IE4

IC4IC3

IT

2
IT
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IE3
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FIGURE 14.26 Input stage of the LM741 op-amp
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Then

Because of the biasing feedback loop formed by Q8 and Q9, the biasing currents in each of the input tran-

sistors Q1 and Q2 are approximately one-half of the collector current of Q10, or I1 ⁄ 2.

The emitter current IE7 of Q7 is the sum of the base currents of Q5 and Q6 plus the current into resistor R3:

Assuming IE5 � IC5 and IE6 � IC6, the voltage across R3 is

(14.84)

The collector current of Q7 is

Gain Stage

The gain stage provides a high voltage gain with a very high input and output resistance. The amplifier

stage is shown in Fig. 14.27. Since it is assumed that the output voltage of the amplifier is zero, the base

current of Q23 is zero and the collector current of Q17 is IC17 � I2 � 550 �A. The voltage at the base of Q17

IC7 L IE7 =

V R3

R3
=

547 mV

50 kÆ

= 10.9 �A

 = 26 mV * lna 9.5 �A

10-14 A b + 1 kÆ * 9.5 �A = 537.5 mV + 9.5 mV = 547 mV

 = VT lna IC5

IS
b + R1IE5

 VR3 = VBE5 + R1IE5 = VBE6 + R2IE6

IE7 = IB5 + IB6 + IR3 L IR3

 IC5 = IC6 L IC3 = 9.5 �A

 IC3 = IC4 =

bF(pnp)

1 + bF(pnp)
IE3 =

50

1 + 50
* 9.69 �A = 9.5 �A

 IC1 = IC2 =

19.38 �A

2
= 9.68 �A
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VCC = +15 V

VEE = −15 V

I2
550 μA

IC16

Q16

Q17

R9
50 kΩ

R8
100 Ω

FIGURE 14.27 Gain stage
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is equal to the base–emitter voltage of Q17 plus the voltage drop across resistor R8. Assuming IE17 � IC17

and IS � 10�14 A, the voltage at the base of Q17 with respect to �VEE is

(14.85)

The current through R9 is

The base current of QB17 is

The collector current of Q16 is

Output Stage

The output stage supplies a high load current and offers a low output resistance. This stage is shown

in Fig. 14.28. Assuming that the base currents are negligible, the collector current of Q23 is IC23 � I3 �
180 �A. Further assuming that the circuit is connected with feedback in such a way that the output

IC16 L IE16 = IB17 + IR9 = 2.2 �A + 13.94 �A = 16.14 �A

IB17 =

IC17

bF(npn)
=

550 �A

250
= 2.2 �A

IR9 =

V B17

R9
=

698 mV

50 kÆ

= 13.96 �A

 = V T ln a 550 �A

10-14 A b + 100 Æ * 550 �A = 643 mV + 55 mV = 698 mV

 = V T ln a IC17

IS
b + R8IE17

 V B17 = V BE17 + R8IE17
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VCC = +15 V

+

−

+

−

VEE = −15 V
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180 μA
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Q
19
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Q23
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FIGURE 14.28 Output stage
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voltage is driven to zero and the output current is also zero, IC14 and IC20 are approximately equal in

magnitude. Thus,

(14.86)

Let us estimate that VBE18 � 0.6 V and the collector current of Q19 is given approximately by

Then

Now we can calculate a more accurate value for VBE18:

The collector current of Q19 is

and

which is very close to the original estimate of 165 �A. If there had been a significant difference between

this value and the original estimate, we would have used this value to find new values of VBE18, IC19, and

IC18, continuing the iterations until the desired value was found.

Using KVL around the loop formed by Q14, Q20, Q18, and Q19 in Fig. 14.28, we get

which can be written as

(14.87)

For an output voltage of vO � 0 and �F(npn) �� 1,

(14.88)

and Eq. (14.87) can be simplified to

(14.89)

from which we get

(14.90)IC14 = IC20 = 2IC18IC19A

IS14IS20

IS18IS19

IC18IC19

IS18IS19
=

I 2
C14

IS14IS20

|IC14| = |IC20|

V T ln a IC18

IS18
b + V T ln a IC19

IS19
b = V T ln a IC14

IS14
b + V T ln ` IC20

IS20
`

VBE18 + VBE19 = VBE14 + |VBE20|

IC18 = I3 - IC19 = 180 �V - 16 �V = 164 �A

IC19 =

IC18

bF(npn)
+

VBE18

R10
=

165 �A

250
+

611.7 mV

40 kÆ

= 16 �A

V BE18 = V T ln a IC18

IS
b = (26 mV ) ln a 165 �A

10-14 A b = 611.7 mV

IC18 = IC23 - IC19 = 180 �A - 15 �A = 165 �A

IC19 L

V BE18

R10
=

0.6

40 kÆ

= 15 �A

IC14 = IC20
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Thus, the collector currents depend on the IS values, which depend on the physical geometry of the tran-

sistors. Q14 and Q20 are normally designed to carry much larger current than other transistors. The specific

geometries used by different manufacturers may be different, but the IS value of Q14 and Q20 is typically

three times that of Q18 and Q19. Thus,

(14.91)

Substituting IS14 from Eq. (14.91) into Eq. (14.90) yields

(14.92)

Overload Protection

Transistor Q15 (in Fig. 14.23) turns on only when the voltage across R6 exceeds 550 mV at an output-sourcing

current of 550 mV ⁄R6 � 550 mV ⁄27 � 20 mA. When Q15 turns on, it limits the current to the base of Q14

and the output current cannot increase further. Thus, Q15 provides short-circuit protection, preventing dam-

age to the op-amp due to excess current flow and power dissipation. These problems can occur if the out-

put is shorted to a negative power supply. Similarly, transistors Q21, Q22, and Q24 protect transistor Q20 in

the case of sinking current. When Q21 turns on, it protects Q20 by limiting the current to the base of Q20,

thereby turning on Q22 and Q24.

If the inverting terminal were overdriven such that its voltage became more positive than that of the

noninverting terminal, Q1 would turn off. As a result, Q6 would also be off, and the current into the base

of Q16 would be IT � 19.4 �A. This current would be amplified by the beta of Q16, which could be as

high as 1000, giving a collector current of IC16 � 1000 � 19.4 �A � 19.4 mA that would flow into the

base of Q17. Q17 would thus become saturated. Saturation would result in a power dissipation in Q16 of

The extra emitter on Q23 prevents Q17 from developing a high current condition that could damage Q16.

14.6.2 Small-Signal AC Analysis

Small-signal analysis is performed to determine the input resistance, the output resistance, the transcon-

ductance, and the voltage gain. The op-amp circuit may be broken up into three stages: the input stage, the

gain stage, and the output stage. Since the op-amp may be considered as three cascaded stages, we will

represent the input and gain stages by their transconductance equivalents to simplify the analysis to deter-

mine the overall gain.

Notice from Eq. (14.41) that the CMRR is the change in the common-mode voltage per unit change

in the input offset voltage 
VOS, which can be determined from Eq. (14.40) if Ad is known. Thus, we

need to determine only Ad. The small-signal parameters of the transistors are

 r�16 =

bF16V T

IC16
=

250 * 26 mV

16.1 �A
= 403.7 kÆ

IC16(VCC + V EE) = 19.4 mA * (15 + 15) V L 580 mW

= 3 * 2(164 �A)(16 �A) = 153.7 �A

IC14 = IC20 = 32IC18IC19

IS14 = IS20 L 3IS18 = 3IS19
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The output resistance ro is given by

(14.93)

where �n � VT ⁄ VA is a transistor constant. Assuming �n � 5 � 10�4 for pnp transistors, Eq. (14.93) gives

Assuming �n � 2 � 10�4 for npn transistors, Eq. (14.93) gives

Input Stage

Let us assume that vic � 0 and only vid ⁄ 2 is applied. The AC equivalent circuit for the differential-mode

signal is shown in Fig. 14.29(a). The input voltage to transistor Q1 is �vid ⁄ 2 and that to transistor Q2

is �vid ⁄ 2. Assuming that the transistors are identical and the circuit is balanced, an increase in voltage at

the base junction of Q3 and Q4 due to �vid ⁄ 2 will be compensated by an equal decrease in voltage due

to �vid ⁄ 2. The voltage at the base terminals of pnp transistors Q3 and Q4 will not vary at all. As a result,

the bases of Q3 and Q4 are effectively at ground potential.

 ro17 =

1
hngm17

=

1

2 * 10-4
* 21.15 mA>V = 236.4 kÆ

 ro6 =

1
hngm6

=

1

2 * 10-4
* 365.4 �A>V = 13.68  MÆ

 ro13B =

1
hngm13B

=

1

5 * 10-4
* 21.15 mA>V = 94.56 kÆ

 ro13A = ro23 =

1
hngm13A

=

1

5 * 10-4
* 6.92 mA>V = 289 kÆ

 ro4 =

1
hngm4

=

1

5 * 10-4
* 365.4 �A>V = 5.47 MÆ

ro =

VA

IC
=

VA

V Tgm
=

1
hngm

 gm13B = gm17 =

IC17

V T
=

550 �A

26 mV
= 21.15 mA>V

 gm13A = gm23 =

IC13A

V T
=

180 �A

26 mV
= 6.92 mA>V

 gm3 = gm4 = gm5 = gm6 =

IC3

V T
=

IC4

V T
=

IC6

V T
=

9.5 �A

26 mV
= 365.4 �A>V

r�23 =

bF23V T

IC23
=

50 * 26 mV

180  �A
= 7.2 kÆ

r�17 =

bF17V T

IC17
=

250 * 26 mV

550 �A
= 11.82 kÆ
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The transconductance of the input stage can be found by shorting the output to the ground and cal-

culating the resulting current. Since ic3 � ic5 and ic6 is the current mirror of ic5, the current in the active

load circuit (ic6) will be equal in magnitude to the collector current of Q3 (ic3); that is,

(14.94)

Thus, the output current under short-circuit conditions is

(14.95)

Under these conditions, Fig. 14.29(a) can be reduced to Fig. 14.29(b), which has two identical sides. The

half-circuit AC equivalent is shown in Fig. 14.30(a), and its small-signal equivalent circuit is shown in

Fig. 14.30(b), which can be simplified to Fig. 14.30(c).

io = ic4 - ic6 = ic4 - ic3

ic6 = ic3
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+

−

+
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FIGURE 14.29 AC equivalent of input stage with differential input
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FIGURE 14.30 Half-circuit AC equivalent for differential input
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From Fig. 14.30(b),

(14.96)

Summing the emitter currents at the emitter junctions of Q1 and Q3, we get

(14.97)

Substituting for i1 and i3, we get

or

(14.98)

where �F1 and �F3 are the small-signal current gains of transistors Q1 and Q3. Since ⏐IC1⏐ � ⏐IC3⏐,
gm1 � gm3. Assuming that �F1 �� 1 and �F3 �� 1, Eq. (14.98) is reduced to

(14.99)

and Eq. (14.96) becomes

or

(14.100)

Using Eq. (14.100), we can find the collector current of Q3:

(14.101)

From the symmetry of the circuit in Fig. 14.29(a), we get

(14.102)

Substituting ic3 from Eq. (14.101) and ic4 from Eq. (14.102) into Eq. (14.95), we get the output current as

(14.103)

which gives the transconductance of the input stage as

(14.104)

 =

IC3

2V T
=

9.5 �A

2 * 26 mV
=

1

5.47 kÆ

= 182.7 �A>V

 Gm1 =

io

vid
=

gm3

2

io =

gm3vid

4
+

gm3vid

4
=

gm3vid

2

ic4 = - ic3 =

gm3vid

4

ic3 = gm3v3 =

gm3vid

4

v3 =

vid

4

vid

2
= v1 + v3 = v3 + v3 = 2v3

v1 = v3

gm1v1 c1 +

1

bF1
d = gm3v3 c1 +

1

bF3
d

gm1v1 +

gm1v1

bF1
= gm3v3 +

gm3v3

bF3

gm1v1 + i1 = gm3v3 + i3

vid

2
= v1 + v3
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Q3 can be replaced by the equivalent resistance Req seen looking from the emitter of Q3, as shown in

Fig. 14.30(c). Req can be found from

(14.105)

(14.106)

Using Eq. (8.85), we can relate vid to i1 as follows:

(14.107)

Substituting Req � r�1 ⁄ �F1 from Eq. (14.106) into Eq. (14.107) gives the input resistance as

(14.108)

Notice from Eq. (14.108) that the input resistance is four times the input resistance of the input transistors.

Also note that when vid changes, the output voltage changes and produces feedback to the input through

the output resistance of Q4. As a result, the input resistances seen from the two input terminals will not be

exactly the same. This effect is neglected in the derivation of Rid.

The output resistance Ro1 of the differential stage can be determined by setting the input voltage to

zero and applying a test voltage vx, as shown in Fig. 14.31(a). The analysis can be simplified by mak-

ing the following assumptions:

1. Thevenin’s equivalent resistance Rth6 at the base of Q6 is very small compared to r� of Q6, so the

base of Q6 is grounded. In reality, the voltage at this point is very small, and this point may be con-

sidered a virtual ground without greatly affecting the results. That is, vB6 � 0. Figure 14.31(a) can

be viewed as shown in Fig. 14.31(b).

2. The output resistance of Q2 is large and does not affect the results.

Figure 14.31(b) can be further simplified to the half circuit shown in Fig. 14.31(c). If Q2 is replaced by

1 ⁄gm2, Fig. 14.31(c) can be represented by the equivalent circuit in Fig. 14.32(a). If RQ4 and RQ6 are the

effective resistances seen from the collectors of Q4 and Q6, respectively, Fig. 14.32(a) can be represented

by Fig. 14.32(b). Using Eq. (9.113), we get

(14.109)

 = 2 * 5.47 MÆ = 10.94 MÆ

 L 2ro4 (for gm4 = gm2 and bF4 7 7 1)

 RQ4 = ro4 c 1 + gm4(1>gm2)

1 + gm4>bF4gm2
d

= 4
bF1VT

IC1
= 4 *

250 * 26 mV

9.69 �A
= 2.68 MÆ

L 4r�1

Rid =

vid

i1
= 2 cr�1 +

r�1

bF1
     (1 + bF1) d

vid>2
i1

= r� 1 + Req(1 + bF1)

 L

1
gm3

=

r� 3

bF3
=

r�1

bF1

 Req =

v3

gm3v3 + v3>r� 3
=

1

gm3 + 1>r� 3
=

1

gm3(1 + 1>bF3)
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(14.110)

 = 1.36 * 13.68 MÆ = 18.65 MÆ

 = ro6 c 1 + 365.4 �A>V * 1 kÆ

1 + 365.4 �A>V * 1 kÆ>250
d = 1.36ro6

 RQ6 = ro6 c 1 + gm6R2

1 + gm6R2>bF6
d
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FIGURE 14.31 Test circuit for calculation of Ro1
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FIGURE 14.32 Two-port equivalent of the input stage
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The output resistance of the input stage is

The two-port equivalent circuit of the input stage is shown in Fig. 14.32(c).

Gain Stage

The AC equivalent for the gain stage, shown in Fig. 14.33(a), can be represented by the equivalent circuit

shown in Fig. 14.33(b). If Req1 is Thevenin’s equivalent resistance seen looking into the base of transistor

Q17, Fig. 14.33(a) can be reduced to the form shown in Fig. 14.33(c). From Eq. (8.85), we can find the in-

put resistance of a common-emitter amplifier with a resistance in the emitter as follows:

(14.111)

Using Eq. (8.85), the input resistance of the gain stage is

(14.112)

Assuming that the voltage gain of the emitter follower Q16 is unity, the transconductance Gm2 of this stage

is that of the common-emitter amplifier of Q17 with resistance in the emitter; that is, the transconductance

of the gain stage is

(14.113)

=

21.15 mA>V
1 + 21.15 mA>V * 100 Æ

=

1

14 Æ = 6.79 mA>V

Gm2 =

gm17

1 + gm17R8

= 403.7 kÆ + (1 + 250)(36.9 kÆ 7  50 kÆ) = 5.73 MÆ

Ri2 = r� 16 + (1 + bF16)(Req1 7  R9)

= 11.82 kÆ + (1 + 250) * 100 Æ = 36.9 kÆ

Req1 = r�17 + (1 + bF17)R8

Ro1 = RQ4 7  RQ6 = 10.94 MÆ 7  18.65 MÆ = 6.9 MÆ
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FIGURE 14.33 Small-signal AC equivalent circuit for the gain stage
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The circuit for determining the output resistance is shown in Fig. 14.34(a). The small-signal AC

equivalent is shown in Fig. 14.34(b). If RQ13B and RQ17 are the effective resistances seen from the col-

lectors of Q13B and Q17, respectively, Fig. 14.34(b) can be represented by the equivalent circuit in

Fig. 14.34(c) and

Using Eq. (9.113), we get

(14.114)

The output resistance of the gain stage is

Output Stage

Since VCE of transistor Q18 is the sum of the VBE voltages of Q18 and Q19, transistors Q18 and Q19 can be

replaced by two diodes, as shown in Fig. 14.35(a). The output could be either sourcing or sinking, de-

pending on the output voltage and the load. As a result, the input and resistances of this stage greatly de-

pend on the particular values of output voltage and current. We will make the following assumptions:

1. The output is sourcing—that is, the output current is flowing out of the output stage.

2. The load current is iL � 2 mA at RL � 5 k�.

3. Transistor Q14 is in the active region.

4. Transistor Q20 is conducting a very small amount of current and is considered to be off.

Ro2 = RQ13B 7  RQ17 = 94.56 kÆ 7  730.5 kÆ = 83.72 kÆ

= 3.09 * 236.4 kÆ = 730.5 kÆ

L ro17 c 1 + 21.15 mA>V * 100 Æ

1 + 21.15 mA>V * 100 Æ>250
d = 3.09ro17

RQ17 L ro17 c 1 + gm17R8

1 + gm17R8 >bF17
d

=

1
hngm4

= 94.56 kÆRQ13B = ro13B
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The small-signal AC equivalent of Fig. 14.35(a) is shown in Fig. 14.35(b). Notice that the circuit

consists of two emitter followers in series and that the voltage gain is approximately unity. Thus, the

voltage gain of the output stage is

(14.115)

Since Q14 carries the load current iL and a no-load DC-biasing collector current of Q14 of 153.7 �A,

Thus,

Since Q23 and diodes D18 and D19 operate approximately at a current of I3 180 �A,

If Req2 is the resistance seen looking at the base of Q14, we can use Eq. (8.85) to find Req2:

(14.116)

Thevenin’s equivalent resistance seen looking from the emitter of Q23 can be found from

(14.117)

= 144 Æ + 144 Æ + (289 kÆ 7  1258 kÆ) = 235.3 kÆ

Req3 = rd18 + rd19 + (ro13A 7  Req2)

= 3.02 kÆ + (1 + 250) * 5 kÆ = 1258 kÆ

Req2 = r� 14 + (1 + bF14)RL

rd18 = rd19 =

VT

Id18
=

26 mV

180 �A
= 144 Æ

M

r�14 =

bF14VT

IC14
=

250 * 26 mV

2.15 mA
= 3.02 kÆ

IC14  M  IE4 = 2 mA + 153.7 �A = 2.15 mA

A3 L 1
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Using Eq. (8.85), we can find the input resistance of the stage:

(14.118)

Notice that the input resistance of the output stage (12 M�) is much larger than the output resistance of

the preceding stage (83.72 k�). As a result, the overall gain of the amplifier is contributed by the differ-

ential and gain stages, the overall gain is not affected by the variations in external load resistance.

The output resistance of the output stage can be determined from the AC equivalent circuit shown

in Fig. 14.36(a), which includes the output resistance Ro2 of the preceding stage. Converting Ro2 at the

base of Q23 to its emitter gives the equivalent resistance seen looking from the base of Q14 toward Q23:

(14.119)

The resistance seen looking from the base of Q14 to the left is

(14.120)

The resistance seen looking into the output terminal is

(14.121)

=

2.06 kÆ + 3.02 kÆ

1 + 250
= 20.2 Æ

Rout =

Req5 + r�14

1 + bF14

= 289 kÆ 7  2 .07 kÆ = 2.06 kÆ

Req5 = ro13A 7  Req4

= 144 + 144 +

83.72 kÆ + 7.2 kÆ

1 + 50
= 2.07 kÆ

Req4 = rd18 + rd19 +

Ro2 + r� 23

1 + bF23

= 7.2 kÆ + (1 + 50) * 235.3 kÆ = 12 MÆ

Ri3 = r� 23 + (1 + bF23)Req3

Microelectronic Circuits: Analysis and Design960

vi3

Q14

Q23

rd18

rd19

Ro2

ro13A

Req5

R6

Req4

A3vi3

Rout

ix

vx

(b)  Two-port equivalent(a)  AC equivalent circuit

Ri3

Ro

+

−

+

−

+

−

FIGURE 14.36 AC equivalent circuit for calculation of Ro

67722_14_ch14_p909-980.qxd  2/19/10  5:17 PM  Page 960

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



The current-limiting resistance R6 must be added to Rout to find the actual output resistance of the

op-amp:

(14.122)

The two-port equivalent circuit of the output stage is shown in Fig. 14.36(b).

14.6.3 Frequency-Response Analysis

For Gm1 � 182.7 �A ⁄ V and Cx � 30 pF, Eq. (14.56) gives the unity-gain frequency (or bandwidth) as

From Eq. (14.64), the slew rate is

The manufacturer-specified values are fu � 1 MHz and SR � 0.5 V⁄�s. The discrepancy between the cal-

culated values and the manufacturer-specified values is caused by the fact that Eq. (14.64) gives an ap-

proximate value of SR and does not take into account the input and output resistances of preceding and

subsequent amplifier stages.

14.6.4 Small-Signal Equivalent Circuit

The small-signal equivalent of the complete circuit is shown in Fig. 14.37. The voltage gain is

(14.123)

= 571.9 * 564.5 = 323,000

= 182.7 �A>V * (6.9 MÆ 7  5 .73 MÆ) * 6.79 mA>V * (83.72 kÆ  7  12.0 MÆ)

Av = Gm1(Ro1 7  Ri2) Gm2(Ro2 7  Ri3)

SR = 4pVT fu = 4p * 26 mV * 969.3 kHz = 0.317 V>�s

fu =

Gm1

2pCx
=

182.7 �A>V
2p * 30 pF

= 969.3 kHz

= 20.2 + 27 = 47.2 Æ

Ro = Rout + R6
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where Gm1 � the transconductance of the first (differential) stage

Gm2 � the transconductance of the second (gain) stage

Ro1 � the output resistance of the first (differential) stage

Ro2 � the output resistance of the second (gain) stage

Ri3 � the input resistance of the third (output) stage

Input and output resistances are 

� NOTES

1. The input stage and the gain stage contribute about the same gain: 571.9 and 564.5, respectively. The gain stage

loads the input stage and reduces its gain by about half. This loading makes the op-amp beta dependent, causing

the gain to vary with temperature and fabrication-process tolerances.

2. The output stage does not significantly load the gain stage, and the voltage gain is almost independent of the 

external load resistance.

3. Although the results of the analysis are approximate, they give insight into the operation and performance of the 

op-amp.

4. The output resistances of transistors were neglected in the DC analysis. If these were taken into consideration,

the biasing currents would change, thereby changing the small-signal output resistance and the results.

5. The variation in the transistor beta was neglected. But the transistor current gain falls at low collector current lev-

els because of recombination in the emitter–base space charge layer.

Rid = 2.68 MÆ  and  Ro = 47.2 Æ
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KEY POINTS OF SECTION 14.6

■ This section illustrated a three-part analysis of a complete op-amp circuit, the LM741: DC analysis to

find the DC biasing currents, small-signal analysis to find the voltage gain, and analysis of the fre-

quency response to find the unity-gain bandwidth for all stages of the op-amp.

■ The values obtained from hand calculations correspond well to the values specified in the manufac-

turer’s data sheet. That is, Av � 323,000 (compared to 200,000), Rid � 2.68 M� (compared to 

2 M�), Ro � 47.2 � (compared to 75 �), fu � 969.3 kHz (compared to 1 MHz), and SR � 0.317 

V⁄�s (compared to 0.5 V⁄�s).

14.7 BiCMOS Op-Amps

BiCMOS op-amps contain both CMOS and BJT transistors on the same chip. This arrangement incorpo-

rates the advantages of both BJTs and MOSFETs to achieve desirable characteristics such as high input

resistance, low offset, large gain, and wide bandwidth.

14.7.1 BiCMOS Op-Amp CA3130

The simplified schematic of the BiCMOS op-amp CA3130 is shown in Fig. 14.38. The internal structure

can be divided into three stages: a differential MOS stage, a gain stage, and an output stage. Some para-

meters of the CA3130 op-amp are listed in Table 14.6.
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Differential Stage

The input stage is a PMOS differential amplifier consisting of transistors Q6 and Q7. This stage is biased

by a current source of IQ, and it drives a current mirror load consisting of BJT transistors Q9 and Q10.

Although a BJT active load offers high resistance, the voltage gain is only about 5 because of the relatively

low transconductance of MOSFETs.
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FIGURE 14.38 Simplified schematic for op-amp RCA-CA3130

(Courtesy of Harris Corporation, Semiconductor Sector)

TABLE 14.6 Parameters of op-amp CA3130

Parameter Minimum Typical Maximum Units

DC supply voltages VDD �18 V

Input offset voltage VOS 8.0 15.0 mV

Thermal drift Dv 15 30 �V⁄ °C

Input biasing current IB 5 50 pA

Input offset current IOS 0.5 30 pA

Differential input resistance Rid 1.5 T�
Common-mode input resistance Ric 1.5 T�
Output resistance Ro 75 �
Input capacitance Ci 4.3 pF

Open-loop voltage gain Ao 50 320 V⁄ mV

Common-mode rejection ratio (CMRR) 70 90 dB

Unity-gain bandwidth fu 15 MHz

Slew rate (SR) 10 V⁄ �s

Power supply rejection ratio (PSRR) 70 90 dB
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Resistors R5 and R6 allow offset voltage adjustment (in the range of �R5IQ ⁄ 2 � �1 k� � 100 �A �
�100 mV) through an externally connected potentiometer (typically 10 k�) across terminals 1 and 5.

Also, resistor R6 increases the output resistance of the active load and hence the voltage gain. Zener

diodes D5 and D8 protect the thin gate-oxide of the MOSFETs from excessive voltage spikes and static

discharge, which could cause breakdown of the oxide layer and hence damage the transistors.

Gain Stage

The gain stage is a common-emitter amplifier consisting of transistor Q11 and has an active current load

for a large voltage gain (about 6000). Note that the absence of a compensation capacitor gives a high band-

width (15 MHz).

Output Stage

The output stage is a CMOS push-pull stage consisting of PMOS Q8 and NMOS Q12. If the voltage at the col-

lector of Q11 increases by a small amount above the quiescent level, then NMOS transistor Q12 turns on and

PMOS transistor Q8 remains off. On the other hand, if the voltage goes down by a small amount, then PMOS

transistor Q8 turns on and NMOS transistor Q12 remains off. The voltage gain of the output stage is about 30.

14.7.2 BiCMOS Op-Amp CA3140

The simplified schematic of the BiCMOS op-amp CA3140 is shown in Fig. 14.39. Its internal structure is

similar to that of op-amp CA3130 in Fig. 14.38, except for the output stage and the addition of a compen-

sation capacitor Cx in the second stage. The voltage gain of the differential stage is about 10. The offset
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FIGURE 14.39 Simplified schematic for op-amp RCA-CA3140 (Courtesy of

Harris Corporation, Semiconductor Sector)
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voltage adjustment is in the range of �R5IQ ⁄ 2 � �500 � � 100 �A � �50 mV. Cx provides feedback

stability, but it reduces the bandwidth. The Darlington npn emitter follower in the output stage increases

the effective load resistance seen by transistor Q13 in the gain stage and hence increases the voltage gain

to about 10. The voltage gain of the gain stage is about 10,000. Some parameters of the CA3140 op-amp

are listed in Table 14.7.

Output Stage

The Darlington emitter follower offers a lower-than-average output resistance and a high resistance to the

gain stage. If the voltage at the collector of transistor Q13 goes up in the positive direction above the quies-

cent value, transistor Q18 will drive the load and source current of IQ15 (2 mA). However, if the current of

Q18 falls below the level of IQ15 (2 mA), the voltage across the load will go down below the quiescent level.

Transistor Q18 will always remain on. This will cause MOSFET Q21 to turn on. Since the collector current

of Q16 will be the mirror of the drain current of MOSFET Q21, transistor Q16 will sink the load current.

14.7.3 BiCMOS Op-Amp LH0022

The simplified schematic of the LH0022 op-amp is shown in Fig. 14.40, which is a modification of the

original circuit by replacing junction field-effect transistors Q1 and Q2 with depletion-type NMOS. The

LH0022 is designed to operate from a �15-V power supply. It is capable of a peak output voltage swing

of about 12 V into a 1-k� load over the entire frequency range of 1 MHz. The circuit can be divided into

a differential stage, a gain stage, an output stage, overload protection, and a DC-biasing circuit. Some pa-

rameters of the LH0022 are listed in Table 14.8.

Differential Stage

The differential input stage consists of Q1 through Q4. Transistors Q1 and Q2 are depletion NMOSs that

operate in a common-drain (or source-follower) configuration. These NMOSs drive transistors Q3 and Q4,
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TABLE 14.7 Parameters of op-amp CA3140

Parameter Minimum Typical Maximum Units

DC supply voltages VDD �18 V

Input offset voltage VOS 8.0 15.0 mV

Thermal drift Dv 10 30 �V⁄ °C

Input biasing current IB 10 50 pA

Input offset current IOS 0.5 30 pA

Differential input resistance Rid 1.5 T�
Common-mode input resistance Ric 1.5 T�
Output resistance Ro 50 �
Input capacitance Ci 1 pF

Open-loop voltage gain Ao 20 100 V⁄ mV

Common-mode rejection ratio (CMRR) 70 90 dB

Unity-gain bandwidth fu 4.5 MHz

Slew rate (SR) 9 V⁄ �s

Power supply rejection ratio (PSRR) 76 80 dB
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which operate in a common-base configuration. The current mirror, consisting of transistors Q5, Q6, and

Q7, acts as the active load.

The combination of common-drain and common-base configurations provides a very high input

resistance and a very low input biasing current from the MOSFETs while giving a large voltage gain

from the BJTs. Also, the common-drain configuration performs the function of shifting voltage levels
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FIGURE 14.40 Simplified schematic for op-amp LH0022 (Courtesy of National

Semiconductor, Inc.)

TABLE 14.8 Parameters of op-amp LH0022

Parameter Minimum Typical Maximum Units

DC supply voltages VCC, VEE �15 V

Input offset voltage VOS 6.0 20 mV

Thermal drift Dv 10 �V⁄ °C

Input biasing current IB 15 50 pA

Input offset current IOS 2 10 pA

Differential input resistance Rid 1012 �
Common-mode input resistance Ric 1012 �
Output resistance Ro 75 �
Input capacitance Ci 4.0 pF

Open-loop voltage gain Ao 25 100 V⁄ mV

Common-mode rejection ratio (CMRR) 70 80 dB

Unity-gain bandwidth fu 1.0 MHz

Slew rate (SR) 1.0 3.0 V⁄�s

Power supply rejection ratio (PSRR) 70 80 dB
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toward the negative supply voltage �VEE so that the output signal can be shifted upward in the

positive direction in the following stages. Note that the DC level of the output voltage of this stage

will be approximately

Gain Stage

The gain stage has the common-collector and common-emitter configurations forming a Darlington pair

made up of Q16 and Q17. This arrangement offers a high load resistance to the differential stage and hence

provides a large voltage gain. Capacitor Cx is the pole-splitting compensating capacitor connected in shunt-

shunt feedback, and it controls the unity-gain bandwidth and the slew rate.

Output Stage

The output stage is a complementary class AB push-pull circuit consisting of transistors Q14 and Q20.

Diode-connected transistors Q18 and Q19 provide the biasing voltage for class AB operation in order to

reduce crossover distortion.

Protection Circuitry

Transistors Q15 and Q21 act as the current booster. Resistors Re1 and Re2 provide short-circuit protection

by turning on Q15 and Q21 so as to limit the currents through Q14 and Q20, respectively.

Biasing Circuitry

The complete schematic, including the biasing circuitry, is shown in Fig. 14.41, which has an extra pro-

tection circuit (consisting of transistors Q23 and Q24) to short the input terminal of Q16 (in the gain stage)

to ground through Q23. Transistors Q10 and Q11 form a Widlar current mirror, which biases transistors Q3

and Q4 of the common-base configuration. The current source consisting of transistors Q12 and Q13 biases

the gain and output stages. The reference current Iref can be found from

(14.124)

Transistor Q13 is a multicollector lateral pnp device. Its geometry is shown in Fig. 14.42(a), and

its symbol is shown in Fig. 14.42(b). The collector ring has been split into two parts—one part faces

on three-fourths of the emitter periphery and collects the holes injected from that periphery, and the

second one faces on one-fourth of the emitter periphery and collects the holes from that periphery.

The structure is analogous to two pnp transistors whose base–emitter junctions are connected in par-

allel, one with an IS that is one-fourth that of a standard pnp transistor and the other with an IS that

is three-fourths that of a standard pnp transistor. This electrical equivalence is shown in Fig. 14.42(c).

Thus, the currents IQ2 and IQ3 are three-fourths and one-fourth of the reference current Iref, respec-

tively. That is,

IQ2 =

3Iref

4
 and IQ3 =

Iref

4

Iref =

VCC + VEE - VBE11 - VEB12

R5

-VEE + VBE16 + VBE17 K -VEE + 1.2 V
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14.7.4 BiCMOS Op-Amp LF411

The simplified schematic of the LF411 op-amp is shown in Fig. 14.43, which is a modification of the original
circuit by replacing junction field-effect transistors J1 and J2 with depletion-type PMOS. Its internal

structure is similar to that of the LH0022 op-amp. The differential input stage consists of p-channel deple-

tion transistors M1 and M2 with a current mirror load. This stage has low offset, low drift, and a high unity-

gain bandwidth. The complete schematic appears in Fig. 14.44, which shows in detail the biasing circuitry.

There is a transistor Q3 in the drain of M2, but none in that of M1. Depletion NMOS M2 operates in a

common-source configuration, whereas MOSFET M1 operates in a common-drain configuration. This type

of arrangement gives a lower voltage gain but a wider bandwidth.

Operational Amplifiers 969

IQ1 IQ2

IS1 = 0.75IS
IS2 = 0.25IS

C1

E

C2

n+

p

p

p

E

C1

B

C2

(c)(b)(a)

B

C2C1

E

13

FIGURE 14.42 Electrical equivalent for multicollector lateral pnp transistor
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+VCC

+−

−VEE

IQ1

IQ2

Q8

Q7

Q6

Q9

Q3

M1 M2

Differential stage Gain stage Output stage

Internally
trimmed

Internally
trimmed

vO

FIGURE 14.43 Simplified schematic for op-amp LF411 (Courtesy

of National Semiconductor, Inc.)
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A large value of DC biasing circuit IQ (in milliamperes) can be used for depletion NMOS differen-

tial amplifiers without significantly affecting the input biasing currents. On the other hand, for BJT dif-

ferential amplifiers IQ is kept small (in microamperes) to have a low input biasing current or high input

resistance. Some parameters of the LF411 op-amp are listed in Table 14.9.

DC Biasing

The zener diode Z1 allows stable DC biasing with thermal compensation by diode D2 and resistor R4. With

MOSFET M3 acting as a current-regulator diode (see Sec. 9.6), the current through zener diode Z1 is kept

constant at IDSS. If VZ is the zener voltage, then

(14.125)

which in turn sets the DC biasing currents IQ1 and IQ2.

Iref =

VZ - VBE16 - VD2

R4
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FIGURE 14.44 Schematic for op-amp LF411 (Courtesy of National Semiconductor, Inc.)
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Thermal Protection

Transistor Q19 is normally off. If the temperature rises, VBE16 will fall because of the negative temperature

coefficient of Q16, and the zener voltage VZ will rise because of the positive temperature coefficient of

zener diode ZZ. As a result, the voltage at the emitter of Q16 will rise; thus, the voltage at the anode of D2

will also rise. If the temperature rise is adequate, Q18 and Q19 will turn on and reduce the gain and the out-

put voltage of the amplifier.

14.7.5 BiCMOS Op-Amp LH0062

The simplified schematic of the LH0062 op-amp is shown in Fig. 14.45, which is a modification of the

original circuit by replacing junction field-effect transistors Q1 and Q2 with depletion-type NMOS. The

internal structure is similar to that of op-amp LH0022.

Differential Stage

The differential input stage consists of n-channel transistors Q1 and Q2 with an active load. This is a normal

source-coupled differential pair with a difference output, which gives a lower gain but a wider bandwidth.

The input resistance is very high for the MOSFET input stage. The DC biasing current IQ is set by the current

source consisting of transistor Q3 and zener diode D1. Thus,

(14.126)

=

1.2 V - 0.6 V

600 Æ
= 1 mA

IQ K

VZ - VBE3

R5
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TABLE 14.9 Parameters of op-amp LF411

Parameter Minimum Typical Maximum Units

DC supply voltages VCC, VEE �18 V

Input offset voltage VOS 0.8 2.0 mV

Thermal drift Dv 7 20 �V⁄ °C

Input biasing current IB 50 200 pA

Input offset current IOS 25 100 pA

Differential input resistance Rid 1012 �
Common-mode input resistance Ric 1012 �
Output resistance Ro 75 �
Input capacitance Ci 4.0 pF

Open-loop voltage gain Ao 25 200 V⁄ mV

Common-mode rejection ratio (CMRR) 70 100 dB

Unity-gain bandwidth fu 2.7 4.0 MHz

Slew rate (SR) 8.0 15 V⁄�s

Power supply rejection ratio (PSRR) 70 100 dB
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Gain Stage

The gain stage is a common-emitter coupled pair, which drives a current mirror load consisting of transis-

tors Q6 and Q7. The single-ended output gives a larger voltage gain. The biasing current IQ1 can be found

from

That is,

(14.127)

The collector current of Q7 is the mirror of that of Q6; that is, IQ2 is the mirror of IQ1, and IQ2 � IQ1 � 1.6 mA,

which is also the biasing current for the output stage. The high gain and wider bandwidth are obtained by

cascading two differential stages. The slew rate is also high because of the higher DC biasing current.

Some parameters of the LH0062 op-amp are listed in Table 14.10.

=

20 kÆ * 0.5 mA - 0.6 V

6 kÆ

= 1.6 mA

IQ1 =

R2IQ>2 - VEB4

R3

IQ1R3 + VEB4 =

R2IQ

2
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FIGURE 14.45 Simplified schematic for op-amp LH0062 (Courtesy of National

Semiconductor, Inc.)
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14.7.6 BiCMOS Op-Amp LH0032

The LH0032 is an ultrafast op-amp. Its schematic is shown in Fig. 14.46, which is a modification of the orig-

inal circuit by replacing junction field-effect transistors Q1 and Q2 with depletion-type NMOS. The internal

structure is similar to that of op-amp LH0062, except that the second differential stage uses common-base

Operational Amplifiers 973

TABLE 14.10 Parameters of op-amp LH0062

Parameter Minimum Typical Maximum Units

DC supply voltages VCC, VEE �18 V

Input offset voltage VOS 10 15 mV

Thermal drift Dv 10 35 �V⁄ °C

Input biasing current IB 10 65 pA

Input offset current IOS 1 5 pA

Differential input resistance Rid 1012 �
Common-mode input resistance Ric 1012 �
Output resistance Ro 75 �
Input capacitance Ci 4.0 pF

Open-loop voltage gain Ao 25 160 V⁄mV

Common-mode rejection ratio (CMRR) 70 90 dB

Unity-gain bandwidth fu 15 MHz

Slew rate (SR) 50 75 V⁄�s

Power supply rejection ratio (PSRR) 70 90 dB

Q1 Q2

VCC = +12 V

VEE = −10 V

Q8 Q7

Q9

Q10

Q11

Q12

Q4Q3

Q6
Q5DZ1

R4
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R2R1 R3

Output
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Invert input
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Differential
stage

(Differential) gain stage Output stage

Balance/
compensation

CR2

DC biasing
vO

3

1

4

5

11

2

6

+

−

FIGURE 14.46 Schematic for op-amp LH0032 (Courtesy of National Semiconductor, Inc.)
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14.8 Design of Op-Amps

An operational amplifier is a complete IC that is expected to meet certain specifications with respect to input

resistance, output resistance, gain, CMRR, and bandwidth. An op-amp is designed at the system level. The

process involves designing the amplifying stages and protection circuitry and requires the following steps [9]:

Step 1. Identify the important specifications: the voltage gain Ad, the CMRR, the input resistance

Rid, the output resistance Ro, the unity-gain bandwidth, and the DC supply voltages VCC and VEE (or

VDD and VSS).

cascode BJTs for a higher voltage gain. The zener diode DZ1 gives a stable reference voltage for the biasing

circuit consisting of transistors Q8 and Q9. In general, a differential stage with a difference output (i.e., the

first differential stage) gives a lower voltage gain but a wider bandwidth. A differential pair with a single-

ended output (i.e., the second differential stage) gives a higher voltage gain but a lower bandwidth. How-

ever, the common-base cascode connection gives a wider bandwidth.

The LH0032 op-amp has very high gain, a very large slew rate, and a very large bandwidth. Note

that there is no compensation capacitor. As a result, the bandwidth is widened. Some parameters of the

LH0032 op-amp are listed in Table 14.11.

Microelectronic Circuits: Analysis and Design974

KEY POINTS OF SECTION 14.7

■ BiCMOS op-amps contain both CMOS and BJT transistors on the same chip. The advantages of both

BJTs and MOSFETs are utilized to achieve desirable characteristics such as high input resistance

(1.5 T�), low input biasing current (10 pA), large gain (100 dB), and wide bandwidth (4.5 MHz).

■ The difference output (70 MHz for the LH0032 op-amp), which gives a lower gain but wider band-

width, is normally used for ultrafast op-amps. Compensation capacitance is avoided (see Fig. 14.11).

TABLE 14.11 Parameters of op-amp LH0032

Parameter Minimum Typical Maximum Units

DC supply voltages VS �18 V

Input offset voltage VOS 1.0 2.0 mV

Thermal drift Dv 15 30 �V⁄ °C

Input biasing current IB 50 150 pA

Input offset current IOS 10 30 pA

Differential input resistance Rid 1012 �
Common-mode input resistance Ric 1012 �
Output resistance Ro 75 �
Input capacitance Ci 4.0 pF

Open-loop voltage gain Ao 60 70 dB

Common-mode rejection ratio (CMRR) 50 60 dB

Unity-gain bandwidth fu 70 MHz

Slew rate (SR) 350 500 V⁄�s

Power supply rejection ratio (PSRR) 50 60 dB
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Step 2. Select the type of op-amp (BJT, CMOS, or BiCMOS).

Step 3. Choose the circuit configurations and stages.

Step 4. Determine the biasing current requirement IQ for the desired specifications.

Step 5. Choose the type of current source (BJT or MOSFET) and determine its component ratings.

Step 6. Choose the active load with a current mirror (BJT or MOSFET) in order to obtain the

desired voltage gain and determine its component ratings.

Step 7. Choose the type of gain stage (BJT or MOSFET) and determine its component ratings.

Step 8. Choose the type of output stage (BJT or MOSFET) and determine its component ratings.

Step 9. Choose the type of frequency compensation (pole or pole-zero circuit) and determine its

component ratings.

Step 10. Determine the voltage, current, and power ratings of active and passive components.

Step 11. Analyze and evaluate the complete differential amplifier to see that it meets the desired

specifications.

Step 12. Use PSpice/SPICE to simulate and verify your design. If it would be implemented with dis-

crete devices, use standard values of components, with tolerances of, say, 5%.

Summary

The open-loop voltage gain of an op-amp does not remain constant, but rather decreases with frequency. The

frequency response of an internally compensated op-amp has the characteristic of a single time-constant net-

work. The slew rate of the input signal should be less than that of the op-amp in order to avoid distortion of

the output voltage. The common-mode rejection ratio is a measure of the ability of an op-amp to reject com-

mon-mode signals; the ratio should be as high as possible.

The characteristics of practical op-amps differ from those of ideal ones. The output of an op-amp is

affected by parameters such as input offset voltage, input offset current, input biasing current, thermal drift,

the power supply rejection ratio, and the input frequency. The effect of input biasing currents can be mini-

mized by adding an offset-minimizing resistor.

The internal structure of an op-amp usually consists of differential, gain, and output stages. There are

many possible combinations of op-amp stages, depending on whether the amplifier is a bipolar, MOSFET,

or CMOS op-amp. In general, a MOSFET op-amp gives a very high input resistance but less gain, whereas

a bipolar op-amp gives a higher gain but lower input resistance. A Darlington BJT pair is commonly used

for high current gain and input resistance. A difference output of a differential stage gives less gain but

yields wider bandwidth.

Op-amps exhibit offset voltages and currents, which can be minimized by appropriate internal design.

The input offset voltage is dependent on the CMRR and the common-mode signal. A pole or pole-zero

compensation circuit is commonly used for frequency compensation, but the compensation comes at the

expense of unity-gain bandwidth.

The small-signal voltage gain and the input and output resistances of the LM741 op-amp can be deter-

mined for various load conditions. Since the voltage gain is very high, the amplifier offers offset voltages

and currents because of variations in the transistor parameters and circuit resistances. Although the analysis

required to derive equations describing the characteristics of current sources and differential amplifiers can

be simplified with some assumptions, computer-aided analysis is generally required to evaluate the actual
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performance of an op-amp at the final design stage. The analysis of other op-amps would be similar to the

analysis of the LM741 op-amp in this chapter.
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Review Questions

1. What are the main stages of an op-amp?

2. What is the input biasing current of an op-amp?

3. What is the input offset current of an op-amp, and what factors influence its value?

4. What is the input offset voltage of an op-amp, and what factors influence its value?

5. What is the CMRR of an op-amp?

6. What factors influence the unity-gain bandwidth of an op-amp?

7. What factors influence the slew rate of an op-amp?

8. What is the relation between slew rate and unity-gain bandwidth?

9. What is the typical value of the input resistance of an op-amp?

10. What is the typical value of the output resistance of an op-amp?

11. Ideally, what should be the differential voltage gain of an op-amp?

12. Ideally, what should be the common-mode voltage gain of an op-amp?

13. What is the unity-gain bandwidth of an op-amp?

14. What is the effect of rise time on the frequency response of an op-amp?

15. What is a slew rate?

16. What is the slew rate of a step input voltage?

17. What is the slew rate of a sinusoidal input voltage?

18. What is the feedback factor?

19. What is the typical break frequency of an op-amp?

20. What is the effect of input offset voltage on the output of inverting and noninverting amplifiers?

21. What is the effect of input biasing currents on the output of inverting and noninverting amplifiers?
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22. What is the effect of input offset current on the output of inverting and noninverting amplifiers?

23. What is the common method for minimizing the effect of input biasing currents?

24. What is the cause of thermal drift?

25. What is the effect of thermal drift?

26. What is the effect of output offset voltage on an integrator?

27. What is the PSRR?

28. What is pole-zero compensation of an op-amp?

29. What circuit configurations are used for ultrafast op-amps?

30. What are the advantages and disadvantages of MOSFET op-amps?

31. What are the advantages and disadvantages of bipolar op-amps?

32. What are the advantages and disadvantages of CMOS op-amps?

33. What are the advantages and disadvantages of BiCMOS op-amps?

34. What is the function of short-circuit protection in op-amps?

35. What are the typical values of input resistance, output resistance, and voltage gain for the LM741 

op-amp?

Problems

The symbol indicates that a problem is a design problem. The symbol indicates that you can check the

solution to a problem using PSpice/SPICE or Electronics Workbench.

14.3 Parameters and Characteristics of Practical Op-Amps

14.1 The input voltages of an op-amp are v1 � 120 �V and v2 � 80 �V. The op-amp parameters are CMRR � 90 dB

and Ad � Ao � 2 � 105. Determine (a) the differential voltage vd, (b) the common-mode voltage vc, (c) the

magnitude of the common-mode gain Ac, and (d) the output voltage vO.

14.2 The rise time of an op-amp is tr � 0.3 �s. What is the maximum frequency limit of the op-amp?

14.3 The inverting amplifier in Fig. 14.9(a) has R1 � 15 k� and RF � 50 k�. The input offset voltage is Vio � �6 mV

at 25°C. Determine the output offset voltage Voo.

14.4 The input biasing current IB for the amplifier in Fig. 14.3 is IB � 500 nA (DC) at 25°C. If R1 � 15 k�
and RF � 50 k�, determine (a) the output offset voltage due to input biasing current IB and (b) the offset-

minimizing resistance Rx.

14.5 The maximum input offset current of the amplifier in Fig. 14.4 is Iio � �200 nA at 25°C. If R1 � 15 k�
and RF � 50 k�, determine the output offset voltage due to the input offset current.

14.6 The inverting amplifier in Fig. 14.5(a) has R1 � 15 k� and RF � 50 k�. The op-amp has Vio � �6 mV,

IB � 500 nA, and Iio � �300 nA at 25°C. Determine the total output offset voltage vof if (a) Rx (�RF � R1) �
11.54 k� and (b) Rx � 0. Assume vS � 0.

14.7 The noninverting amplifier in Fig. 14.5(b) has R1 � 15 k� and RF � 150 k�. The op-amp has Vio � �6 mV,

IB � 500 nA, and Iio � �300 nA at 25°C. Determine (a) the total output offset voltage if Rx � RF � R1 �
11.54 k� and (b) the output offset voltage vof if Rx � 0. Assume vS � 0.

14.8 The integrator in Fig. 14.7 has R1 � 10 k�, Rx � 10 k�, C1 � 0.1 �F, VCC � 15 V, �VEE � �15 V, and

maximum saturation voltage � �11 V. The op-amp has input offset voltage Vio � 6 mV, input biasing cur-

rent IB � 500 nA, and input offset current Iio � 300 nA at 25°C.

a. Determine the time required for the op-amp output offset voltage to reach the saturation limit of �14 V.

b. Repeat part (a) if Rx � 0.

PD
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14.9 The inverting amplifier in Fig. 14.5(a) has R1 � 15 k�, RF � 50 k�, and Rx � RF � R1 � 11.54 k�. The

op-amp has Vio � �6 mV, IB � 500 nA, and Iio � �300 nA. The thermal drifts are Dv � 15 �V⁄ °C, Di �
0.5 nA ⁄ °C, and Db � 0.5 nA ⁄ °C at 25°C. The temperature is 55°C. Determine (a) the output offset volt-

age due to drifts Vod and (b) the total output voltage vof if the input voltage is vS � 150 mV (DC).

14.10 The noninverting amplifier in Fig. 14.5(b) has R1 � 15 k�, RF � 50 k�, and Rx � RF � R1 � 11.54 k�. The

op-amp has Vio � �6 mV, IB � 500 nA, and Iio � �300 nA. The thermal drifts are Dv � 15 �V⁄ °C, Di �
0.5 nA ⁄ °C, and Db � 0.5 nA ⁄ °C at 25°C. The temperature is 55°C. Determine (a) the output offset volt-

age due to drifts Vod and (b) the total output voltage vo if the input voltage is vS � 150 mV (DC).

14.11 The inverting amplifier in Fig. 14.5(a) has R1 � 15 k� and RF � 150 k�. The supply voltages change from

�12 V to �10 V, and PSRR � 150 �V⁄ V at 25°C. Determine (a) the input offset voltage Vio due to changes

in the supply voltages and (b) the corresponding output offset voltage Voo.

14.12 The noninverting amplifier in Fig. 14.5(b) has R1 � 15 k� and RF � 50 k�. The supply voltages change

from �12 V to �10 V, and PSRR � 150 �V⁄ V at 25°C. Determine (a) the input offset voltage Vio due to

changes in the supply voltages and (b) the corresponding output offset voltage Voo.

14.13 The inverting amplifier in Fig. 14.5(a) has R1 � 10 k�, RF � 100 k�, and Rx � RF � R1 � 9.091 k�. The

op-amp parameters are Vio � 0.8 mV, IB � 200 nA, Iio � 100 nA, and PSRR � 150 �V⁄ V. The drifts are

Dv � 15 �V⁄ °C, Di � 0.5 nA ⁄ °C, and Db � 0.5 nA ⁄ °C at 25°C. The temperature is 55°C. The DC supply

voltages change from VCC � 12 V to 10 V and �VEE � �12 V to �10 V. The input voltage is vS � 100 mV

(DC). Determine the output voltage vO if (a) Rx � RF � R1 � 9.091 k� and (b) Rx � 0.

14.14 The noninverting amplifier in Fig. 14.12(a) has R1 � 10 k�, RF � 150 k�, and Rx � RF � R1 � 9.091 k�.

Design the offset compensating network. The op-amp parameters are Vio � 0.8 mV, IB � 200 nA, Iio � 100 nA,

and PSRR � 150 �V⁄ V. The DC supply voltages are VCC � 12 V and �VEE � �12 V.

14.15 The inverting amplifier in Fig. 14.12(b) has R1 � 10 k�, RF � 50 k�, and Rx � RF � R1 � 8.33 k�. Design

the offset compensating network. The op-amp parameters are Vio � 0.8 mV, IB � 200 nA, Iio � 100 nA,

and PSRR � 150 �V⁄ V. The DC supply voltages are VCC � 12 V and �VEE � �12 V.

14.16 The differential amplifier in Fig. 14.12(c) has Ra � R1 � 12 k� and RF � Rx � 24 k�. Design the offset

compensating network. The op-amp parameters are Vio � 6 mV, IB � 500 nA, Iio � 200 nA, and PSRR �
150 �V⁄ V. The DC supply voltages are VCC � 12 V and �VEE � �12 V.

14.17 The Darlington pair shown in Fig. 14.13 is biased in such a way that the collector-biasing current IC2 of Q2

is 400 �A. The current gains of the two transistors are the same, �F1 � �F2 � 80, and the Early voltage is

VA � 50 V. Calculate (a) the effective input resistance r�, (b) the effective transconductance gm, (c) the effec-

tive current gain �F(eff), and (d) the effective output resistance ro.

14.4 CMOS Op-Amps

14.18 The CMOS of the op-amp in Fig. 14.20 has Kx � 10 �A ⁄ V2, W⁄L � 160 �m ⁄ 10 �m, and Vt � 0.5 V. The

biasing current is IQ � 40 �A. If Vt changes by 2% and W⁄L by 1%, find the input offset voltage VOS.

14.19 The CMOS amplifier in Fig. 14.20 is operated at a biasing current of IQ � 50 �A. The parameters of the

MOSFETs are Kx � 10 �A ⁄ V2, ⏐VM(NMOS)⏐ � VM(PMOS) � 60 V, Vt � 1 V, and W⁄L � 80 �m ⁄ 10 �m,

except for Q7, for which W ⁄L � 160 �m ⁄ 10 �m. Assume VDD � VSS � 5 V. 

a. Find VGS, gm, and ro for all MOSFETs.

b. Find the low-frequency voltage gain of the amplifier Avo.

c. Find the value of the external resistance Rref.

d. Find the value of compensation capacitance Cx that gives a unity-gain bandwidth of 1 MHz and the cor-

responding slew rate.

e. Find the value of resistance Rx to be connected in series with Cx in order to move the zero frequency to

infinity.
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f. Find the common-mode input voltage range.

g. Find the output voltage range.

14.5 BJT Op-Amps

14.20 The BJTs for the op-amp shown in Fig. P14.20 have �F(npn) � 100, �F(pnp) � 50, VA(pnp) � VA(npn) � 80 V,

VBE � 0.6 V, and IS � 10�14 A. Find (a) the input biasing current IB, (b) the input resistance Ri, (c) the

unity-gain bandwidth fu and the slew rate, and (d) the overall low-frequency voltage gain Avo. Assume VCC �
�VEE � 15 V.

14.21 The BJTs for the op-amp shown in Fig. P14.21 have �F(npn) � 100, �F(pnp) � 50, VA(pnp) � VA(npn) � 80 V,

VBE � 0.6 V, and IS � 10�14 A. Find (a) the input biasing current IB, (b) the input resistance Ri, and (c) the

overall low-frequency voltage gain Avo. Assume VCC � VEE � 15 V.

VCC = +15 V

+

−

+

−

VEE = −15 V

vid

R2
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Q5 Q6
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14.22 The BJTs for the LM124 op-amp shown in Fig. 14.22 have �F(npn) � 100, �F(pnp) � 50, VA(pnp) � VA(npn) �
80 V, VBE � 0.6 V, and IS � 10�14 A. Assume VCC � 12 V. Find (a) the input biasing current IB, (b) the in-

put resistance Ri, (c) the unity-gain bandwidth fu and the slew rate, (d) the overall low-frequency voltage

gain Avo, and (e) the value of RSC for a short-circuit current limit of 25 mA.

14.6 Analysis of the LM741 Op-Amp

14.23 Calculate the gain of the LM741 op-amp in Fig. 14.23 if R8 is reduced from 100 � to 0.

14.24 Calculate the gain of the LM741 op-amp in Fig. 14.23 if the current gain for npn transistors is changed from

�F � 250 to 1.1 � 250 � 275.0 and the saturation current is changed from IS � 10�14 A to 1.05 � 10�14 A.

14.25 Calculate the gain of the LM741 op-amp in Fig. 14.23 if all resistances are increased by 1%.

14.26 Calculate the gain of the LM741 op-amp in Fig. 14.23 if all resistances are decreased by 1%.

14.7 BiCMOS Op-Amps

14.27 The BiCMOS op-amp in Fig. 14.40 has IDDS � 500 �A and Vp � �4 V. The biasing current is IQ � 200 �A.

a. If the input biasing current is IB � 1.0 nA at 25°C and doubles for every 10°C temperature rise, find the

input biasing current IB at 75°C, 100°C, and 125°C.

b. If IDDS changes by 2%, find the input offset voltage VOS and the thermal drift Dv.

14.28 The biasing current for the op-amp in Fig. 14.40 is IQ � 200 �A, and the compensation capacitance is

Cx � 30 pF. Find (a) the slew rate SR and (b) the unity-gain bandwidth fu.
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Learning Outcomes
After completing this chapter, students should be able to do

the following:

• Describe the definition of logic states. 

• List the performance parameters of logic gates.

• List the logic families and describe their internal

circuitry. 

• List the relative advantages and disadvantages of

logic families. 

• Design and analyze simple logic gates. 

Symbols and Their Meanings
Symbol Meaning

Input low and input high currents of 

a logic gate

Output low and output high currents of

a logic gate

Base, collector, and emitter currents of

an nth BJT

Drain current and gate–source voltage 

of an nth MOSFET

Drain current and drain–source voltage

of a load MOSFET

Constants of a load MOSFET and a 

driver NMOS of a logic gate

KL, Kn

iDL, vDSL

iDn, vGSn

IBn, ICn, IEn

IOL, IOH

IIL, IIH

CHAPTER 15
INTRODUCTION 

TO DIGITAL
ELECTRONICS

67722_15_ch15_p981-1078.qxd  2/19/10  5:47 PM  Page 981

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



15.1 Introduction 

If we observe the output (v-i) characteristic of a transistor closely, we notice that there are two distinct re-

gions: a low-resistance region and a high-resistance region. In analog electronics, transistors are operated

in the active region as amplifying devices, so they exhibit the characteristic of a high output resistance.

However, with proper biasing conditions, transistors can also exhibit the characteristic of a low output 

resistance—that is, a low output voltage. In digital electronics, transistors are operated as on (low output)

and off switches.

15.2 Logic States

Electronic circuits used to perform logic functions are known as digital logic circuits or logic gates. They

use two binary variables, or states: 0 (low) and 1 (high). The binary states are normally represented by two

distinct voltages: voltage VH for logic 1 and voltage VL for logic 0. If the logic 1 voltage is higher than the

logic 0 voltage (e.g., VH � 5 and VL � 0), the circuit is said to use positive logic. If the logic 

1 voltage is lower than the logic 0 voltage (e.g., VH � �5 and VL � 0), the circuit is said to use negative
logic. In this chapter, we consider positive logic.

To accommodate variations in component tolerances, temperature, and noise in a logic circuit, two

voltage ranges are usually used to define the two logic states. The ranges are illustrated in Fig. 15.1, in

which VH1 is the lowest voltage that will always be recognized as logic 1 and VL2 is the highest volt-

age that will always be recognized as logic 0. If the voltage lies in the range VH2 to VH1, the state of

the digital circuit is interpreted as logic 1. If the voltage lies in the range VL2 to VL1, the state of the

digital circuit is interpreted as logic 0. The two voltage regions are separated by an undefined, or excluded,
region. This is a forbidden band, and the signal voltage is not permitted to lie in this region. The dif-

ference VH1 � VL2 is called the transition region.

Microelectronic Circuits: Analysis and Design982

Symbol Meaning
N Fan-out of a logic gate

Low logic–noise margin and high logic–noise margin of a logic gate

On-state, off-state, and static low of a logic gate

Drain–source resistances of an NMOS and a PMOS

Propagation delay time from low to high

Propagation delay time from high to low 

Input and output voltages of a logic gate

Threshold voltages of load and driver MOSFETs of a logic gate

Input low and input high voltages of a logic gate

Output low and output high voltages of a logic gate

Transition width and logic swing voltages of a logic gateVTW, VLS

VOL, VOH

VIL, VIH

VtL, VtD

v I, vO

tpd1 or tpHL

tpdo or tpLH

RdN, RdP

Pon, Poff, Pstatic

NML, NMH
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15.3 Logic Gates

The commonly used logic gates are NOT (inverter), AND, NAND, OR, and NOR. Consider a voltage-

controlled switch with a resistance, as shown in Fig. 15.2(a), which is controlled by the input signal vI

applied between terminals 1 and 2. The output is taken across the switch between terminal 3 and the ground

terminal 2. When vI is low (around 0), the switch is open, and the output voltage vO is high (equal to the

DC supply voltage VCC). When vI is high enough to close the switch (generally above a specified thresh-

old voltage), the switch closes, and the output voltage vO is low (around 0). The input and output voltages

are shown in Fig. 15.2(b). The output is the logical inversion of the input signal, and this circuit is known

as an inverter or a NOT gate. Inverters are the building blocks of logic gates.

Volts

VH2

VH1

VL2

VL1

Logic 1

Undefined or
transition region

Logic 0

FIGURE 15.1 Voltage ranges and binary variables

KEY POINT OF SECTION 15.2

■ The binary states of a logic circuit are normally represented by two distinct voltages: VH for logic 1

and VL for logic 0. VH is positive for positive logic and negative for negative logic.

~vI
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vI

vO

+VCC +VCC +VDD
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−
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FIGURE 15.2 Inverter
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The switch can be realized by either a bipolar transistor, as shown in Fig. 15.2(c), or a MOS tran-

sistor, as shown in Fig. 15.2(d). Transistors M1 and Q1 are switched between two states: nonconducting

(or off) and conducting (or on). RP is called the pull-up resistance because the output is pulled up to-

ward the positive supply voltage VCC or VDD when the switching transistor is off.

An inverter has only one input voltage. Logic gates usually combine one or more logic variable in-

puts to produce an output. All of the possible combinations of the input variables and the corresponding

outputs are normally listed in a table called a truth table. The truth table for NOT, AND, NAND, OR,

and NOR is shown in Table 15.1. If both inputs are high, the output becomes high in an AND gate and

low in a NAND gate. If at least one input is high, the output becomes high in an OR gate and low in a

NOR gate. The symbols for these logic gates are shown in Fig. 15.3.

Digital circuits are available exclusively in integrated circuits (ICs) and can be classified into fam-

ilies. Each member of a family is made with the same technology, has similar structure, and exhibits the

same basic features. There are two MOS-logic families (NMOS, using only n-channel MOSFETs, and

CMOS, using both n- and p-channel MOSFETs in a complementary configuration), and two BJT families,

(a transistor-transistor logic [TTL] family and an emitter-coupled logic [ECL] family). Each of these

families has unique advantages and disadvantages. The choice of a logic family is based on considera-

tions such as logic functions, logic flexibility, speed, noise immunity, operating temperature range,

power dissipation, and cost.

MOS transistor logic circuits have advantages over bipolar logic gates because MOSFETs are simpler

to fabricate and occupy less space in integrated form than BJTs. A MOSFET can be connected to act as a

resistive load to replace a diffused resistor (a resistor made by diffusion during the IC-manufacturing

process) in bipolar integrated circuits. The packing density of MOSFETs is extremely high, and MOSFET

circuits can be fabricated for LSI, VLSI, and ULSI applications. MOSFETs and metal–Schottky barrier

FETs (MESFETs) can also be used in digital integrated circuits. MESFETs are usually fabricated of gallium 

arsenide (GaAs), whose electron mobility is higher than that of silicon. MESFET circuits are faster than

other types of FET circuits and are known for their outstanding speed capabilities.
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TABLE 15.1 Truth table for NOT, AND, NAND, OR, and NOR

Input NOT Input Input AND NAND OR NOR

A C � A� A B C � AB C � A�B� C � A � BB C � A
⎯⎯

�
⎯⎯

B
⎯⎯

0 1 0 0 0 1 0 1

1 0 0 1 0 1 1 0

1 0 0 1 1 0

1 1 1 0 1 0

FIGURE 15.3 Symbols for logic gates
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Depending on the complexity of the internal circuitry of the IC chip, digital IC packages can be

classified by degree of integration, as shown in Table 15.2.

Introduction to Digital Electronics 985

15.4 Performance Parameters of Logic Gates

Figure 15.2(b) shows the characteristics of an ideal inverter [1–3]. However, the performance of actual

inverters differs significantly from the ideal in the following ways:

1. The switch is not ideal; that is, when the switch is closed, it has a finite voltage drop rather than a

short circuit.

2. The switch may not open and close instantaneously because of a time delay between the application

of the input signal and the propagation of the desired output signal.

3. The input terminal of the inverter usually draws some current from the driving source.

4. The inverter usually drives a load or acts as a source to the next stage(s), and it also should be capa-

ble of supplying the driving current.

Manufacturers’ data sheets on logic gates specify many performance parameters. As examples, typical data

for TTL and CMOS devices are shown in Table 15.3, where tpd0 (also abbreviated as tpLH) is the propagation

delay time from low to high and tpd1 (also abbreviated as tpHL) is the propagation delay time from high to low.

TABLE 15.2 Classification of digital integrated circuits

Degree of Integration Number of Gates

Small-scale integration (SSI) Fewer than 10

Medium-scale integration (MSI) From 10 to 100

Large-scale integration (LSI) From 100 to 1000

Very-large-scale integration (VLSI) From 1000 to 105

Ultra-large-scale integration (ULSI) More than 105

KEY POINT OF SECTION 15.3

■ The commonly used logic gates are NOT (inverter), AND, NAND, OR, and NOR. Inverters are the

building blocks of logic gates. There are many families of logic gates, among them NMOS, CMOS,

TTL, and ECL gates.

TABLE 15.3 Parameters of 54L ⁄ 74L TTL and 54C ⁄ 74C CMOS logic gates

IIL IIH tpd0 tpd1 PD ⁄gate

VIL max VIH 2.4 V VOL IOL VOH IOH TYP TYP PD ⁄gate 1 MHz, 50 pF

Family VCC max (mA) min (�A) max (�A) min (�A) (ns) (ns) (�W) (mW)

54L ⁄ 74L 5 0.7 0.18 2.0 10 0.3 2000 2.4 100 31 35 1000 2.25

54C ⁄ 74C 5 0.8 —— 3.5 —— 0.4 360 2.4 100 60 45 0.01 1.25

54C ⁄ 74C 10 2.0 —— 8.0 —— 1.0 10 8.0 10 25 30 0.03 5
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15.4.1 Voltage Transfer Characteristic

The voltage transfer characteristic (VTC) gives the relationship between the input voltage vI and the out-

put voltage vO. An inverter with a single power supply VCC and its VTC are shown in Figs. 15.4(a) and

15.4(b), respectively. The inverter has a threshold voltage of VtI � VCC ⁄ 2; that is, the output is high (at vO �
VCC) for vI � VCC ⁄ 2 and low (at vO � 0) for vI � VCC ⁄ 2. The transition from low to high and vice versa

is very sharp at vI � VCC ⁄ 2. Thus, the incremental voltage gain is dvO ⁄ dvI � 0 for vI � VCC ⁄ 2 and it is

dvO ⁄ dvI � � for vI � VCC ⁄ 2. Therefore, the inverter exhibits a nonlinear characteristic. If it is connected

with feedback, it will oscillate between the low and high states.

A practical inverter does not have a finite threshold voltage; rather, it goes through a transition re-
gion from the high state to the low state. The VTC of a practical inverter is shown in Fig. 15.5; the VTC

has three distinct regions: the low-input region, vI � VIL; the transition region, VIL 	 vI 	 VIH; and the

high-input region, vI � VIH.

The VTC has two transitions, one at vI � VIL and one at vI � VIH, with two corresponding output

voltages, VOH and VOL. The transition voltages are defined as the points at which the slope of the VTC

is �1 (that is, dvO ⁄ dvI � �1). The following variables are applicable to all logic circuits:

VOH (high-level output voltage) is the minimum output voltage that will establish a high level (logic 1).

Data sheets guarantee that the output voltage will exceed this level at all specified operating conditions.

VOL (low-level output voltage) is the maximum output voltage that will establish a low level (logic 0). Data

sheets guarantee that the output voltage will not exceed this level at all specified operating conditions.
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FIGURE 15.4 Transfer characteristic of 

an ideal inverter
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FIGURE 15.5 Transfer characteristic of 

a practical inverter
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VIL (low-level input voltage) is the maximum positive voltage that can be applied to an input terminal

of a gate and still be recognized as logic low (0).

VIH (high-level input voltage) is the minimum positive voltage that can be applied to an input terminal

of a gate before the transition starts from the logic high (1) to logic low (0).

In the transition region, the output is undefined. The width of the transition region is a measure of

ambiguity, and it is defined by

(15.1)

A low value of VTW is desirable to reduce ambiguity in the input logic state. Logic swing is also a measure

of the ambiguity in the logic state, and it is defined by

(15.2)

A high value of VLS is desirable to reduce ambiguity and increase noise immunity. A gate for which

VOH � 2.4 V, VOL � 0.3 V, VIH � 2 V, and VIL � 0.7 V has

15.4.2 Noise Margins

Noise generally is present in logic circuits, superimposed on input signals. Noise simply refers to extrane-

ous signals, which may arise from inadequate regulation or decoupling of the power supply, electromag-

netic radiation, inductive or capacitive coupling from other parts of the system, or line drops. One of the

advantages of logic circuits is their tolerance for variations in the input signal, which results from the fact

that the input signal is interpreted simply as high or low. Noise immunity is a measure of the tolerance for

variations in the signal level, and it is that voltage that, applied to the input, will cause the output to change

its state. Noise immunity is an important device characteristic. However, noise margin is of more use to

the designer; it defines the amount of noise a system can tolerate under any circumstances and still main-

tain the integrity of the logic levels. That is, noise margin measures the ability of a gate to maintain its logic

state under varying voltage levels.

In digital circuits, one gate usually drives another; that is, the output of the first gate is the input to

the following gate. Thus, the gate whose output is high at VOH will drive an identical gate whose high-

level input voltage is VIH. This concept is illustrated in Fig. 15.6(a). The difference VOH � VIH repre-

sents a margin of safety at the logic high output. It is called the logic 1, or high, noise margin and is

given by

(15.3)NMH = VOH - VIH

VLS = VOH - VOL = 2.4 - 0.3 = 2.1 V

VTW = VIH - VIL = 2 - 0.7 = 1.3 V

VLS = VOH - VOL

VTW = VIH - VIL
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Similarly, the noise margin at the logic low output is called the logic 0, or low, noise margin and is denoted by

(15.4)

Therefore, the noise margin is the difference between the guaranteed logic 1 (or 0) level output voltage and

the guaranteed logic 1 (or 0) level input voltage. The absolute noise margin is the smaller of the two noise

margins; that is,

(15.5)

The noise margins are shown in Fig. 15.6(b). A gate with a high logic swing VLS and a small tran-

sition width VTW will have good noise immunity. There will be no uncertain or undefined region if 

VIL � VIH � (VOH � VOL) ⁄ 2, and the noise margins will be equal: NML � NMH. However, this will

cause the transition region to be eliminated with an abrupt switch in the ideal VTC, as shown in 

Fig. 15.4(b). For example, a gate for which VOH � 2.5 V, VOL � 0.3 V, VIH � 2 V, and VIL � 0.7 V has

15.4.3 Fan-Out and Fan-In

A gate draws an input current from the input signal and also delivers current to the load gate(s). Note

that the current flowing out of a terminal will have a negative value. The gate acts as the load for the

NM =  min (NML, NMH) =  min (0.4, 0.5) = 0.4 V

NML = VIL - VOL = 0.7 - 0.3 = 0.4 V

NMH = VOH - VIH = 2.5 - 2 = 0.5 V

NM = min (NML, NMH)

NML = VIL - VOL
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FIGURE 15.6 Noise margins

Volts

VCC

VOH

VCC

VOH

VIH

VIL

VOLVOL

0

VCC

VIH

VIL

00

VLS

NMH

NML

Uncertain region

(a)  Input and output voltages (b)  Noise margins

VTW VLS

Input Output

67722_15_ch15_p981-1078.qxd  2/19/10  5:47 PM  Page 988

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



input signal and as the driver for the load gates. Just as there are four voltages, there are four currents

associated with a gate and its load, and they are defined as follows:

IOH (high-level output current) is the current flowing into the output terminal when it is in the high

state (logic 1).

IOL (low-level output current) is the current flowing into the output terminal when it is in the low state
(logic 0).

IIL (low-level input current) is the current flowing into the input terminal when a specified low-level
voltage (logic 0) is applied to the input.

IIH (high-level input current) is the current flowing into the input terminal when a specified high-level

voltage (logic 1) is applied to the input.

A gate must be capable of accepting more than one input. The number of independent input nodes

is known as the fan-in. The output of one gate must be capable of driving more than one input of sub-

sequent gates. The number N of inputs that can be driven by a gate is known as the fan-out. Fan-out is

illustrated in Fig. 15.7. More precisely, fan-out is defined as the maximum number of load gates 

of similar design that can be connected to the output of a logic gate (i.e., the driver gate) without chang-

ing its logic state. Since logic gates draw a different amount of current in the logic low and logic high

states, the fan-out is the smaller of the numbers for the logic low and logic high states. That is, fan-out

N is equal to either IOL ⁄ IIL or IOH ⁄IIH, whichever gives the lower natural number. N is given by

(15.6)

For example, if IOL � 2 mA, IIL � 0.1 mA, IOH � 100 �A, and IIH � 10 �A,

The fan-out of a logic gate is usually quoted in terms of the number of inverters the gate can drive. This

helps in comparing gates and determining the loading effects of the gate in a digital circuit with multiple

gates of the same family.

N K  min c a 2 mA

0.1 mA
b , a100 �A

10 �A
b d =  min  (20,10) = 10

N K  min a IOL

IIL
, 

IOH

IIH
b
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FIGURE 15.7 Fan-out of a gate
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Designing a simple inverter An inverter, as shown in Fig. 15.8, drives identical inverters and has VOL � 0.3 V,

IOL � 2 mA, VOH � 2.4 V, IOH � 100 �A, and VCC � 5 V. The input currents drawn by each load inverter are

IIH � 0.18 mA (at logic high) and IIL � 10 �A (at logic low).

(a) If there are five load inverters, determine the value of pull-up resistance RP that will ensure a logic 1 output

of VOH � 2.4 V.

(b) If RP � 4 k
, find the fan-out N.

SOLUTION

(a) At high output, all load inverters are connected to the driving inverter, and each draws 0.18 mA. Because

of the resistance RP, the output voltage will be lower than VCC. Thus,

To ensure that vO � VOH � 2.4 V, we calculate the value of RP (for N � 5) as

At low output, each load inverter draws IIL � 10 �A. Thus,

To ensure that RP � IOL � 2 mA, we calculate the value of RP as

RP Ú

VCC - VOL

IOL + NIIL
=

(5 - 0.3) V

2 mA + 5 * 10 �A
= 2.29 kÆ

VCC = VOL + RP(IOL + NIIL)

RP …

VCC - VOH

NIIH + IOH
=

(5 - 2.4) V

5 * 0.18 mA + 100 �A
= 2.6 kÆ

vO = VCC - RP(NIIH + IOH)

EXAMPLE 15.1

D

FIGURE 15.8 Logic high fan-out of an inverter
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15.4.4 Propagation Delay

A switching device such as a bipolar transistor exhibits junction capacitances. As a result, the output of

an inverter may not respond instantaneously to the input signal. In addition, the load gate(s) offers a cer-

tain amount of capacitance CL to the driving inverter, as shown Fig. 15.9(a). CL is the equivalent input

capacitance of the load gate(s), including any capacitance due to the wiring connection. Therefore, the 

input and output responses of the inverter will exhibit finite rise time tr and fall time tf, as shown in 

Fig. 15.9(b). The rise time tr is the time required for the waveform to rise from 10% to 90% of its final

(high) value. Similarly, the fall time tf is the time required for the waveform to decrease from 90% to 10%

of its final (low) value.

The speed of operation of a gate depends on how fast a change in the input propagates through 

it and causes a change at the output. There will be a delay time between the input and output wave-

form; this time is commonly known as the propagation delay time tpd. The propagation delay time

is defined as the time between when the input pulse waveform is at 50% of its logic high value and

when the corresponding output pulse waveform is at 50% of its logic high value. For two edges

(i.e., falling and rising), there are two delay times, denoted as tpd1 (or tpHL) for the high-to-low logic

and tpd0 (or tpLH) for the low-to-high logic. The average of tpd1 and tpd0 is the average propagation

time tpd:

(15.7)

This value is commonly used as a figure of merit to compare the performance of different logic families.

For hand calculations of the propagation delays, the input voltage can be assumed to be ideal, as shown in

Fig. 15.9(c). Typical values of tpd range from 0.5 ns to 10 ns. Cycle time tcyc, another parameter used to

compare the performance of logic families, is the time between identical points of successive cycles in a

signal waveform. The clock frequency fclk, which is the reciprocal of the cycle time, is more often used.

Practical digital systems are usually designed to operate with a cycle time 20 to 50 times the propagation

time of a single gate.

tpd =

tpd1 + tpd0

2

Introduction to Digital Electronics 991

which depends mostly on the value of IOL because IIL �� IOL. Therefore, the value of RP should be in the range

2.29 k
 	 RP 	 2.6 k
. Let us choose RP � 2.5 k
.

(b) For RP � 4 k
, we get the value of N (for logic high) as

Since fractional loads are not possible, the fan-out is N � 3. If we choose N � 4, vO will be less than VOH � 2.4 V,

and the inverter will be in the transition (or logic 0) region.

N =

VCC - VOH

RPIIH
-

IOH

IIH
=

(5 - 2.4) V

4 kÆ * 0.18 mA
-

0.1 mA

0.18 mA
= 3.06
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15.4.5 Power Dissipation

The amount of power (PD) consumed by a digital circuit is also an important parameter. Knowing this 

parameter enables the designer to determine the amount of current that will be drawn from the power sup-

ply. The power dissipation has static and dynamic components. As an example, consider the inverter in

Fig. 15.10(a), where CL is the load capacitance (normally the input capacitance of another gate or the

wiring capacitance or internal capacitance of the switching device itself ).

FIGURE 15.9 Propagation times (Note: VOH may not be equal to VCC; VOL may not be

equal to 0.)
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ttr tf
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Static Power

The power consumed by an inverter depends on its logic state. When the switch S1 is closed at logic 0, the

current is drawn from the supply. The power delivered by the supply is called the static, or quiescent,
power. Thus, the static power at logic 0 is given by

(15.8)

where Ron is the on-state switch resistance, whose value is usually low, and Ron �� RP. When the switch

is open at logic 1, a small leakage current Ileak flows through the switch. The static power at logic 1 is

given by

(15.9)

where Roff is the off-state switch resistance, whose value is usually very large, and Roff �� RP. Thus, for

the idealized inverter, Pon � V2
CC ⁄ RP and Poff � 0. The static power is usually expressed as an average

value. Assuming that a gate, on average, spends half the time in each state, the average static power dissi-
pation becomes

(15.10)

(15.11)

Dynamic Power

An inverter also consumes power each time it changes state. Let us assume that at t � 0�, the input is high

and the switch is closed. Thus, the capacitor CL is discharged, and it has no charge, as shown in Fig. 15.10(a).

When the switch is opened at t � 0�, the capacitor will charge exponentially to the supply voltage VCC

(approximately) through RP, as shown in Fig. 15.10(b). The charging current will also flow through RP, and

thus power will be dissipated in RP.

 L

V 
2
CC

2RP
  a for Pon L

V     

2
CC

RP
 and Poff L 0b

 Pstatic =

1

2
  (Pon + Poff)

Poff =

V 
2
CC

RP + Roff

Pon =

V 
2
CC

RP + Ron
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FIGURE 15.10 Charging and discharging of capacitor CL
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The charge stored on the capacitor is given by

(15.12)

and the energy drawn from the supply is given by

(15.13)

Half of this energy is dissipated in the resistance RP, and the other half is stored in the capacitor as 

(1 ⁄ 2)CLV2
CC. The next time the input becomes high, the switch is closed, as shown in Fig. 15.10(c), and

the capacitor discharges through the switch resistance Ron. That is, the energy stored in the capacitor is dis-

sipated as heat in Ron. Therefore, every time the capacitor CL is charged or discharged, an amount of

energy must be provided by the power supply. The energy per cycle is CLV2
CC. Since energy per unit time

is the power, the dynamic power dissipation is given by

(15.14)

where fclk is the clock frequency of the inverter in hertz. Therefore, the total power that must be supplied

by the power supply is given by

(15.15)

Since PD is dependent on the clock frequency, power dissipation can be a severe problem in digital circuits

with frequencies over 100 MHz.

PD = Pstatic + Pdynamic

Pdynamic = fclkCLV  

2
CC

E = QVCC = CLV   
2
CC

Q = CLVCC

Microelectronic Circuits: Analysis and Design994

Finding the delay times and power dissipation of an inverter The inverter shown in Fig. 15.10(a)

has VOL � 0.3 V, VOH � 2.4 V, VCC � 5 V, Ron � 500 
, Roff � �, RP � 2.6 k
, CL � 5 pF, and fclk � 10 MHz.

(a) Find the delay times for the output voltage to rise from 0.3 V to 2.4 V (tpd0) and to fall from 5 V to 

0.3 V (tpd1).

(b) Find the power dissipation PD.

SOLUTION

(a) When the switch is open, the capacitor CL charges exponentially from 0.3 V to 5 V. The output voltage vO(t)
can be expressed in the general form

(15.16)

For vO(t � 0) � 0.3 V and vO(t � �) � 5 V, Eq. (15.16) becomes

vO(t) = 5 - 4.7e-t>�

vO(t) = vO(t = �) + [vO(t = 0) - vO(t = �)]e-t>�

EXAMPLE 15.2

D
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15.4.6 Delay-Power Product

It is desirable to have both a low propagation delay time (high speed) and low power dissipation. However,

these two requirements conflict with each other. For example, if the power dissipation is reduced by de-

creasing the supply current, the delay will increase. The delay-power product (DP) is the product of average

propagation delay time (tpd) and power dissipation (PD):

(15.17)

DP is a figure of merit for comparing logic gates. A small value of DP indicates that a circuit has a fast

switching speed and dissipates very little power. In practice, a trade-off between power dissipation and

switching speed is usually required. Typical values of DP range from 5 pJ to 50 pJ.

DP = tpdPD

Introduction to Digital Electronics 995

which, for vO(t) � 2.4 V and � � RPCL � 2.6 k
  5 pF � 13 ns, gives the delay time tpd0 � �� ln [(5 � 2.4) ⁄
(5 � 0.3)] � 7.7 ns. When the switch is closed, the capacitor CL discharges exponentially from 5 V to 0.3 V.

The output voltage vO(t) can be expressed in the general form

For vO(t � 0) � 2.4 V, the above equation becomes

which, for vO(t) to fall from 2.4 V to 0.3 V and � � RonCL � 0.5 k
  5 pF � 2.5 ns, gives the delay time

tpd1 � �� ln (0.3 ⁄ 2.4) � 5.2 ns.

(b) Substituting the numerical values in Eq. (15.10) gives

From Eq. (15.14),

Thus, PD � 4.03 � 1.25 � 5.28 mW.

Pdynamic = fclkCLV   

2
CC = 10 MHz * 5 pF * 52

= 1.25 mW

Pstatic =

V2
CC

2 (RP + Ron)
= 4.03 mW

vO(t) = 2.4e-t>�

vO(t) = vO(t = 0)e-t>�

KEY POINT OF SECTION 15.4

■ The performance specifications of a logic gate normally include a description of the voltage transfer

characteristic, noise margins, fan-out, fan-in, propagation delay, power dissipation, and delay-power

product.
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15.5 NMOS Inverters

NMOS inverters are the building blocks of NMOS digital circuits [4–6]. They use only n-channel

MOSFETs, which have low channel resistance because of the greater mobility of electrons in an n-channel.

If all the MOSFETs are enhancement-type devices, the fabrication procedure becomes simpler. But com-

bining an enhancement-type device (as the driver) and a depletion-type device (as the load) increases the

switching speed. An enhancement-type transistor is used as the driver because (1) it will be off when the

input voltage vI is low and (2) its drain and gate voltages have the same polarity. This feature allows direct

coupling between stages (i.e., one stage can be connected to the next one without any coupling capac-

itor). Although depletion-load inverters are generally used in integrated circuits for high-speed switching,

we will analyze inverters with both enhancement and depletion MOSFETs.

15.5.1 NMOS Inverter with Enhancement Load

In ICs, an inverter uses a transistor as the load because it requires much less chip area (typically 50 times less

than for a diffused resistor with the same value). The resistor in Fig. 15.2(a) can be replaced by a MOSFET.

Enhancement Load

Consider an enhancement-type n-channel MOSFET (NMOS) whose gate is connected to the drain termi-

nal, as shown in Fig. 15.11(a). For vGSL � vDSL 	 VtL (threshold voltage), the drain current will be zero;

that is,

where L in the subscript after D, DS, and GS refers to the load MOSFET.

 vDSL = vGSL

 iDL = 0

Microelectronic Circuits: Analysis and Design996

iD

vDS
0

vO

vDS

+VDD

+

+
−

−

iD

M1

(a)  Circuit

vDS = VDD − vO
vDS = vGS − VtL

iD = KL(vDS − VtL)2

vGS1

vGS2

vGS3

vGS4ID(max)

VtL

(b)  v-i characteristics

FIGURE 15.11 n-channel enhancement MOSFET as a load

with vGS � vDS

67722_15_ch15_p981-1078.qxd  2/19/10  5:47 PM  Page 996

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



For vGSL � vDSL � VtL, a drain current will flow and the transistor will always operate in the saturation

(pinch-down) mode under the following condition:

The corresponding drain current is given by

(15.18)

where KL is the MOS constant and VtL is the threshold voltage of the load MOSFET. The output charac-

teristics, which are shown in Fig. 15.11(b), indicate that the transistor will act as a nonlinear resistor if

operated in the saturation region.

Static Characteristics

An NMOS inverter with an enhancement load is shown in Fig. 15.12(a). The substrates of the MOSFETs

(MD and ML) are connected to the ground. The substrate in an IC logic gate is common to all devices, and

therefore it is connected to the ground (or to the most negative potential). Consequently, there is a nonzero

source-to-body voltage VSB (which varies with logic levels) for the device. There is also a body-to-source

capacitance, which influences both the frequency and the transient response of the device. However, this

effect, called the body effect, is not present if the substrate (i.e., the body) is connected directly to the

source. To simplify the analysis, we will assume that the substrates are connected to the source terminals

so that VSB � 0 for both MD and ML.

The output characteristics of the load and driver transistors are shown in Fig. 15.12(b). Before the

application of high input, vI � VOL and vO � VOH. The inverter is operating at point A. When vI goes

high (to VOH), transistor MD turns on, and the operating point jumps from A to B and then moves along

the i-v curve of MD until it finally reaches the quiescent point Q so that vO � VOL. When vI goes from

high to low (to VOL), the operating point jumps from Q to A and then moves along the i-v curve of ML

until it finally reaches vO � VOH. Depending on the input voltage vI, the circuit operation can be divided

into three regions, as shown in Fig. 15.12(c): region I, region II, and region III.

iDL = KL(vGSL - VtL)2

vDS 7 (vGSL - VtL) = vDSL - VtL = VDS(sat)

Introduction to Digital Electronics 997
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+
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FIGURE 15.12 NMOS inverter with enhancement load
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In region I, the input voltage vI 	 VtD, where VtD is the threshold voltage of the drive transistor MD.

Thus, MD is cut off, so the drain currents of the two transistors must be zero. For the load transistor ML,

(15.19)

where iDL � drain current of the load transistor ML

vGSL � gate-to-source voltage of the load transistor ML

VtL � threshold voltage of the load transistor ML

KL � MOS constant parameter of the load transistor ML

Using KVL, we can write

(15.20)

Substituting vGSL from Eq. (15.20) into Eq. (15.19) yields

which gives the output voltage as

(15.21)

Therefore, the high output voltage VOH is less than VDD by the amount of the threshold voltage of the load

transistor ML. The input voltage corresponding to vO � VOH is

(15.22)

In region II, vI � VtD. As vI becomes slightly greater than VtD, MD begins to conduct and operates

in the saturation region. The drain currents of the two transistors will be equal; that is, iDL � iDD, which,

for both transistors in saturation, gives

� NOTE D in the subscripts after D, DS, and GS refers to the driver MOSFET.

Substituting the values for the gate-to-source voltages, vGSL � VDD � vO and vGSD � vI, we get

(15.23)

Solving for vO, we get

(15.24)

Thus, the output voltage vO is a linear function of the input voltage vI. The slope of the transfer character-

istics is a constant given by

(15.25)
dvO

dvI
= -

A

KD

KL
= - 2KR

vO = VDD - VtL - (vI - VtD)aKD

KL
b1>2

KL(VDD - vO - Vt L)2
= KD(vI - VtD)2

KL(vGSL - VtL)2
= KD(vGSD - VtD)2

VIL = VtD

vO = VOH = VDD - Vt L

0 = KL(VDD - vO - Vt L)2

vGSL = VDD - vO

iDL = 0 = KL(vGSL - VtL)2
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where KR is known as the geometry ratio. The slope changes abruptly from 0 to ��K�R� at VIL � VtD. The

slope, which is inversely proportional to the transition width VTW, can be increased and the transition

region can be narrowed with a large value of KD ⁄ KL. Since the MOS constant parameters (KD and KL) are

proportional to the ratio W⁄L, the slope can be rewritten as

(15.26)

The voltage VD(mid) � vI � vO can be found from Eq. (15.23):

which can be solved for VMD as follows:

(15.27)

If vI is increased sufficiently, MD will operate at the edge of the saturation region. If vDSD(sat) is the

drain–source voltage at the transition point,

(15.28)

Since vDSD(sat) � vO and vGSD � vI, Eq. (15.28) can be written as

(15.29)

Equating vO in Eq. (15.24) to the output voltage in Eq. (15.29) gives the input voltage VI(tran) at the tran-

sition point between the saturation and nonsaturation (ohmic) regions; that is,

which, solved for VI(tran), yields

(15.30)

In region III, vI � VI(tran). ML and MD operate in the saturation and nonsaturation (ohmic) regions,

respectively. From Eq. (7.6), the drain current iDD is given by

(15.31)

Since the two drain currents must be the same, we can find the relation between the input and the output

voltages. Thus, from Eqs. (15.18) and (15.31), we get

(15.32)KL(vGSL - VtL)2
= KD[2(vGSD - VtD)vDSD - v2

DSD]

iDD = KD[2(vGSD - VtD)vDSD - v2
DSD]

VI(tran) =

VDD - VtL + VtD(1 + 2KR)

1 + 2KR

vO = VI(tran) - VtD = VDD - VtL - (VI(tran) - VtD)2KR

vO = vI - VtD

vDSD(sat) = vGSD - VtD

VMD =

VDD - VtL + VtD2KR

1 + 2KR

KL(VDD - VMD - VtL)2
= KD(VMD - VtD)2

dvO

dvI
= - c (W>L)D

(W>L)L
d1>2
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Substituting the values for the gate-to-source voltages, vGSL � VDD � vO, vGSD � vI, and vDSD � vO, we get

the relationship between the input and output voltages:

(15.33)

If we use dvO ⁄ dvI � �1, Eq. (15.33) gives

(15.34)

Solving Eqs. (15.33) and (15.34) for the logic high input voltage VI � VIH and the corresponding VO, we get

(15.35)

(15.36)

� NOTE VO in Eq. (15.36) is not VOL, which is found by substituting vI � VOH � VDD � VtL and vO � VOL in
Eq. (15.33) and then solving the quadratic equation for VOL.

The output voltage and the drain currents depend on the input voltage vI. The transfer characteris-

tics are shown in Fig. 15.13 for various values of the ratio KD ⁄KL. As the ratio KD ⁄KL becomes larger,

a steeper characteristic is obtained, which is highly desirable in digital circuits. At a larger value of

KD ⁄KL, the low output voltage VOL becomes smaller. To guarantee turnoff of the succeeding stages, the

low output voltage VOL should be less than the threshold voltage of the driver transistors.

VO =

VDD - VtL

21 + 3KR

vIH =

(VDD - VtL)(2 + 1>KR)

21 + 3KR

+ VtD -

VDD - VtL

KR

vI = VtD + 2vO +

vO + VtL - VDD

KR

 KL(VDD - vO - VtL)2
= KD[2(vI - VtD)vO - v2

O]
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FIGURE 15.13 Transfer characteristics

for various values of the ratio KD ⁄KL
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Body Effect

The previous equations were derived by neglecting the body effect in the load transistor ML. In IC invert-

ers, the body effect increases the threshold voltage. A higher value of VIL causes VOH to drop significantly,

and the noise margin is decreased. In addition, a large geometry ratio KR (large KD and low KL) is required

to achieve a steep VTC. The threshold voltage Vt is related to VSB (see Sec. 7.3.4) by

(15.37)

where Vt0 � threshold voltage at VSB � 0, typically 1 V to 1.5 V

� � fabrication process constant, typically 0.3 �V� to 1 �V�
2�f � equilibrium electrostatic potential of the p-type body material, typically 0.6 V

Using Eq. (15.37), VtD0 � Vt0 for MD, and VSB � vO for ML, we find that VtL is given by

(15.38)

This relationship for VtL(vO), which is a nonlinear function of vO, can be used to find the transfer charac-

teristic of the inverter. However, several iterations are required, and the process can be tedious. It is rarely

necessary to obtain a detailed analysis for circuit design, and such a task is usually left for computer-aided

simulation.

VtL = VtD0 + g|2vO + 2ff - 22ff|

Vt = Vt0 + g|2VSB + 2ff - 22ff|

Introduction to Digital Electronics 1001

Designing an enhancement-load NMOS inverter Design an enhancement-load NMOS inverter, as

shown in Fig. 15.12(a), to obtain a noise margin of NML � 0.8 V. The threshold voltages are VtL � VtD � 1 V,

and KL � 20 �A ⁄ V2. The supply voltage is VDD � 5 V. Assume load capacitance CL � 0.5 pF and clock fre-

quency fclk � 5 MHz.

(a) Find the design parameter KR � KD ⁄KL, neglecting the body effect.

(b) Calculate NML if the body effect is included. Assume � � 0.5 �V� and 2�f � 0.6 V.

(c) Calculate the low-to-high propagation time tpLH.

(d) Calculate the high-to-low propagation time tpHL.

(e) Calculate the delay-power product (DP).

SOLUTION

NML � VIL � VOL � 0.8 V. Thus, for VIL � VtD � 1 V,

Technically, VOH � VDD � VtD � 5 � 1 � 4 V. However, to simplify the analysis for finding an expres-

sion for KR, we will assume VOH � VIH � VDD � 5 V. For VIH � 5 V, ML and MD operate in the 

VOL = VIL - NML … 0.2 V

EXAMPLE 15.3

D
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saturation and nonsaturation (ohmic) regions, respectively. Thus, for vI � VIH � VOH and vO � VOL, Eq.

(15.33) yields

(15.39)

which gives the desired value of the geometry ratio KR as

(15.40)

(a) Without the body effect, VtD � 1 V. For VOL � 0.2 V and VOH � 5 V, Eq. (15.40) gives KR � 9.26. Since

a higher value gives a lower value of VOL, we choose KR � 10. For this value of KR, we can find VOL by solving

the quadratic equation in Eq. (15.39):

which gives VOL � 0.19 V or 7.81 V (not physically meaningful). Thus, VOL � 0.19 V, which is less than 0.2 V.

(b) With the body effect of VO � 0.2 V, Eq. (15.38) gives

(15.41)

With this value of VtL � 1.06 V, Eq. (15.39) gives

which gives VOL � 0.18 V. Thus,

which is better than the specified 0.8 V.

(c) The NMOS inverter with a load capacitor CL is shown in Fig. 15.14(a). As vI goes low to VOL, MD turns

off immediately, and the capacitor CL is charged up by the drain current iDL. The operating point, shown in 

Fig. 15.14(b), moves along the load line of ML from point Q of VOL to midpoint P of VO(mid) � (VOH � VOL) ⁄2.

The charging of the capacitor is shown in Fig. 15.14(c). The output voltage is given by

(15.42)

which can be integrated from VOL to VO(mid) to give the low-to-high propagation time tpLH, as shown in 

Fig. 15.14(d). To simplify the analysis, we will find the average value of the charging current ICLH and then find

an approximate value of tpLH; that is, 

(15.43)

where ICLH is given by

(15.44)ICLH =

iC(VOL) + iC(VO(mid))

2

tpLH =

CL(VO(mid) - VOL)

ICLH

CL
dvO

dt
= iDL = KL(VDD - vO - VtL)2

NML = VtL - VOL = 1 - 0.18 = 0.82 V

10[2(5 - 1)VOL - V2
OL] = (5 - 1.06 - VOL)2

 = 1 + 0.5|20.2 + 0.6 - 20.6| = 1.06 V

 VtL = VtD + g|2vO + 2ff - 22ff|

10[2(5 - 1)VOL - V2
OL] = (5 - VOL - 1)2

KR =

KD

KL
=

(VDD - VOL - VtL)2

2(VOH - VtD)VOL - V 
2
OL

KD[2(VOH - VtD)VOL - V 2
OL] = KL(VDD - VOL - VtL)2
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For VOL � 0.2 V,

Then

Thus, tpLH = 0.5 pF *

(2.1 - 0.2) V

180.5 �A
= 5.26 ns

ICLH =

288.8 � + 72.2 �
2

= 180.5 �A

iC(VO(mid)) = KL(VDD - VO(mid) - VtL)2
= 20 � * (5 - 2.1 - 1)2

= 72.2 �A

iC(VOL) = iDL(VOL) = KL(VDD - vO - VtL)2
= 20 � * (5 - 0.2 - 1)2

= 288.8 �A

VO(mid) =

VOH + VOL

2
= 2.1 V

VOH = VDD - VtL = 5 - 1 = 4 V

FIGURE 15.14 Switching speed of enhancement-load NMOS inverter
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vO

vO

ML

MD CL

iDL

iDD

~vI

VOH = VDD − VtL
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+

−

+

−

+

−
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B

P
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0
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t
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t
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(d) As vI goes high to VOH, MD turns on and the capacitor CL discharges through MD. The operating point

moves along the load line of MD from point B of VOH to midpoint D of VO(mid) � (VOH � VOL) ⁄ 2. The

output voltage is given by

(15.45)

where

Using the average value of the capacitor discharging current iCHL, we can find the approximate value of tpHL

from

(15.46)

where iCHL is given by

(15.47)

For KD � KRKL � 200 �A ⁄ V2,

Thus,

which is much shorter than tpLH � 5 ns. The value of iDL(VO(mid)), which is much smaller than that of

iDD(VOH), can often be neglected.

(e) The propagation time tpd, which is the average of tpLH and tpHL, is

tpd =

tpLH + tpHL

2
=

5.26 ns + 0.56 ns

2
= 2.91 ns

 tpHL = 0.5 pF *

(4 - 2.1) V

1683 �A
= 0.56 ns

 iCHL =

1800 + 1638 - 72.2

2
= 1683 �A

 iDL(VO(mid)) = KL(VDD - VO - VtL)2
= 20 � * (5 - 2.1 - 1)2

= 72.2 �A

 iDD(VO(mid)) = KD[2(VOH - VtD)VO - V2
O] = 200 � * [2 * (4 - 1) * 2.1 - 2.12] = 1638 �A

iDD(VOH) = KD(VOH - VtD)2
= 200 � * (4 - 1)2

= 1800 �A

 VO(mid) =

VOH + VOL

2
= 2.1 V

 VOH = VDD - VtL = 5 - 1 = 4 V
 VOL = 0.2 V

iCHL =

iDD(VOH) + iDD(VO(mid)) - iDL(VO(mid))

2

tpHL =

CL(VOH - VO(mid))

ICHL

iDD = c KD (VOH - VtD)2                           for (VOH - VtD) Ú vO 7 VO(mid)

KD[2(VOH - VtD)vO - v2
O]             for vO … VO(mid)

CL
dvO

dt
= iDD - iDL
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15.5.2 NMOS Inverter with Depletion Load

The load in an inverter can be a depletion-type MOSFET. Consider an n-channel depletion MOSFET whose

gate is connected to the source terminal, as shown in Fig. 15.15(a). With this connection, vGS � 0; the

output characteristic is shown in Fig. 15.15(b), which indicates that vDS must be zero to obtain a zero drain

current.

Static Characteristics

An NMOS inverter with a depletion-load transistor ML is shown in Fig. 15.16(a), in which the substrates

of the MOSFETs are connected to the ground. To simplify the analysis, we will assume that the substrates

are connected to the source terminals so that VSB � 0 for both MD and ML. The output characteristics of

the load and driver transistors are shown in Fig. 15.16(b). If vI � VOL, then vO � VOH. When vI goes high

(to VOH), transistor MD turns on, and the operating point jumps from A to B and then moves along the i-v
curve of MD until it finally reaches the quiescent point Q so that vO � VOL. When vI goes from high to low

(to VOL), the operating point jumps from Q to A and then moves along the i-v curve of ML until it finally

reaches vO � VOH. Depending on the input voltage vI, the VTC can be divided into four regions, as shown

in Fig. 15.16(c).

Introduction to Digital Electronics 1005

Then (15.48)

and

so

Therefore, the delay-power product is

DP = PD * tpd = 784.5 �W * 2.91 ns = 2.28 pJ

PD = Pstatic + Pdynamic = 722 � + 62.5 � = 784.5 �W

Pdynamic = fclkCLV2
DD = 5 MHz * 0.5 pF * 52

= 62.5 �W

 =

5 * 20 � * (5 - 0.2 - 1)2

2
= 722 �W

 Pstatic =

VDD iD(VDL)

2
=

VDD KL(VDD - VOL - VtL)2

2

0

vO

+VDD

+

−

iD

ML
vGS = 0

(b)  v-i characteristic(a)  Circuit

vDS = vGS − VtL
iD

vDS

FIGURE 15.15 n-channel depletion-type

MOSFET with vGS � 0
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In region I, the input voltage vI 	 VtD, where VtD is the threshold voltage of the drive transistor MD.

MD is cut off, so the drain currents of the two transistors must be zero. ML operates in the nonsatura-

tion (ohmic) region. The drain current of load transistor ML is iDL � 0, which, for vDSL � 0, gives the

output voltage as

Thus, VOH is not reduced by VtL, as it is in the case of an enhancement-load inverter.

In region II, vI � VtD. As vI becomes slightly greater than VtD, MD begins to conduct and operates

in the saturation region. ML is still in the nonsaturation region. The two drain currents must be equal;

that is, iDL � iDD, which, for ML in the nonsaturation region and MD in the saturation region, gives

Substituting the values for vGSL � 0, vDSL � VDD � vO, and vGSD � vI, we get the relationship between

the input and output voltages as

(15.49)

VIL can be found by differentiating Eq. (15.49) and setting dvO ⁄ dvI � �1 to solve for vI � VIL.

If vI is increased sufficiently, both MD and ML will operate in the saturation region. At the transi-

tion point from nonsaturation to saturation for ML, we get

which gives vO at the edge of the transition as

(15.50)VO(tran1) = VO = VDD + VtL

vDSL = VDD - vO = vGSL - VtL = 0 - VtL = -VtL

KL[-2VtL(VDD - vO) - (VDD - vO)2] = KD(vI - VtD)2

KL[2(vGSL - VtL)vDSL - v2
DSL] = KD(vGSD - VtD)2

vO = VOH = VDD - vDSL = VDD

Microelectronic Circuits: Analysis and Design1006
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FIGURE 15.16 NMOS inverter with depletion load
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Substituting vO from Eq. (15.50) into Eq. (15.49) gives the corresponding input voltage VI � VI(tran1); that is,

which, for vI � VtD, gives

(15.51)

� NOTE VI(tran1) can also be found from

for vGSL � 0 and vGSD � vI � VI(tran1).

In region III, vI � VI(tran1). Both ML and MD operate in the saturation region. Since the two currents

must be equal, iDL � iDD, or

Substituting vGSL � 0 and vGSD � vI, we get the input voltage when both transistors are in saturation:

The corresponding value of drain current is

(15.52)

which indicates that the drain current is independent of vI and remains constant. At this current level, ML

will continue to operate in the saturation region and MD will be forced into nonsaturation. There will be a

quick transition as MD switches from the saturation to the nonsaturation region. The output voltage will

change to

(15.53)

The input voltage at this transition is the same as VI(tran1); that is,

(15.54)

Note that at vI � VI(tran1) � VI(tran2), there will be two transitions: the first as MD switches from saturation

to nonsaturation at an output voltage of vO � VDD � VtL and then the second as ML switches from non-

saturation to saturation at an output voltage of vO � vI � VtD.

In region IV, vI � VI(tran1) � VI(tran2). The drive transistor MD goes into nonsaturation, and ML oper-

ates in the saturation region. Since the two currents must be equal, iDL � iDD, which, for ML in saturation

and MD in nonsaturation, gives

 KL(vGSL - VtL)2
= KD[2(vGSD - VtD)vDSD - v2

DSD]

VI(tran2) = VI(tran1) = VtD - VtLaKL

KD
b1>2

VO(tran2) = vO = vDSD = vGSD - VtD = vI - VtD

iDL = iDD = KL(vGSL - VtL)2
= KL(-VtL)2

= KLV2
tL

vI = VtD - VtLaKL

KD
b1>2

= VtD - VtLA

1

KR

KL(vGSL - VtL)2
= KD(vGSD - VtD)2

KL(vGSL - VtL)2
= KD(vGSD - VtD)2

VI(tran1) = vI = VtD - VtLaKL

KD
b1>2

= VtD - VtLA

1

KR

KL[-2VtL(VDD - VDD - VtL) - (VDD - VDD - VtL)2] = KD(vI - VtD)2

Introduction to Digital Electronics 1007
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Substituting vGSL � 0, vDSD � vO, and vGSL � vI, we get the relationship between the input and output voltages:

(15.55)

If we set dvO ⁄ dvI � �1, Eq. (15.55) yields

which, after substitution into Eq. (15.55), gives

(15.56)

(15.57)

The typical loci for the transition points for both the load and the drive transistors are shown in Fig. 15.17.

The typical transfer characteristics are shown in Fig. 15.18 for several values of the ratio KD ⁄ KL. The deple-

tion load provides a constant current once ML goes into saturation.

Body Effect

With the body effect, VtL varies with vSB � vO by

(15.58)

where VtL0 is the threshold voltage at vSB � 0. Since ⏐VtL⏐ decreases with falling vO, the load current will

decrease slightly and vO will still drop rapidly with vI.

VtL = VtL0 + g|2vO + 2ff - 22ff|

vO =

|VtL|

23KR

VIH =

2|VtL|

23KR

+ VtD

vI = 2vO + VtD

KL(-VtL)2
= KD[2(vI - VtD)vO - v2

O]
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FIGURE 15.17 Transition loci for driver and load transistors
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FIGURE 15.18 Transfer characteristics for various values of the ratio

KD ⁄ KL

Designing a depletion-load NMOS inverter Design a depletion-load NMOS inverter, as shown in 

Fig. 15.16(a), to obtain a noise margin of NMH � 2.7 V. The threshold voltages are VtL � �2.5 V, VtD � 1 V,

and KL � 20 �A ⁄ V2. The supply voltage is VDD � 5 V. Assume VOH � VDD � 5 V, load capacitance CL � 0.5 pF,

and frequency fclk � 5 MHz.

(a) Find the design parameter KR � KD ⁄KL, neglecting the body effect.

(b) Calculate NML if the body effect is neglected.

(c) Calculate NMH if the body effect is included. Assume � � 0.5 �V� and 2�f � 0.6 V.

(d) Calculate the low-to-high propagation time tpLH.

(e) Calculate the high-to-low propagation time tpHL.

(f) Calculate the delay-power product (DP).

(g) Use PSpice/SPICE to verify your results.

SOLUTION

(a) NMH � VOH � VIH � 2.7 V. Thus, for VOH � VDD � 5 V,

VIH = VOH - NMH … 2.3 V

EXAMPLE 15.4

D
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For VIH 	 2.3 V, Eq. (15.56) yields

(15.59)

which gives KR � 4.93. Since a higher value gives a lower VIH, we choose KR � 5. For this value of KR, Eq. (15.56)

gives VIH � 2.29 V, and Eq. (15.57) gives vO � 0.65 V.

(b) For KD � KL  KR � 100 �A/V2, Eq. (15.49) gives

(15.60)

Setting dvO ⁄ dvI � �1, we get

vI � 0.2vO � 0.5

Solving these two equations, we get VIL � 1.46 V and vO � 4.78 V. For vI � VOH and vO � VOL, Eq. (15.55)

yields

(15.61)

which, for VOH � 5 V and KR � 5, gives VOL � 0.16 V. Thus,

(c) With the body effect, at vO � 0.65 V, Eq. (15.58) gives

(15.62)

With this value, Eq. (15.56) gives VIH � 2.20 V. Thus,

which is better than the specified 2.7 V.

(d) The inverter with a load capacitor CL is shown in Fig. 15.19(a). As vI goes low to VOL, MD turns off immedi-

ately and the capacitor CL is charged up by the drain current iDL. The operating point, shown in Fig. 15.19(b),

moves along the load line of ML from point Q of VOL to midpoint P of VO(mid) � (VOH � VOL) ⁄ 2. The

charging of the capacitor is shown in Fig. 15.19(c). The output voltage is given by

(15.63)CL
dvO

dt
= iDL = KLV2

tL

NMH = VOH - VIH = 5 - 2.20 = 2.80 V

 = -2.5 + 0.5|20.65 + 0.6 - 20.6| = -2.33 V

 VtL = VtL0 + g|2vO + 2ff - 22ff|

NML = VIL - VOL = 1.46 - 0.16 = 1.3 V

KD[2(VOH - VtD)VOL - V2
OL] = KLV2

tL

20 � * [(-2) * (-2.5) * (5 - vO) - (5 - vO)2] = 20 � * 5(vI - 1)2

KR =

(2VtL)2

3(VIH - VtD)2
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which, after integration from VOL to VO(mid), gives tpLH as

(15.64)

(e) As vI goes high to VOH, MD turns on and the capacitor CL discharges through MD. The operating point

moves along the load line of MD from point B of VOH to midpoint D of VO(mid) . The output voltage is 

given by

(15.65)CL
dvO

dt
= iDD - iDL = iDD - KLV2

tL

 =

0.5 pF * (5 - 0.16)

2 * 20 � * 2.52
= 9.7 ns

 tpLH =

CL(VOH - VOL)

2KLV 
2
tL

FIGURE 15.19 Switching speed of depletion-load NMOS inverter
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VOL � 0.16 V, VOH � VDD � 5 V, and

Thus, iDD(VOH) � KD(VOH � VtD)2 � 100 �  (5 � 1)2 � 1600 �A

Using Eq. (15.46), we have

which is much shorter than tpLH � 9.7 ns. Assuming that iDD is much greater than iDL, Eq. (15.65) can be sim-

plified to

which, after integration between VOH and (VOH � VOL) ⁄ 2, gives tpHL as

(15.66)

(close to 0.83 ns).

(f) The propagation time tpd, which is the average of tpLH and tpHL, is

The current at vO � VOL becomes

Since Pdynamic � fclkCLV2
DD � 5 MHz  0.5 pF  52 � 62.5 �W,

Therefore, the delay-power product is

DP = PD * tpd = 375 �W * 5.2 ns = 1.95 pJ

PD = Pstatic + Pdynamic = 312.5 � + 62.5 � = 375 �W

 Pstatic =

5 * 125 �A

2
= 312.5 �W

 iDL = iDD = KLV 
2
tL = 125 �A

tpd =

tpLH + tpHL

2
=

9.7 ns + 0.76 ns

2
= 5.2 ns

 =

0.5 pF * (5 - 0.16)

2 * 100 � * (5 - 1)2
= 0.76 ns

 tpHL =

CL(VOH - VOL)

2KD(VDD - VtD)2

CL
dvO

dt
= iDD = KD(VDD - VtD)2

tpHL = 0.5 pF *

(5 - 2.6) V

1440 �A
= 0.83 ns

iCHL =

1600 � + 1404 � - 125 �
2

= 1440 �A

iDL(VO(mid)) = KLV2
tL = 20 � * 2.52

= 125 �A

iDD(VO(mid)) = KD[2(VOH - VtD)vO - v2
O] = 100 � * [2 * (5 - 1) * 2.6 - 2.62] = 1404 �A

VO(mid) =

VOH + VOL

2
= 2.6 V
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15.5.3 Comparison of NMOS Inverters

The load lines for three basic types of inverters are shown in Fig. 15.22, superimposed on the drain char-

acteristics of the driver transistor. The resistive load line exhibits linear characteristics, and its high output

voltage is dependent on drain resistance RD. An inverter with an enhancement load has a lower drain cur-

rent for the same value of vDS. An inverter with a depletion load shows a constant current over a wide range

Introduction to Digital Electronics 1013

(g) The PSpice schematic is shown in Fig. 15.20. The PSpice plot of the VTC is shown in Fig. 15.21, which

gives VIL � 1.4522 V (expected value is 1.46 V), VIH � 2.2702 V (expected value is 2.29 V), VOL � 0.16 V

(expected value is 0.16 V) at VOH � 5 V, VI(tran1) � 2.1172 (expected value is 1 � 2.5 �1� ⁄�5� � 2.118 V), and

VO(tran1) � 2.815 V (expected value is 5 � 2.5 � 2.5 V). The VTC values are very close to the expected values.

NOTE: We can find dvO ⁄ dvI (��1) points by plotting dv(2) in Probe.

FIGURE 15.20 PSpice schematic

for Example 15.4

ML

MD

LMOD

VI

NMOD

VDD

CL

5 V

0.5 pF

3

2

2

0

1
+
−

+

−

FIGURE 15.21 PSpice VTC plot for depletion-load

NMOS (using transistor circuit model) for Example 15.4

0

QD

QR

QE

VDD − VtL VDD

vGS

Driver characteristics

Depletion load

Resistive load

vO

vI

Enhancement load

FIGURE 15.22 Load lines for three

NMOS inverters
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of vDS; as a consequence of this characteristic, it will switch a capacitive load more rapidly than the other

two inverters. Also, it exhibits a higher noise margin. Depletion-load inverters are commonly used in ICs

for high-speed switching.

Microelectronic Circuits: Analysis and Design1014

KEY POINT OF SECTION 15.5

■ An NMOS inverter uses an enhancement MOSFET as the driver. The load is either an enhancement

or a depletion MOSFET. Depletion-load inverters allow more rapid switching and thus are commonly

used in integrated circuits.

15.6 NMOS Logic Circuits

In digital circuits, NMOS inverters are frequently used in transmission gates and NOR and NAND gates.

15.6.1 NMOS Transmission Gates

An NMOS transmission gate is basically an NMOS that is connected to an effective load capacitance CL,

as shown in Fig. 15.23. The substrate is connected to the most negative potential in the circuit rather than

to the source terminal. The MOSFET may be assumed to be completely bilateral; that is, the drain and

source terminals are identical.

To examine the operation of NMOS transmission gates, we will assume that the substrate is connected

to zero (that is, vSUB � 0) and consider the following cases based on the level of input voltage vI:

In case 1, vG � 0 and vI � 0 or 5 V. The gate will not be positive with respect to either input ter-

minal 1 or output terminal 2, and the transistor will always be cut off. Thus, the input and output terminals

will be isolated from each other. The input voltage vI may have any value without affecting the output

voltage vO.

In case 2, vG � 5 V and vI � 0. The gate is at 5 V with respect to input terminal 1, so the transistor

is turned on. Terminals 1 and 2 act as drain and source, respectively. The drain-to-source voltage and

drain current will be zero. The output voltage will be zero: vO � 0.

In case 3, vG � 5 V, vI � 5 V, and initially vO � 0. The gate and terminal 1 are at 5 V with respect

to terminal 2. Terminal 1 acts as a drain, and terminal 2 acts as a source. Thus, the current will flow from

terminal 1 to terminal 2, and it will charge the load capacitor until the gate-to-output voltage becomes

FIGURE 15.23 NMOS transmission gatevOvI

vSUB

vG

CL

1 2
+

−

+

−
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equal to the threshold voltage Vt of the transistor; that is, vG � vO � Vt. For a transistor with Vt � 1 V,

vO � vG � Vt � 5 � 1 � 4 V.

In case 4, vG � 5 V, vI � 0, and initially vO � vG � Vt � 4 V. The gate is at 5 V, and terminal 2 is

at 4 V with respect to terminal 1. Terminal 2 acts as a drain, and terminal 1 acts as a source. The tran-

sistor will be on. Thus, the current will flow from terminal 2 to terminal 1, and it will discharge the load

capacitor; that is, vO � 0.

In case 5, vG � 0, vI � 0 or 5 V, and initially vO � vG � Vt � 4 V. When vG goes to zero, the

situation is similar to that in case 1, and the transistor will be cut off. The input and output terminals

are isolated.

Therefore, as long as vG is high, the transistor transmits the input voltage to the output. If vG is low, the

transistor is turned off, and the input and output terminals are isolated. Depending on the levels of the gate

and input voltages, the transmission gate can be operated as (1) an analog switch, (2) a sample-and-hold cir-

cuit that converts analog signals to their digital equivalents, or (3) a pass transistor for steering logic signals.

15.6.2 NMOS NOR Gates

An NMOS NOR logic gate is shown in Fig. 15.24. Two parallel NMOS transistors are connected in series

with a depletion-type load. The transfer characteristic is similar to that of a depletion-load inverter. If both

input voltages vA and vB are less than the threshold voltage of the driver transistors, vO � VOH (for logic 1).

If vA � VOH (for logic 1), then M1 will turn on, and the output voltage will drop to low output, vO � VOL. If

both vA and vB are high (at VOH), then both M1 and M2 will turn on, and the output voltage will be low 

(at VOL). The exact value of the output voltage will depend on the transistor parameters, as discussed in

Sec. 15.5, and it will vary slightly depending on whether one or both driver transistors are turned on. The

logic function for an NMOS NOR gate is shown in Table 15.4.

Introduction to Digital Electronics 1015

TABLE 15.4 NMOS NOR gate logic

function

vA vB vO

VOL (0) VOL (0) VOH (1)

VOL (0) VOH (1) VOL (0)

VOH (1) VOL (0) VOL (0)

VOH (1) VOH (1) VOL (0)

FIGURE 15.24 NMOS NOR gate

+VDD

M3

vA

M1 M2

vB

vO+

−

+

−

+

−

67722_15_ch15_p981-1078.qxd  2/19/10  5:48 PM  Page 1015

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



15.6.3 NMOS NAND Gates

An NMOS NAND gate is shown in Fig. 15.25. Two transistors are connected in series with a depletion-

type load. If both input voltages vA and vB are less than the threshold voltage of the driver transistors, 

vO � VOH (for logic 1). If vA � VOH and vB is still less than the threshold voltage Vt2 of M2, then M2 is

still cut off, and vO � VOH. If both vA and vB are high (at VOH), then both M1 and M2 will turn on, and the

output voltage will be low (at VOL). The exact value of the output voltage will depend on the transistor 

parameters. The logic function for an NMOS NAND gate is shown in Table 15.5.

Microelectronic Circuits: Analysis and Design1016

KEY POINT OF SECTION 15.6

■ In digital circuits, NMOS inverters are frequently used in transmission gates and NOR and NAND

gates.

TABLE 15.5 NMOS NAND gate

logic function

vA vB vO

VOL (0) VOL (0) VOH (1)

VOL (0) VOH (1) VOH (1)

VOH (1) VOL (0) VOH (1)

VOH (1) VOH (1) VOL (0)
FIGURE 15.25 NMOS NAND gate

+VDD

M3

vB

vO

vA M1

M2

+

−

15.7 CMOS Inverters

Complementary, or CMOS, circuits use both n-channel and p-channel enhancement-type MOSFETs in the

same circuit. Because of their very low power consumption, CMOS circuits are commonly used in ICs. 

A CMOS inverter is shown in Fig. 15.26(a). Transistor MP is a p-channel device, and transistor MN is an

n-channel device. Each substrate is tied to its source. The input signal is connected to both transistor gates,

and the output terminal is common to both drain terminals. The load characteristics of two CMOS devices

are shown in Fig. 15.26(b) for two extreme inputs: vI � 0 and vI � VDD. For vI � 0, MN is off and its drain

current is zero. MP has the characteristic corresponding to vGSP � VDD. For vI � VDD, MP is off and its

drain current is zero. MN has the characteristic corresponding to vGSN � VDD. Thus, their drain currents

are zero at these inputs, and the current drawn from the supply is zero.
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As the input voltage vI is varied from zero to the maximum value VDD, the output voltage vO falls

from VDD to zero. The transfer characteristic is shown in Fig. 15.26(c). Depending on the input voltage

vI, the VTC can be divided into five regions.

In region I, 0 	 vI � VtN, where VtN is the threshold voltage of transistor MN. Since vGSN � vI � VtN,

MN remains off. At a low value of vI, VSGP � VDD � vI is high and positive. MP is turned on, and it is dri-

ven into the nonsaturation (ohmic) region. Since the channel resistance of the off-transistor MN is very

much greater than that of the on-transistor MP and since MN and MP form a voltage divider, the output

voltage is vO � VDD, as shown in Fig. 15.26(c). The various voltages are vGSN � vI, vGSP � �VDD � vI,

and vO � VDD.

In region II, VtN 	 vI 	 VMD � VI(tran1) and vGSP � (�VDD � vI) � VtP, where VtP is the threshold

voltage of transistor MP and VI(tran1) is defined by Eq. (15.68). As vI becomes greater than or equal to VtN,

MN conducts and operates in the saturation region, for which vGSN is described by VtN � vGSN (� vI)

� (vDSN � VtN).

For vGSP � VtP, MP remains in the ohmic region. With MN in the saturation region and MP in the

ohmic region, the two drain currents must be equal; that is, iDN � iDP. Applying the expressions for the

saturation and ohmic regions gives

where Kn and Kp are the constants for n-type and p-type transistors, respectively. Substituting vGSN � vI,

vSGP � VDD � vI, and vSDP � VDD � vO into the above equation, we get the relationship between vI

and vO as

(15.67)

VIL can be found by differentiating Eq. (15.67) and setting dvO ⁄ dvI � �1 to solve for vI � VIL.

Kn(vI - VtN)2
= Kp[2(VDD - vI + VtP)(VDD - vO) - (VDD - vO)2]

Kn(vGSN - VtN)2
= Kp[2(vSGP + VtP)vSDP - v2

SDP]

Introduction to Digital Electronics 1017

vO

vI

+VDD

−VtP

+

+

+−

−

−
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FIGURE 15.26 CMOS inverter
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If vI is increased further, vGSN increases and vSGP decreases. Both MN and MP operate in the satu-

ration region. At the transition point from the ohmic to the saturation region for MP, we get

Substituting the values for vSGP � VDD � vI and vSDP � VDD � vO, we get

which gives the input voltage at the first transition as

The corresponding output voltage is

whose plot is a straight line that intercepts the output axis at �VtP (a positive quantity), as shown in 

Fig. 15.26(c). The intersection with the transfer characteristic gives VI(tran1) and VO(tran1). To solve for the

value of VI(tran1) or VO(tran1), one of these quantities must be known.

In region III, vI � VI(tran1). Both MN and MP operate in the saturation region. Since the two drain

currents must be equal, iDN � iDP, or

Substituting vGSN � vI and vSGP � VDD � vI, we get the input voltage at the transition of MP from the

ohmic to the saturation region:

(15.68)

which is independent of output voltage vO. For identical transistors, Kn � Kp and VtN � ⏐VtP⏐, and Eq. (15.68)

is reduced to

(15.69)

which is desirable to maximize the noise immunity of the circuit. Once we determine the value of VI(tran1)

from Eq. (15.69), we can find the output voltage at the edge of the transition of MP from

This segment ends when MN enters the ohmic region, which is defined by

vGSN = vDSN + VtN

VO(tran1) = vO = VI(tran1) - VtP

VI(tran1) = VMD =

VDD

2

VI(tran1) = VMD =

VDD + VtP + VtN2Kn>Kp

1 + 2Kn>Kp

=

VDD + VtP + VtN2KR

1 + 2KR

Kn(vGSN - VtN)2
= Kp(vSGP + VtP)2

VO(tran1) = vO = vI - VtP

VI(tran1) = vI = vO + VtP

VDD - vI = VDD - vO - VtP

vSGP = vSDP - VtP

Microelectronic Circuits: Analysis and Design1018
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Substituting vGSN � vI and vDSN � vO into the preceding equation yields

which gives the input voltage at the transition of MN from the saturation region to the ohmic region as

The corresponding output voltage is given by

which intercepts the input axis at VtN, as shown in Fig. 15.26(c). The intersection with the transfer char-

acteristic gives VI(tran2) and VO(tran2). Since VI(tran1) is independent of vO and vI � VI(tran1) � VI(tran2), the

quantities VO(tran1) and VO(tran2) must be different. There will be two transitions—the first for MP from the

ohmic region to the saturation region at an output voltage of vO � vI � VtP and then the second for MN

from the saturation region to the ohmic region at an output voltage of VO(tran2) � VI(tran1) � VtN.

In region IV, VI(tran1) � VI(tran2) 	 vI 	 (VDD � VtP). MN goes into the ohmic region, and MP still

operates in the saturation region. Since the two drain currents must be equal, iDN � iDP, which, for MP

in the saturation region and MN in the ohmic region, gives

Substituting vGSN � vI, vDSN � vO, and vSGP � VDD � vI, we can express the relationship between vO

and vI as

(15.70)

VIH can be found by differentiating Eq. (15.70) and setting dvO ⁄dvI � �1 to solve for vI � VIH.

In region V, vI � (VDD � VtP). MP is in the cutoff region, and MN is in the ohmic region. There will

be virtually no current through the transistors, and the output voltage will be zero; that is,

 vO = 0

 iDN = iDP = 0

Kn[2(vI - VtN)vO - v2
O] = Kp(VDD - vI + VtP)2

Kn [2(vGSN - VtN)vDSN - v2
DSN] = Kp (vSGP + VtP)2

vO = vI - VtN

VI(tran2) = vI = vO + VtN

vI = vO + VtN

Introduction to Digital Electronics 1019

Designing a CMOS inverter Design a CMOS inverter, as shown in Fig. 15.26(a), to operate at a transition

voltage VMD � 2.5 V. The threshold voltages are VtP � �1 V, VtN � 1 V, and Kp � 20 �A ⁄ V2. The supply

voltage is VDD � 5 V. Assume VIH � VOH � 5 V, load capacitance CL � 0.5 pF, and frequency fclk � 5 MHz.

(a) Find the design parameter KR � Kn ⁄ Kp, neglecting the body effect.

(b) Calculate NML and NMH.

(c) Calculate the propagation delay tpd.

(d) Calculate the delay-power product (DP).

(e) Use PSpice/SPICE to verify your results.

EXAMPLE 15.5

D

67722_15_ch15_p981-1078.qxd  2/19/10  5:48 PM  Page 1019

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Microelectronic Circuits: Analysis and Design1020

SOLUTION

(a) Solving Eq. (15.68) for KR, we have

(15.71)

which, for VMD � 2.5 V, gives KR � 1. Thus, Kn � Kp � 20 �A ⁄ V2.

(b) VOH � VDD � 5 V. Then

Substituting numerical values of VDD, VtN, VtP, Kn and Kp in Eq. (15.67), we get

which, at dvO ⁄ dvI � �1, gives vO � vI � 2.5. Solving these two equations, we get VIL � vI � 2.13 V at 

vO � 4.63 V.

Substituting numerical values of VDD, VtN, VtP, Kn and Kp in Eq. (15.70), we get

which, at dvO ⁄ dvI � �1, gives vI � vO � 2.5. Solving these two equations, we get VIH � vI � 2.88 V at 

vO � 0.38 V.

At vI � VDD � VtP � 5 � 1 � 4, MP turns off and VOL � vO � 0. Thus,

(c) The inverter with a load capacitor CL has an arrangement similar to that shown in Fig. 15.19(a). As vI goes

low to VOL, MN turns off immediately, and capacitor CL is charged up by the drain current iDP. Since MP

is in saturation and vI � VOL � 0, the output voltage is related to the charging current by

which, after integration between VDD and VDD ⁄ 2, gives tpLH as

(15.72)

Because of the topology of the CMOS inverter, tpHL will have the same value as tpLH. Thus, the propagation

time tpd � tpLH � 3.91 ns. In practice, a symmetric CMOS does not occupy the minimum chip area, and thus

not all CMOS designs are symmetric.

(d) A CMOS inverter draws a negligible current (on the order of nanoamperes) from the power supply in both

high and low states. Hence, the static power dissipation is almost zero: Pstatic � 0. This is a distinct advantage 

 =

0.5 pF * 5 V

2 * 20 �A>V2
* (5 V - 1 V)2

= 3.91 ns

 tpLH =

CLVDD

2Kp(VDD - |VtP|)2

CL
dvO

dt
= iDP = Kp(VDD - vI + VtP)2

 NMH = VOH - VIH = 5 - 2.88 = 2.12 V

 NML = VIL - VOL = 2.13 - 0 = 2.13 V

16 - 8vI + v2
I = 2vIvO - 2vO - v2

O

v2
I = 14 - 8vI + 2vO + 2vIvO - v2

O

 VO(tran2) = VMD - VtN = 2.5 - 1 = 1.5 V
 VO(tran1) = VMD - VtP = 2.5 + 1 = 3.5 V

KR =

(W>L)N

(W>L)P
= cVDD + |VtP| - VM

VM - VtN
d2
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for portable CMOS equipment because standby operation of the equipment will not discharge the battery. 

We have

so

Therefore, the delay-power product is

(e) The PSpice schematic is shown in Fig.15.27. The PSpice plot of the VTC is shown in Fig. 15.28(a),

which gives VIL � 2.1245 V (expected value is 2.13 V), VIH � 2.8755 V (expected value is 2.88 V), VOL � 0

(expected value is 0) at VOH � 5 V, and VI(tran1) � 2.5 (expected value is 2.5 V). The VTC values are very

close to the hand calculations, as expected. The transient response is shown in Fig. 15.28(b), which

gives tpHL � 4.18 ns and tpLH � 4.255 ns (for L � 50 �m and W � 100 �m). The transient performance,

however, will depend on the values of length (L) and width (W). A typical value of the transconductance para-

meter for the NMOS process is �n� ⁄ tox � 40 �A/V2. [Note: We can find dvO ⁄ dvI � �1 points by plotting

dv(2) in Probe.]

DP = PD * tpd = 62.5 �W * 3.91 ns = 0.244 pJ

PD = Pstatic + Pdynamic = 0 + 62.5 �W = 62.5 �W

Pdynamic = fclkCLV 
2
DD = 5 MHz * 0.5 pF * 52

= 62.5 �W

FIGURE 15.28 PSpice plots for CMOS inverter (using transistor circuit model) for Example 15.5

(a)  VTC (b)  Transient response

FIGURE 15.27 PSpice schematic for Example 15.5
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15.8 CMOS Logic Circuits

Like NMOS inverters, CMOS inverters are frequently used in digital circuits in transmission gates and

NOR and NAND gates.

15.8.1 CMOS Transmission Gates

A CMOS transmission gate consists of an NMOS and a PMOS that are connected in parallel and feed an

effective load capacitance CL. This arrangement is shown in Fig. 15.29. The substrate of the NMOS (MN)

is usually connected to the most negative potential (assumed to be the ground in Fig. 15.29), and the sub-

strate of the PMOS (MP) is connected to the most positive potential (usually the positive supply voltage

VDD) in the circuit rather than to the source terminal. MOSFETs may be assumed to be completely bilateral;

that is, the drain and source terminals of each transistor are identical. The gate control voltage v�G � vcnt of

the PMOS is the complement of the gate voltage of the NMOS. Assuming that vI operates between 0 and

5 V, VDD � 5 V, VtN � 1 V, and VtP � �1 V, we will consider the following cases based on the level of

input voltage vI.

In case 1, vG � 0, vcnt � 5 V, vI � 0 or 5 V, and initially vO � 0 or 5 V. The gate of MN is never

positive with respect to either terminal, so MN is always cut off. The gate of MP is never negative with

respect to either terminal, so MN is always cut off. Thus, the input and output terminals are isolated from

each other. The input voltage vI may take on any value without affecting the output voltage vO.

Microelectronic Circuits: Analysis and Design1022

KEY POINT OF SECTION 15.7

■ CMOS circuits use both n-channel and p-channel enhancement MOSFETs in the same circuit. Because

they have very low power consumption and offer very high speed, they are commonly used in ICs.
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FIGURE 15.29 CMOS transmission gate
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In case 2, vG � 5 V, vcnt � 0, and vI � 0. The gate-to-terminal-1 voltage of MN is 5 V, so MN will

be turned on. Terminals 1 and 2 of MN act as the drain and the source, respectively. The drain-to-source

voltage and drain current are zero. The output voltage is zero: vO � 0. With vcnt � 0 and vI � vO � 0,

MP will be cut off.

In case 3, vG � 5 V, vcnt � 0, vI � 5 V, and initially vO � 0. The gate and terminal 1 of MN are at

5 V with respect to terminal 2 of MN. Terminal 1 and terminal 2 of MN act as the drain and the source,

respectively. The drain current of MN flows from terminal 1 to terminal 2 and charges the load capaci-

tor until the gate-to-output voltage becomes equal to the threshold voltage VtN; that is,

For a transistor with VtN � 1 V, vO � vG � VtN � 5 � 1 � 4 V. When vO rises to vG � VtN � 5 � 1 � 4 V,

the gate-to-source voltage of MN is equal to the threshold voltage VtN, and MN turns off. However, with

vcnt � 0 on the gate of MP, MP is turned on, with terminal 1 and terminal 2 acting as the drain and the

source, respectively. After MN is turned off, MP is still turned on; the capacitor is charged all the way up

to vI, so the output voltage becomes vO � vI, at which point the drain-to-source voltage on MP is zero and

MP is turned off. It is important to note that the output of a CMOS transmission gate is the full value of vI.

In case 4, vG � 5 V, vcnt � 0, vI � 5 V, and initially vO � vI. The gate and terminal 2 of MN are at

5 V with respect to terminal 1 of MN. Terminal 1 and terminal 2 of MN act as the source and the drain,

respectively. MN is always turned on, and the drain current flows from terminal 2 to terminal 1, causing

the load capacitor to be discharged completely to zero, so vO � 0. MP, whose terminal 2 acts as the

source, always remains turned off.

In case 5, vG � 0, vcnt � 5 V, vI � 0 or 5 V, and initially vO � vI. When vG goes to zero, the situa-

tion is similar to case 1, and both transistors will be cut off. The input and output terminals are isolated.

The advantage of a CMOS transmission gate is that the output voltage vO is always equal to vI when

the transmission gate is turned on, so vO � vI. The logic function can be described by

With an NMOS transmission gate, the output voltage is reduced by the threshold voltage, so vO � vI � VtN.

The major disadvantage of the CMOS gate is that it requires both a gate voltage vG and its complement for

successful operation.

Propagation Delay

For vI � VDD and vO � 0 (initially), both MN and MP are in saturation. Capacitor CL, which arises from the

interconnecting area of the two MOSFETs and the load, charges to VDD. Thus, the charging time constant
�LH (for output low to high) can be found from the channel resistance of the complementary pair; that is,

(15.73)

where RL is the load resistance. RdN, which is the static resistance of the NMOS, is given by

(15.74)RdN =

vDSN

iDN
=

VDD - vO

Kn(VDD - vO - VtN)2

tLH = CL(RL 7  RdN 7  RdP)

vO = cvI     if vG is high (at logic 1) 

vO  if vG is low (at logic 0)

vGSN = vG - vO = VtN
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RdP, which is the static resistance of the PMOS, is given by

(15.75)

The charging time constant �LH is usually higher than the discharging time. Assuming tpLH � tpHL and

tpd � tpLH, its value can be estimated from �LH. Thus, the propagation time tpd to charge the capacitor CL from 

0 to VDD ⁄ 2 is given by

(15.76)

15.8.2 CMOS NOR and NAND Gates

A two-input NOR logic gate is shown in Fig. 15.30. Two parallel NMOSs are connected in series with two

PMOSs. The substrates of the PMOSs are connected to the most positive potential VDD; the substrates of

the NMOSs are connected to the most negative potential—that is, the ground. The transfer characteristic 

is similar to that of a CMOS inverter. If both input voltages vA and vB are less than the threshold voltage

(assuming vA � vB � VOL), MN1 and MN2 are cut off. At the same time, the p-channel transistors MP1 and

MP2 are turned on. Thus, the output voltage becomes high: vO � VOH (at logic 1).

If vA � VOH, then MN1 is turned on, and MP1 is turned off. In this case, the output voltage drops to

low: vO � VOL. If both vA and vB are equal to VOH, then both MN1 and MN2 turn on, and the output volt-

age becomes low. For vA � vB � VOL, both MN1 and MN2 are cut off, and the drain currents will be

zero. The logic function is the same as that for an NMOS, shown in Table 15.4. If one or both of the logic

inputs are at logic high, then at least one PMOS is cut off, and the drain current(s) is again zero. There-

fore, the steady-state current is zero, and the power dissipation is essentially zero. Current flow and

power dissipation occur only during the transition from one state to another.

A two-input NAND logic gate is shown in Fig. 15.31. Two NMOSs are connected in series, and two

PMOSs are connected in parallel. The transfer characteristic is similar to that of a CMOS inverter. If both

tpd = tLH ln 2 = 0.69315tLH

RdP =

vSDP

iDP
=

VDD - vO

Kp(VDD - |VtP|)2
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input voltages vA and vB are less than the threshold voltage (assuming vA � vB � VOL at logic 0), 

MN1 and MN2 are turned off, and MP1 and MP2 are turned on. In this case, the output voltage becomes

high: vO � VOH (at logic 1). If vA � VOH and vB � VOL, then MN1 is turned on, MN2 is cut off, MP1 is

off, and MP2 is turned on. Because of the high impedance from the drain to the source of MN2, the out-

put voltage becomes high: vO � VOH. If vA � vB � VOH, then both MN1 and MN2 are turned on, and both

MP1 and MP2 are turned off. In this case, the output voltage is low: vO � VOL. The logic function is the

same as that for an NMOS, shown in Table 15.5.

CMOS gates have extremely high input resistance, on the order of hundreds of megohms, which

is desirable for the driving circuitry. Unfortunately, they are susceptible to damage to the thin gate-oxide

layer (typically 0.1 �m for a metal gate and less for a polysilicon gate), which has a breakdown voltage

of 50 V to 100 V. Since the capacitance of a typical human body is 100 pF to 300 pF, a person walking

across a waxed laboratory floor or brushing against a garment may generate static voltage in excess of

10 kV! Stray electrostatic discharge from a person handling the CMOS can easily release enough 

energy to cause permanent damage. A charged body can release tens of kilowatts of power over hun-

dreds of nanoseconds. To protect a CMOS, clamping diodes, shown in Fig. 15.30, are built in to CMOS

gates to limit any input voltages that fall outside the range from VSS to VDD. Also, any distributed input

resistance (Rs), which is typically 1.5 k
 for a metal gate and 250 
 for a polysilicon gate, limits the

transient gate current.

15.8.3 CMOS Families

The CMOS family of gates dates from the late 1960s. The 74Cxx logic families are second-generation

CMOS circuits. These are polysilicon rather than metal gates, and the devices are smaller and faster than

earlier designs. In addition, outputs are double buffered, as shown in Fig. 15.32. A 74Cxx gate has two cas-

caded inverters to isolate the logic from the output. As a result, the voltage gain is increased with a very

steep VTC.

The 74HCxx series is the third generation of the CMOS family, which continues the trend toward

smaller size and considerably less power, typically PD � 500 �W and tpd � 10 ns. The 74ACxx series

is the fourth generation of the CMOS family, which is faster at the same power, typically PD � 500 �W

and tpd � 4 ns.
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15.9 Comparison of CMOS and NMOS Gates

The major advantages and disadvantages of CMOS and NMOS gates are listed below:

1. The output voltage of a CMOS gate is the full input voltage vI without the drop due to the thresh-

old voltage, as in the case of NMOS gates.

2. A CMOS gate requires more transistors than an NMOS gate to perform similar logic functions.

3. CMOS gates consume very little power, thereby enabling very-large-scale integration (VLSI).

NMOS gates consume more power than CMOS gates and have thermal limitations that make them

less attractive for VLSI.

4. CMOS gates draw spikes of current during the transition from one state to another; the current

peaks occur when both NMOS and PMOS transistors are in saturation.

5. CMOS gates occupy a larger area and have larger capacitances than NMOS gates.

15.10 BJT Inverters

BJT switches are the building blocks of bipolar logic circuits [7, 2, 5]. The earliest logic device using BJTs was

the basic inverter, developed in the 1960s. This device was followed by the resistor-transistor logic (RTL),

diode-transistor logic (DTL), and transistor-transistor logic (TTL) families of logic circuits. In RTL, DTL,

and TTL families, the BJTs operate by switching between the saturation (on) and cutoff (off) regions of
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vO

+VDD

+

−

vA

Rs

Rs

MN2MN1

MP2

MP1

vB

FIGURE 15.32 Buffered CMOS NOR gate

KEY POINT OF SECTION 15.8

■ Like NMOS inverters, CMOS inverters are frequently used in digital circuits in transmission gates and

NOR and NAND gates.
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operation; hence, they are generally called saturation-logic families. Because their BJT saturation-logic

circuits experience delay due to the storage time in saturated devices, RTL and DTL circuits are no longer

used. In some BJTs (e.g., Schottky BJTs), the time delay required to bring a transistor out of saturation is

avoided by preventing the BJT from becoming saturated. Although TTL logic circuits are being challenged

by CMOS circuits, TTL technology has improved over the years and continues to be popular. The gate de-

lay of a modern TTL circuit may be as low as 1.5 ns.

There are two other families of logic circuits: the emitter-coupled logic (ECL) circuit and the 

integrated-injection logic (I2L) circuit. They are operated by switching a constant current between two

parts of a circuit and avoiding transistor saturation. The gate delay of an ECL circuit can be less than 1 ns,

and ECLs find applications in digital communication circuits and high-speed circuits in supercomputers.

I2L circuits, however, have lost ground to CMOS logic circuits in many applications.

15.10.1 Voltage Transfer Characteristics

A BJT with a collector (pull-up) resistance RC is shown in Fig. 15.33(a). When the input vI is low, such

that the base-to-emitter voltage is less than the forward-bias cut-in voltage, vBE � VBE(cut-in), transistor

Q1 is off, and the output vO is high; that is, vO � VOH � VCC. The transistor operates at point A, as shown

in Fig. 15.33(b). When vI goes high to VOH, the operating point jumps to point B and moves along the

output characteristic (in the active region) toward the quiescent point Q (in the saturation region). The

output voltage becomes low—that is, the collector–emitter saturation voltage, VCE(sat). The VTC is shown

in Fig. 15.33(c).

The collector current at saturation is given by

(15.77)

and the corresponding base current at saturation is given by

IB(sat) =

IC(sat)

bF
  (at VCE(sat))

IC(sat) =

VCC - VCE(sat)

RC
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where �F is the forward current gain of the transistor. Normally, the circuit is designed with IB higher than

IB(sat) to ensure that Q1 is driven into saturation. IB can be found from

The ratio of IB to IB(sat) is called the overdrive factor kODF:

The ratio of IC(sat) to IB is called the forced �F, given by

VCE(sat), which changes slightly with collector current IC(sat), can be found from

which, for a typical value of reverse current gain �R � 0.1, IC � IC(sat), and IB � IB(sat), becomes

(15.78)

(See Appendix D.) The value of VCE(sat) usually falls in the range of 0.1 V to 0.3 V. The base-to-emitter junc-

tion characteristic is similar to that of a diode, and VBE(sat) usually falls in the range of 0.65 V to 0.8 V.

15.10.2 Switching Characteristics

A forward-biased pn junction exhibits two parallel capacitances: a depletion-layer capacitance and a diffu-

sion capacitance. On the other hand, a reverse-biased or zero-biased pn junction has only a depletion 

capacitance. Under steady-state conditions, these capacitances do not play any role. However, under switch-

ing conditions, they contribute to the on and off behavior of the transistor. The typical waveforms and

switching times are shown in Fig. 15.34. As the base–emitter voltage vBE rises from zero to VB, the collec-

tor current does not respond immediately. There is a delay time td before any collector current flows. This

delay time is required to charge up the capacitance of the base-to-emitter junction (BEJ) to the forward-bias

voltage VBE(cut-in) (approximately 0.7 V). After this delay, the collector current rises to the steady-state value

of IC(sat). The rise time tr depends on the time constant determined by base capacitance CB. Note that when

the collector current iC rises, the output voltage vO falls. Thus, tr for iC in Fig. 15.34(b) corresponds to tf for

vO in Fig. 15.34(c).

VCE(sat) = VT ln a 10 + 9IC(sat)>IB(sat)

1 - IC(sat)>bFIB(sat)
b = VT ln a 10 + 9bF(forced)

1 - bF(forced)>bF
b

VCE(sat) = VT ln 
IBbF + ICbF(1 - aR)

IBbFaR - ICaR

bF(forced) =

IC(sat)

IB
=

IB(sat)bF

IB
=

bF

kODF

kODF =

IB

IB(sat)

IB =

vI - VBE(sat)

RB
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The base current is normally more than that required to saturate the transistor. As a result, the excess

minority carrier charge is stored in the base region. The higher the overdrive factor kODF, the greater will

be the amount of extra charge stored in the base. This extra charge, which is called the saturating charge,

is proportional to the excess base drive �iB given by

The saturating charge is given by

where �s is known as the storage time constant of the transistor. When vBE falls to zero, the collector current

does not change for a time ts, called the storage time, which is the time required to remove the saturating

charge from the base. Once the extra charge is removed, the BEJ capacitance discharges to zero. Fall time tf
depends on the time constant, which is determined by the capacitance of the reverse-biased BEJ.

The propagation time tpHL consists of the delay time td and the time tf1 for the output to fall from

VOH to (VOH � VOL) ⁄ 2; that is, tpHL � td � tf1. The propagation time tpLH consists of the storage time

ts and the time tr1 for the output to rise from VOL to (VOH � VOL) ⁄ 2. That is, tpLH � ts � tr1.

Qs = ts ¢iB = tsIB(sat)(kODF - 1)

¢iB = IB - IB(sat) = kODFIB(sat) - IB(sat) = IB(sat)(kODF - 1)
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Designing a BJT inverter Design a BJT inverter, as shown in Fig. 15.35, to drive five identical inverters

(N � 5) and to give VOH � 3.5 V and NML � 0.4 V. The transistor has IC(max) � 5 mA, �F � 100 to 150,

VBE(cut-in) � 0.6 V, VBE(sat) � 0.8 V, td � 1 ns, and ts � 2 ns. The supply voltage VCC is 5 V.

(a) Find the values of RC and RB.

(b) Calculate kODF and NMH.

(c) Find the maximum fan-out N for VIH � 2.0 V and kODF � 1.

(d) Calculate the propagation delay tpd. Assume that each load is an NMOS and can be represented by 

a capacitance CB � 2 pF in series with resistance RB � 1.8 k
.

(e) Calculate the delay-power product (DP) at a frequency fclk � 5 MHz.

SOLUTION

(a) N � 5, VOH � 3.5 V, VIL � VBE(cut-in) � 0.6 V, and

For VCE(sat) � VOL � 0.2 V (for VT � 25.8 mV and �F � 100), Eq. (15.78) gives �F(forced) � 71.8. Using

Eq. (15.77), we have

We choose RC � 1 k
. When the input is low, Q1 is off and vO � VOH. The base current IB of each load 

stage is

IB =

VOH - VBE(sat)

RB

RC Ú

(VCC - VCE(max))

IC(sat)
=

(5 - 0.2) V

5 mA
= 960 Æ

VOL = VIL - NML = 0.6 - 0.4 = 0.2 V

EXAMPLE 15.6

D

FIGURE 15.35 BJT inverter driving identical inverters
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and VOH � VCC � NIBRC. Eliminating IB and solving for VOH, we get

(15.79)

which, for VOH � 3.5 V, N � 5, and VBE(sat) � 0.8 V, gives RB � 9RC � 9 k
.

(b) We have

(15.80)

Thus, NMH � VOH � VIH � 3.5 � 1.43 � 2.07 V. This noise margin is a measure of the safety factor that 

allows the load transistors to remain saturated despite changes in supply voltage, temperature, and manufactur-

ing tolerances.

(c) When Q1 is off, the output voltage vO becomes

For regeneration of logic levels at the load gates, vO � VIH, and we find the fan-out N as

(15.81)

Hence, the maximum fan-out is N � 53.

(d) When Q1 turns off, each load is represented by a capacitance CB and a resistance RB. The equivalent cir-

cuit is shown in Fig. 15.36(a). For identical loads, all branches are effectively in parallel as far as the out-

put node is concerned, and Fig. 15.36(a) can be simplified to Fig. 15.36(b). That is, the time constant for

low to high can be found from

(15.82)

 = 5 * 2 pF * a1 kÆ +

9 kÆ

5
b = 28 ns

 tr1 L NCB aRC +

RB

N
b

 … 100 *

5 - 1.4

1.39 * (5 - 0.2)
= 53.4

 N …

bF(VCC - VIH)

kODF(VCC - VCE(sat))

vO = VCC - NIBRC = VCC - NkODFIB(sat)  RC = VCC - N  

kODF(VCC - VCE(sat))

bF

 = 9 kÆ * 70 �A + 0.8 V = 1.43 V

 VIH = RBIB + VBE(sat)

kODF =

IB

IB(sat)
=

70

50
= 1.40

IB(sat) =

IC(sat)

bF
=

5 mA

100
= 50 �A

IB =

IC(sat)

bF(forced)
=

5 mA

71.8
= 70 �A

VOH =

VCC + NRCVBE(sat)>RB

1 + NRC>RB
=

RBVCC + NRCVBE(sat)

RB + NRC
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The output voltage vO during charging can be found from

from which we can find the time required for vO to rise from VOL � 0.2 V to VO(mid), which is equal to 

(VOH � VOL) ⁄ 2 � 1.85 V; that is,

(15.83)

Thus, tpLH � ts � tr1 � 2 � 11.79 � 13.79 ns.

When Q1 is turned on to saturation, each capacitor discharges through the transistor. The equivalent circuit

is shown in Fig. 15.36(c). The time constant for high to low can be found from

(15.84)

The output voltage vO during discharging can be found from

vO = VOHe-t>�n

= 2 pF * 9 kÆ = 18 ns

tf1 L CBRB

= 28 ns *  ln c (5 - 0.2)

(5 - 1.85)
d = 11.79 ns

tr1 = t2(for vO = VO(mid)) - t1(for vO = VOL) = tr1 ln 
VCC - VOL

VCC - VO(mid)

vO = VCC -

RCVCC

RC + RB>N e-t>�r1

FIGURE 15.36 Equivalent circuits for Example 15.6
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from which we can find the time for vO to fall from VOH � 3.5 V to (VOH � VOL) ⁄ 2 � 1.85 V; that is,

(15.85)

Thus, tpHL � td � tf1 � 1 � 11.48 � 12.48 ns. The propagation time is

(e) The total power loss in the two junctions is found as follows:

Therefore, the delay-power product is

DP = PD * tpd = 1.67 mW * 13.135 ns = 21.9 pJ

PD = Pstatic + Pdynamic = 1.67 mW

Pdynamic = NfclkCBV2
OH = 5 * 5 MHz * 2 pF * 3.52

= 0.61 mW

 = 0.2 * 5 mA + 0.8 * 70 �A = 1.056 mW

 Pstatic = VCE(sat)IC(sat) + VBE(sat)IB

tpd =

tpHL + tpLH

2
= 13.135 ns

 = 18 ns *  ln a2 *

3.5

3.5 + 0.2
b = 11.48 ns

 tf1 = tf1 ln a 2VOH

VOH + VOL
b

� NOTE The value of DP is much higher than that of a CMOS or an NMOS inverter.

KEY POINT OF SECTION 15.10

■ A BJT is operated as a switching device. It is usually overdriven to ensure operation in the saturation

region. This causes a reduction in the switching speed due to charge recovery. The higher the amount

of overdrive, the greater will be the amount of extra charge stored in the base.

15.11 Transistor-Transistor Logic Gates

Equation (15.81) shows that, to achieve a high fan-out, �F should be as high as possible. In 1965 the first

TTL family was introduced specifically to increase switching speed without sacrificing fan-out or noise

margin and without increasing power dissipation. TTL gates were leading DTL gates in sales by 1970 and

dominated the digital IC market for more than 10 years. Many developments in the process and manu-

facturing technology as well as in circuit design techniques have led to several new generations (families)

of TTL gates. Each generation has its advantages and disadvantages relative to the previous generations.

As the technology has advanced, it has become economically feasible to obtain high performance by using
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more transistors per gate, and several families have emerged, among which are standard TTL gates, 

high-speed (H) TTL gates, low-power (L) TTL gates, Schottky (S) TTL gates, low-power Schottky (LS)

gates, advanced Schottky (AS) gates, advanced low-power Schottky (ALS) gates, and Fairchild advanced

Schottky (F or Fast) gates.

The performance parameters of TTL 54/74 families are summarized in Table 15.6. In early TTL

families, the improvement in switching speed resulted in more power dissipation. The Schottky series,

however, has both lower power dissipation and improved speed. Currently, TTL applications focus on

low-power Schottky (LS) and advanced low-power Schottky (ALS) families of gates. The ALS family

offers the highest speed (although it is surpassed by the ECL family and rivaled by the CMOS family).

As examples, we will analyze the TTL, and ALS types.

15.11.1 Standard TTL Gates

The input stage of a TTL gate uses a multiemitter transistor Q1, as shown in Fig. 15.37(a). In isoplanar ICs,

multiemitters are normally fabricated within the same base region. Figure 15.37(b) shows a cross section

of a three-emitter transistor. Q1 can be viewed as three diodes from the base to the emitter and one from

the base to the collector, as shown in Fig. 15.37(c).

A TTL NAND gate with a multiemitter transistor input is shown in Fig. 15.38. The combination of

Q4, D1, and Q3 is called the totem-pole output stage. The transistor Q2 forms a phase splitter since the

collector and emitter voltages are 180° out of phase. The circuit operation can be divided into two

modes: mode 1 and mode 2.

TABLE 15.6 Parameters of 54/74 series TTL logic gates

Parameter 74 74H 74L 74S 74LS 74AS 74ALS 74F

VIL, in V 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8

VIH, in V 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0

VOL, in V 0.4 0.4 0.4 0.5 0.5 0.5 0.5 0.5

VOH, in V 2.4 2.4 2.4 2.7 2.7 2.7 2.7 2.7

tpd, in ns at CL � 50 pF 10 6 30 3 10 1.5 4 2.5

PD, in mW 10 25 1 20 2 8 1 5

PD, in pJ 100 150 30 60 20 12 4 12.5

C

E1

E2

E3

B

C

BE3E2

n+ n+ n+ n+

Da D1

Db

E3

E2 Dc

E1 C

(b)  Multiemitter (c)  Diode representation(a)  Equivalent transistor

n

p

E1B

FIGURE 15.37 Multiemitter bipolar transistor
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During mode 1, the input voltages vA and vB are high, at VOH; that is, vA � vB � VOH. The TTL

NAND gate is at low-state output voltage, as shown in Fig. 15.39, with N similar load gates. IC3 becomes

the collector saturation current ICS of Q3. The two emitter junctions of Q1 are reverse biased. The volt-

age vB1 at the base of Q1 is large enough to forward-bias the base–collector junction of Q1 and drive

Q2 into saturation. Since the base–collector junction is forward biased and the BEJ is reverse biased,

Introduction to Digital Electronics 1035

vB

vA

VC2

R4R2R1

Q1

2
5

9

7

6

4

1
3

8

Q2

Q4

D1

Q3

RB

vO

IB1

IC2

IE2

IR

IC3

IB3

+VCC

IC1 = −IB2

+

−

FIGURE 15.38 TTL NAND gate
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Q4
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Q3

+VCC

+VCC

RB

I2

IC2

IR

VC2

VB

VBC1VBE1

IC4

IB1
IB4

IB3

IE2 IC3 = ICS

IC1 = −IB2

+

+

+

− −

−

IL0

vO

IN0

N

R�1

Q�1

FIGURE 15.39 TTL gate in the output low state
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Q1 will be operating in its inverse-active mode; that is, the roles of the emitter and collector terminals

are interchanged. Under this condition, the terminal current relationships become

where �R is the inverse-mode current gain of the transistor Q1.

Assuming that Q2 and Q3 are saturated, the base current of Q1 can be found from

(15.86)

where VBC1 is the base-to-collector voltage of Q1. Thus, the base current of Q2 is

Since the transistor Q2 is driven into saturation, its collector current is

(15.87)

Thus, the emitter current of Q2 is

and the current through the recovery resistance RB is

which gives the base current of Q3 as

The maximum collector current to maintain Q3 in saturation is given by

Since transistor Q3 is driven into saturation, the output low voltage is

and the voltage at the collector of Q2 is

Thus, the voltage difference between vC2 and vO is

vC2 - vO = VBE3(sat) + VCE2(sat) - VCE3(sat) L VBE3(sat)

VC2 = VBE3(sat) + VCE2(sat)

vO = VOL = VCE3(sat)

IC3(sat) = bF(forced)IB3

IB3 = IE2 - IR

IR =

VBE3(sat)

RB

IE2 = IB2 + IC2

IC2 =

VCC - VBE3(sat) - VCE2(sat)

R2

IB2 = - IC1 = (1 + bR)IB1

IB1 =

VCC - VBE2(sat) - VBE3(sat) - VBC1

R1

IC1 = - (1 + bR)IB1

IE1 = -bRIB1

Microelectronic Circuits: Analysis and Design1036
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which is the voltage across the BEJ of Q4 and D1 and will not be sufficient to turn on both Q4 and D1. With

Q3 in saturation and the output voltage in its low state, Q4 will be off. Thus, Q3 will sink to the (low-state)

load current IL0 given by

where IN0 is the individual load current for each fan-out at low output (i.e., IN0 � IIL) and is obtained by

multiplying the base current of Q�1 by �R; that is,

(15.88)

Thus, the low-output fan-out is given by

During mode 2, at least one of the inputs vA or vB is low, at VOL; that is, vA (or vB) � VOL. The TTL

NAND gate in the output high state is shown in Fig. 15.40. The BEJ is forward biased through R1 and

VCC. The base current IB1 causes an emitter current through the particular emitter that is connected to

the low input. Transistor action forces collector current into Q1. But the collector current of Q1, which

equals the reverse-biased saturation current out of the base of Q2, is usually much smaller than its base

current. As a result, Q1 will be in saturation. With vA (or vB) � VOL, the base current of Q1 becomes

IB1 =

VCC - VBE1(sat)

R1

NL =

IC3(sat)

IN0

IN0 = bR cVCC - VCE3(sat) - VBE1(sat)

R1
d

IL0 = NLIN0
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+
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−
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FIGURE 15.40 TTL gate in the output high state

67722_15_ch15_p981-1078.qxd  2/19/10  5:48 PM  Page 1037

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Transistors Q2 and Q3 are cut off. Transistor Q4 and diode D1 supply the (high-state) load current IL1 given by

where IN1 is the individual load current for each fan-out at high output (i.e., IN1 � IIH). Since Q1 is oper-

ating in the inverse-action mode, its base current must be multiplied by �R to give IN1 � �RIB1; that is,

(15.89)

With Q4 in the active region, the base current of Q4 is

Using KVL around the loop formed by VCC, R2, Q4, and D1, we get

(15.90)

which gives the value of the high-output fan-out as

(15.91)

If R4 were not present, the collector current of Q4 would be �FIB4, which would be highly undesirable. To limit

the collector current of Q4 to an acceptable value, R4 is introduced. The maximum collector current of Q4 is

(15.92)

In summary, TTL NAND gates have the following features:

1. Short switching time from saturation to cutoff and lower delay time, typically 10 ns as compared

to 40 ns for DTL gates

2. High noise margins

3. High fan-out capability

4. Sharp transfer characteristic

� NOTES

1. In practice, the same load will be connected to the TTL gate circuit during the output high and output low states;

that is, NL � NH � N.

2. From Eq. (15.90), we can find the permissible maximum output voltage as

For VCC � 5 V, VOH � 5 � 1.4 � 3.6 V.

vO( max ) = VOH L VCC - VBE4 - VD1 = VCC - 0.7 - 0.7 = VCC c1 - 1.4

VCC
d

IC4(max) =

VCC - vO - VCE4(sat) - VD1

R4

NH =

(1 + bF)(VCC - VBE4 - VD1 - vO)

R2IN1

=

R2NHIN1

1 + bF
+ VBE4 + VD1 + vO

VCC = R2IB4 + VBE4 + VD1 + vO

IB4 =

IL1

1 + bF
=

NHIN1

1 + bF

IN1 = bR cVCC - VBE2(sat) - VBE3(sat) - VBC1

R1
d

IL1 = NHIN1

Microelectronic Circuits: Analysis and Design1038
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Designing a TTL NAND gate
(a) Design the TTL NAND gate of the circuit in Fig. 15.38. It has two inputs and feeds four identical NAND

gates. The output voltage at output high is VOH � 3.5 V, and IN1 � 72.5 �A. Assume VCC � 5 V, VD � 0.7 V,

VCE(sat) � 0.2 V, VBE � 0.7 V, VBC � 0.7 V, �F(forced) � 10, �R � 0.1, IC3(sat) � 1 mA, and IC4(max) � 1 mA.

Capacitance of each load is, Ci � 5 pF.

(b) Use PSpice/SPICE to check your design by plotting the transfer function. Determine NML and NMH.

Model parameters for diodes are

RS=4 TT=0.1NS

and for transistors are

BF=10 BR=0.1 TF=0.1NS TR=10NS VJC=0.85 VAF=50

SOLUTION

(a) The design can be carried out using the following steps:

Step 1. Using Eq. (15.89), calculate the value of R1:

Step 2. Using Eq. (15.91) for vO � VOH, find the value of R2 to meet the output requirement:

Step 3. Using Eq. (15.86), find the value of IB1 at output high:

Step 4. Using Eq. (15.88), calculate the low-state load current:

The total load current at low state for N � 4 is

IL0 = 4 * 102.5 �A = 410 �A

IN0 = bR cVCC - VCE3(sat) - VBE1(sat)

R1
d = 0.1 c (5 - 0.2 - 0.7) V

4 kÆ

d = 102.5 �A

IB1 =

(5 - 0.7 - 0.7 - 0.7) V

4 kÆ

= 725 �A

=

(1 + 10) * (5 - 0.7 - 0.7 - 3.5) V

4 * 72.5 �A
= 3.79 kÆ

R2 =

(1 + bF(forced))(VCC - VBE4 - VD1 - VOH)

NIN1

R1 = bR 

VCC - 2VBE(sat) - VBC

IN1
=

0.1 * [5 - (2 * 0.7) - 0.7] V

72.5 �A
= 4 kÆ

EXAMPLE 15.7

D
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Step 5. Calculate the high-state IB2, IC2, and IE2. The high-state IB2 is

The high-state IC2 is

The high-state IE2 is

Step 6. Assume that most of IE2 flows through the base of Q3 rather than through RB. Let IR � 0.4IE2 � 0.4 
1.88 m � 0.75 mA. Then calculate the value of RB:

Choose RB � 1 k
.

Step 7. Calculate the maximum permissible collector low-state current to drive Q3 in saturation:

which is higher than IL0 � 410 �A, from step 4. Thus, the design should be satisfactory. (Otherwise steps 1

through 7 should be repeated with a lower value of N, a higher value of �F(sat), or a lower value of IN1.) The

overdrive factor is

Step 8. Calculate the base current of Q4 at output high:

Step 9. Using Eq. (15.92), calculate the value of R4 for vO � VOH:

The power rating of R4 is PR4 � (1 mA)2R4 � (1 mA)2  600 � 0.6 mW.

Step 10. Calculate the power rating of R2 due to IC2 or IB2, whichever has the higher value. Since IC2 � 1082 �A

and IB2 � 798 �A, use IC2.

PR2 = (1.082 mA)2R2 = (1.082 mA)2
* 3.79 kÆ = 4.44 mW

R4 =

VCC - VOH - VCE4(sat) - VD1

IC4(max)
=

(5 - 3.5 - 0.2 - 0.7) V

1 mA
= 600 Æ

lB4 =

NIN1

1 + bF
=

4 * 72.5 �A

1 + 10
= 26.4 �A

kODF =

IC3(max)

IL0
=

11.3 m
410 � = 27.6

IC3(max) = bFIB3 = 10 * 1.13 mA = 11.3 mA

IB3 = IE2 - IR = 1.88 m - 0.75 m = 1.13 mA

RB =

VBE3(sat)

IR
=

0.7 V

0.75 mA
= 933 Æ

IE2 = IB2 + IC2 = 798 �A + 1082 �A = 1.88 mA

IC2 =

VCC - VBE3(sat) - VCE2(sat)

R2
=

(5 - 0.7 - 0.2) V

3.79 kÆ

= 1082 �A

IB2 = - IC1 = (1 + bR)IB1 = (1 + 0.1) * 725 �A = 798 �A
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Step 11. Calculate the power rating of R1 due to IB1 at output high or IB1 at output low, whichever has the

higher value. Since the base current of Q1 at output high is

and IB1 at output low is 725 �A (from step 3), use IB1 at output high.

(b) Each transistor has junction capacitances that will affect the switching speed. To examine the propagation

time, we will assume that a load resistance of

and an equivalent capacitance of

is connected to the output. 

The PSpice schematic is shown in Fig. 15.41. The PSpice plots of the characteristics, which are shown in 

Fig. 15.42, give VOH � 3.53 V (expected value is 3.5 V), VIL � 0.6 V at VO � 3.49 V, VOL � 42 mV at VO � 5 V,

and VIH � 1.5 V at VO � 62 mV.

tpHL � 4.53 ns, tpLH � 6.68 ns, and tpd � 5.61 ns.

NMH = VOH - VIH = 3.53 - 1.5 = 2.03 V
 NML = VIL - VOL = 0.6 - 0.042V L 0.56 V

CL = 4 * 5 pF = 20 pF

RL =

VOH

NIN1
=

3.5 V

4 * 72.5 �A
= 12 kÆ

PR1 = (1.075 mA)2R2 = (1.075 mA)2
* 4 kÆ = 4.6 mW

IB1 =

VCC - VBE2(sat)

R1
=

(5 - 0.7) V

4 kÆ

= 1.075 mA

FIGURE 15.41 PSpice schematic for Example 15.7
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15.11.2 High-Speed TTL NAND Gates

Notice from Eq. (15.90) that the voltage drop across R2 caused by the load current flow reduces the output

high voltage vO. The output voltage can be increased by replacing Q4 in Fig. 15.38 by a Darlington pair, as

shown in Fig. 15.43. Transistors Q4 and Q5 form the Darlington pair. The BEJ of Q5 offers the voltage off-

set and serves the purpose of diode D1 in Fig. 15.38. Resistor R5 is included to aid the reverse-biased re-

covery current of Q4. The operation and analysis of this gate are similar to those of the gate in Fig. 15.38.

Microelectronic Circuits: Analysis and Design1042

FIGURE 15.42 PSpice plots of TTL characteristics (using transistor circuit model) for Example 15.7
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FIGURE 15.43 High-speed TTL NAND gate
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The current through R5 is

The emitter current of Q5 is

which gives its base current as

Equation (15.90) can be modified to give the output voltage as

or (15.93)

Also, resistance RB is replaced by an active base recovery circuit consisting of R3, R6, and Q6. This 

recovery circuit reduces the amount of diverting current at the base of Q3. As a result, the VTC becomes

sharper, the noise margin is enhanced, and the delay time is reduced. The recovery circuit and its equiva-

lent are shown in Fig. 15.44[(a) and (b)]. IBR is the base recovery current of Q3.

Assuming that Q6 is close to saturation but not saturated, the collector current of Q6 is given by

which, near the edge of saturation, must be equal to

IC6 =

VBE3 - VCE6(sat)

R6

IC6 =

IBR

1 + 1>bF6

vO = VCC - (R2IB5 + VBE4 + VBE5)

VCC = R2IB5 + VBE4 + VBE5 + vO

IB5 =

IE5

1 + bF5
=

IB4 + IR5

1 + bF5
=

IE4

(1 + bF4)(1 + bF5)
+

IR5

1 + bF5

IE5 = IB4 + IR5

IR5 =

VB4

R5
=

vO + VBE4

R5

Introduction to Digital Electronics 1043
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FIGURE 15.44 Base recovery circuit
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Equating these two and assuming �F � �F(forced), we can find the value of R6 as

(15.94)

Suppose that R6 is chosen to yield the same value of IBR as was obtained when a passive resistance RB was

used; that is, IBR � VBE3 ⁄ RB. Substituting into Eq. (15.94) yields

(15.95)

In summary, high-speed TTL gates have the following features:

1. Short propagation delay time

2. Low noise immunity

3. Sharp voltage transfer characteristic

4. High fan-out

5. Maximum output voltage limited to, typically, 3.6 V

R6 =

RB(VBE3 - VCE6(sat))

VBE3>(1 + 1>bF(forced))

R6 =

VBE3 - VCE6(sat)

IBR>(1 + 1>bF(forced))

Microelectronic Circuits: Analysis and Design1044

Designing a TTL NAND gate

(a) Design the TTL NAND gate of the circuit in Fig. 15.43. It has two inputs and feeds four identical 

NAND gates. The output voltage at output high is VOH � 3.5 V, and IN1 � 72.5 �A. Assume VCC � 5 V,

VD � 0.7 V, VCE(sat) � 0.2 V, VBE � 0.7 V, �F(forced) � 10, �R � 0.1, IC3(sat) � 1 mA, IC4(max) � 1 mA,

and IBR � 750 �A. Capacitance of each load is, Ci � 5 pF.

(b) Use PSpice/SPICE to check your design by plotting the transfer characteristic. Determine NML and NMH.

Model parameters for transistors are

BF=10 BR=0.1 TF=0.1NS TR=10NS VJC=0.85 VAF=50

SOLUTION

(a) The design steps are similar to those in Example 15.7. After completing steps 1, 6, and 9 in Example 15.7

to determine the values of R1, RB, and R4, we follow these steps.

Step 1. Using Eq. (15.94), calculate the collector resistance of Q6:

Choose R3 � 2R6 � 2  733 � 1466 
.

R6 =

VBE3 - VCE6(sat)

IBR>(1 + 1>bF)
=

(0.7 - 0.2) V

0.75 mA>(1 + 1>10)
= 733 Æ

EXAMPLE 15.8

D
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Step 2. Choose a value of IR5: Let IR5 � 1130 �A (the same as the value for the TTL) � 1.2 mA. For vO � VOH,

find the value of R5:

Step 3. Calculate the base current of Q4 at output high and the base current of Q5:

Step 4. Using Eq. (15.93) for vO � VOH, find the value of R2 that meets the output requirement:

Step 5. Using Eq. (15.89), calculate the value of R1:

Step 6. Using Eq. (15.86), find the value of IB1 at output low, and calculate the high-state IB2:

Step 7. Calculate the high-state IC2, IE2, and IB3. The high-state IC2 for low output is

In the high state,

For the base current,

Step 8. Calculate the maximum permissible collector low-state current to drive Q3 in saturation:

IC3(max) = bF(forced)IB3 = 10 * 4.62 mA = 46.2 mA

IB3 = IE2 - IR = 5.37 mA - 0.75 mA = 4.62 mA

IE2 = IB2 + IC2 = 798 �A + 4.57 mA = 5.37 mA

IC2 =

VCC - VBE3(sat) - VCE2(sat)

R2
=

(5 - 0.7 - 0.2) V

897
= 4.57 mA

IB2 = - IC1 = (1 + bR)IB1 = (1 + 0.1) * 725 �A = 798 �A

IB1 =

VCC - VBE2(sat) - VBE3(sat) - VBC1

R1
=

(5 - 0.7 - 0.7 - 0.7) V

4 kÆ

= 725 �A

R1 = bR cVCC - 2VBE(sat) - VBC1

IN1
d = 0.1 c (5 - 2 * 0.7 - 0.7) V

72.5 �A
d = 4 kÆ

R2 =

VCC - VBE4 - VBE5 - VOH

IB5
=

(5 - 0.7 - 0.7 - 3.5) V

111.5 �A
= 897 Æ

IB5 =

IB4 + IR5

1 + bF5
=

26.4 �A + 1.2 mA

1 + 10
= 111.5 �A

IB4 =

NHIN1

1 + bF4
=

4 * 72.5 �A

1 + 10
= 26.4 �A

R5 =

VOH + VBE4

IR5
=

(3.5 + 0.7) V

1.2 mA
= 3.5 kÆ
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Microelectronic Circuits: Analysis and Design1046

which is higher than IL0 � 410 �A, from step 4 of Example 15.7. Thus, the design should be satisfactory.

(Otherwise, steps 1 through 8 should be repeated with a lower value of N, a higher value of �F(sat), or a lower

value of IN1.) The overdrive factor is

which is high; that is, the fan-out can be much more than N � 4.

(b) To examine the propagation time, we will assume that a load resistance of

and an equivalent capacitance of

is connected to the output. 

The PSpice schematic is shown in Fig. 15.45. The PSpice plots, which are shown in Fig. 15.46, give 

VOH � 3.3 V (expected value is 3.5 V), VIL � 1.35 V at VO � 3.3 V, VOL � 62 mV at vO � 3.3 V, and VIH � 1.6 V

at VO � 62 mV.

tpHL � 1.93 ns, tpLH � (57.57 ns � 51.77 ns) � 5.8 ns, and tpd � (tpHL � tpLH) ⁄ 2 � 3.87 ns.

NMH = VOH - VIH = 3.3 - 1.6 = 1.7V

NML = VIL - VOL = (1.35 - 0.062) V L 1.29 V

CL = 4 * 5 pF = 20 pF

RL =

VOH

NIL0
=

3.5 V

4 * 72.5 �A
= 12 kÆ

kODF =

IC3(sat)

IL0
=

46.2 mA

410 �A
= 113

FIGURE 15.45 PSpice schematic for Example 15.8
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733
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  TD = 0
  TR = 0.1 ns
  TF = 0.1 ns
 PW = 50 ns
PER = 100 ns

5 V

VI

+

−
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15.11.3 Schottky TTL NAND Gates

In TTL gates, the transistors are driven into saturation. Since the delay time of a TTL gate is a strong func-

tion of the storage time of the saturated transistors, a nonsaturating logic gate has an advantage. A Schot-

tky clamped transistor, which is prevented from being driven into saturation, can switch faster than a sat-

urated transistor. Schottky clamped transistors are incorporated in many transistor logic gates.

A Schottky clamped transistor is basically a bipolar transistor with a built-in clamped Schottky diode,

as shown in Fig. 15.47(a). Its symbol is shown in Fig. 15.47(b). The forward voltage drop of a Schottky

diode is low, typically 0.3 V. When transistor Q1 is in its active region of operation, the base–collector junc-

tion is reverse biased. The clamped diode is also reverse biased and does not affect the circuit operation.

Q1 behaves as a normal npn transistor. As transistor Q1 goes into saturation, the base–collector junction

becomes forward biased, and it is clamped to the 0.3-V Schottky diode voltage. The excess base current is

shunted through the diode, and the transistor is prevented from going heavily into saturation.
Assuming that transistor Q1 is clamped at the edge of saturation, IC � �IB. The diode current can

be related to the input and base currents by

ID = II - IB = II -

IC

bF

Introduction to Digital Electronics 1047

FIGURE 15.46 PSpice plots for TTL characteristics (using transistor circuit model) for Example 15.8

(a)  VTC (b)  Transient response

ID

IB

IL

IC
VBCII

C

C

EE

(b)  Symbol(a)  Schottky clamped transistor

B

IL

II

B +

−

FIGURE 15.47 Schottky clamped transistor
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Using KCL at the collector junction, we get

which yields

Thus, for an increased value of load current IL, the value of IC is increased and the value of diode current

ID is reduced. That is, the major part of the input current is diverted into the base of the transistor, keeping

the transistor at the edge of saturation. For a small value of load current, the value of IC becomes small, and

a large part of the input current is shunted through the diode. The base and diode currents change with the

load conditions, while the transistor remains at the edge of saturation. The Schottky barrier diode has no mi-

nority carrier charge storage, and the transistor is never fully saturated. Thus, the recovery is very quick.

In the Schottky TTL NAND gate shown in Fig. 15.48, all of the transistors except Q4 are Schottky

clamped transistors. This circuit is similar to the one in Fig. 15.43. The two Schottky diodes from the

input terminals to the ground act as clamps, to suppress any ringing that might occur from voltage tran-

sients and clamp any negative undershoots at approximately �0.3 V.

The analysis of a Schottky TTL gate is similar to that of a standard TTL gate. When the output tran-

sistor Q3 is on, VBE � 0.7 V, the voltage drop across the Schottky diode is clamped to VBC � 0.3 V, and 

Thus, the output voltage of a Schottky gate in its output low state is slightly higher than the value of

VCE(sat) for standard TTL gates. The output voltage in the output high state is essentially the same as that

of the standard TTL gate.

VCE = VCB + VBE = -VBC + VBE = -0.3 + 0.7 = 0.4 V

IC =

II + IL

1 + 1>bF

IC = ID + IL = II -

IC

bF
+ IL

Microelectronic Circuits: Analysis and Design1048

vA

vB 

R4R2R1

Q1 Q2

R6R3

IC2

VB4

VB5

VBC1VBE1

IB1

I4I2

IC4

IB4IE5

IR5

IB5

R5

Q3

Q4

+VCC

Q6

Q5

vO

+ +

+

− −

−

FIGURE 15.48 Schottky TTL NAND gate
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In summary, Schottky TTL gates have the following features:

1. Minimal delay time. Because a Schottky clamped transistor operates at a low saturation, the delay

time is approximately 2 ns to 5 ns, compared to 10 ns to 15 ns in standard and high-speed TTL gates;

that is, the propagation delay time is reduced by a factor of 5 to 10.

2. Sharper voltage transfer characteristic than standard TTL gates

3. Low noise immunity

4. Slightly higher output voltage in the output low state than standard TTL gates, typically 0.4 V

The success of the Schottky gate led to the development of other Schottky gates: low-power Schottky (LS),

advanced Schottky (AS), and advanced low-power Schottky (ALS) gates.

Introduction to Digital Electronics 1049

KEY POINT OF SECTION 15.11

■ The TTL families have gone through many developmental stages, which have resulted in improved

switching speed and lower power dissipation. Applications focus on the low-power Schottky (LS) and

advanced low-power Schottky (ALS) families because they offer the highest speed.

15.12 Emitter-Coupled Logic OR/NOR Gates

Storage time is the dominant parameter affecting the delay time of transistors that are driven into satura-

tion. Storage time can be minimized by preventing the transistors from operating at saturation. Schottky

TTL gates minimize transistor saturation by clamping the base–collector junction at the edge of the satu-

ration condition. This significantly reduces the storage time and delay time, but slight saturation of the

Schottky transistors adds to the switching time. The transistors in ECL gates are never driven into satura-

tion, and so the storage time is virtually zero. The first ECL nonsaturated logic gates were introduced in

1962 by Motorola under the family name MECL I. Since then, the MECL gates have progressed through

several generations: MECL II, MECL III, MECL 10K, and MECL 10KH.

An ECL uses an emitter-coupled pair as a current switch circuit, as shown in Fig. 15.49(a). It con-

sists of two identical transistors Q1 and Q2, two matched resistors RC � RC1 � RC2, and a current

vO1 vO2

IEE

−VEE −VEE −VEE

RC1 RC2

iC1

iC1 iC2

iC2

vO1 vO2

VrefvI

(a)  Current switch circuit (b)  Switch position
       for vI > Vref

(c)  Switch position
      for vI < Vref

vI > Vref vI < Vref

IEE

RC1 RC2
vO1 vO2

IEE

RC1 RC2

+ +
+ +

− − − −

+ +

− −

FIGURE 15.49 Current switch circuit for ECL
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source IEE. The input voltage vI, which is applied to the base of Q1, is compared to the reference voltage

Vref, which is applied to the base of Q2. If vI is greater than Vref by a few hundred millivolts, the source

current IEE flows through Q1. Thus, the output voltage becomes vO1 � vC1 � �RCiCI � �RCIEE, as

shown in Fig. 15.49(b). On the other hand, if vI is less than Vref by a few hundred millivolts, the source

current IEE flows through Q2. The output voltage becomes vO2 � vC2 � �RCiC2 � �RCIEE, as shown

in Fig. 15.49(c). Thus, the input voltage vI causes the current IEE to flow through either Q1 or Q2.

An ECL OR/NOR gate, which is based on a differential pair, is shown in Fig. 15.50. Input transistors

Q1 and Q3 are connected in parallel. If the differential input voltage vd � vA (or vB) � Vref is more than

approximately 100 mV, the output voltage vO1 is directly proportional to vd. Similarly, the output voltage

vO2 is directly proportional to the differential voltage �vd � Vref � vA (or vB). However, for the transis-

tors to operate as switches, the differential voltage must be greater than approximately 120 mV. Transis-

tors Q4 with R4 and Q5 with R5 operate as emitter followers. The collector terminals are normally placed

at zero voltage because it can be proved analytically that placing the ground near the collectors of the

transistors results in less noise sensitivity. For this reason, the supply voltages are generally VCC � 0 and

VEE � �5.2 V.

The reference circuit consists of resistors R1, R2, and R3, diodes D1 and D2, and transistor Q6. The

diodes D1 and D2 provide temperature compensation for the BEJ of Q6. Neglecting the base current of

Q6, we get

The voltage at the base of transistor Q6 is

which gives the reference voltage as

Vref = VB6 - VBE6

VB6 = VCC - I1R1

I1 = I2 =

VCC - 2VD - VEE

R1 + R2

Microelectronic Circuits: Analysis and Design1050

RC1 RC2

IC1 IC2

I2

I3

IE4 IE5

IE

I1

vBvA

VBE3

VNOR

VOR
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VBE2VBE1
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vO1

VB6

Q1Q3
1

3
5

6

8

9
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11 12

7

4

Q2

RE

Q6

D1

D2

Q4

R5R4R2R3

VBE4

Q5

VBE5

R1

+VCC = 0

VEE = −5.2 V

+VCC = 0

+ + +

+

+

− − −

−

−

FIGURE 15.50 ECL OR/NOR gate
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The emitter current of Q6 is given by

The circuit operation can be divided into two modes.

During mode 1, either input vA or input vB is at logic high (VOH); that is, vA (or vB) � VCC � 0.7 V.

The OR logic is at the vO2 output, and the NOR logic is at the vO1 output. Transistor Q2 is off. That is,

iC2 � 0, and vO2 � VCC. The output voltage VOR is given by

If vA � VOH � VCC � 0.7 V, then Q1 is on, and we get

which gives the emitter current IE as

Assuming that iC1 � IE, the voltage vO1 can be found from

and the output VNOR becomes

The current IE4, which is the emitter current of Q4, is

and the emitter current of Q5 is

During mode 2, inputs vA and vB are at logic low (VOL). Transistors Q1 and Q3 are off; that is, iC1 � 0,

and vO1 � VCC. The output voltage VNOR is given by

Transistor Q2 is on, and we get

which gives the emitter current IE as

IE =

VE - VEE

RE

VE = Vref - VBE2

VNOR = VOH = vO1 - 0.7 V = VCC - 0.7 V

IE5 =

VE5 - VEE

R5
=

VNOR - VEE

R5

IE4 =

VE4 - VEE

R4
=

VOR - VEE

R4

VNOR = vO1 - VBE5

vO1 = VCC - iC1RC1

IE =

VE - VEE

RE

VE = vA - VBE1

VOR = VO2 - 0.7 V = VCC - 0.7 V

IE6 L

Vref - VEE

R3

Introduction to Digital Electronics 1051
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Assuming that iC2 � IE, the voltage vO2 becomes

and the output VOR is

The current IE4, which is the emitter current of Q4, is

and the emitter current of Q5 is

Defining logic high as

and substituting the numerical values, we get the logic low as

gives the input and output voltages shown in Table 15.7.

In summary, ECL OR/NOR gates have the following features:

1. No transistor saturation and negligible delay time

2. High power dissipation, typically 50 mW to 70 mW (compared to 2 mW to 10 mW for Schottky

TTL circuits)

3. Availability of complementary outputs, which eliminates the need to include separate inverters to

provide these complementary outputs

4. High fan-out, typically in the range of 50 to 100

5. Low noise margin, since the logic high and logic low output voltages are only approximately �0.7 V

and �1.63 V, respectively

6. Sharp voltage transfer characteristic

VOL = vO1 - VBE5 = VCC - iC1RC1 - VBE5 = VNOR = -1.63 V

VOH = VCC - 0.7 = -0.7 V

IE5 =

VE5 - VEE

R5
=

VNOR - VEE

R5

IE4 =

VE4 - VEE

R4
=

VOR - VEE

R4

VOR = vO2 - VBE4

vO2 = VB4 = VCC - iC2RC2

Microelectronic Circuits: Analysis and Design1052

TABLE 15.7 ECL/OR gate logic function

vA vB VOR VNOR

VOL (for 0) VOL (for 0) VOL (for 0) VOH (for 1)

VOH (for 1) VOL (for 0) VOH (for 1) VOL (for 0)

VOL (for 0) VOH (for 1) VOH (for 1) VOL (for 0)

VOH (for 1) VOH (for 1) VOH (for 1) VOL (for 0)
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Designing an ECL OR/NOR gate

(a) Design the ECL OR/NOR gate of the circuit in Fig. 15.50. It has two inputs. The desired collector currents

are IC1 � 3 mA and IC4 � IC5 � 3 mA. At logic high, VOR � �0.7 V, VNOR � �1.63 V, and vA (or vB) � VOR

� �0.7 V. Assume VBE � 0.7 V, VEE � �5.2 V, VBE � 0.7 V, and �F � 100.

(b) Calculate the maximum fan-out with similar ECL gates if VOR is allowed to fall from VOR(max) � �0.7 V

to VOR(min) � �0.75 V.

(c) Use PSpice/SPICE to check your design by plotting the transfer function. Calculate NML and NMH. 

Use PSpice/SPICE to find Pstatic if vA � vB � �0.7 V.

SOLUTION

(a) Assuming vA (or vB) � VOR � �0.7 V, the steps to complete the design are as follows:

Step 1. Calculate VCC, vA, and VE. The value of VCC is

The input voltage for logic high is

The emitter voltage is

Step 2. Calculate the emitter resistance RE:

Step 3. Calculate the voltage vO1, the collector resistance RC1, R4, and R5:

R5 =

VNOR - VEE

IE5 M  IC3
=

-1.63 V - (-5.2 V)

3 mA
= 1.19 kÆ

R4 =

VOR - VEE

IE4 M  IC3
=

-0.7 V - (-5.2 V)

3 mA
= 1.5 kÆ

RC1 =

VCC - vO1

IC1
=

VCC - vO1

IE
=

0 - (-0.93 V)

3 mA
=

0.93 V

3 mA
= 310 Æ

vO1 = VNOR + VBE5 = -1.63 + 0.7 = -0.93 V

RE =

VE - VEE

IE M  IC
=

-1.4 V - (-5.2 V)

3 mA
=

(-1.4 + 5.2) V

3 mA
= 1.27 kÆ

VE = vA - VBE1 = -0.7 - 0.7 = -1.4 V

vA = VOH = VCC - 0.7 = 0 - 0.7 = -0.7 V

VCC = VOR + 0.7 = -0.7 + 0.7 = 0

EXAMPLE 15.9

D
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Step 4. Since the input voltages vA and vB are greater than Vref when the circuit is in the logic high state and

less than Vref when it is in the logic low state, set Vref at the midpoint between the logic low and logic high

levels and calculate the voltage at the base of Q6:

Step 5. Calculate the values of R1, R2, and I1. Using KVL, we can write

which gives

or

Choose R1 � 300 
. Then

Calculate the value of I1 as

Step 6. Calculate the value of R3. For good temperature compensation, the current through the emitter of Q6

should be the same as the current through diodes D1 and D2; that is,

or R3 � 2.6 k
.

Step 7. Choose RC2 to be slightly more than RC1 (approximately 3% more for resistors of 1% tolerance)—

that is, 2% more than the tolerance value. Thus,

Let RC2 � 320 
.

RC2 = 1.03 * RC1 = 1.03 * 310 = 319.3 Æ

I3 = I2 =

Vref - VBE

R3
=

-1.165 - (-5.2)

R3
= 1.55 mA

I1 = I2 = -

VB6

R1
= -

-0.465

300
= 1.55 mA

R2 = (8.172 - 1)R1 = (8.172 - 1) * 300 = 2.15 kÆ

1 +

R2

R1
=

-VEE - 2VD

-VB6
=

- (-5.2) - 2 * 0.7

- (-0.465)
= 8.172

I1(R1 + R2)

I1R1
=

-VEE - 2VD

-VB6

 I1R1 = -VB6

 I1(R1 + R2) = -VEE - 2VD

VB6 = Vref + VBE6 = -1.165 + 0.7 = -0.465 V

Vref =

VNOR + VOR

2
=

-1.63 - 0.7

2
= -1.165 V
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(b) The fan-out can be determined from Fig. 15.51, which shows the emitter-follower output stage of an ECL

circuit driving a difference amplifier input stage of an ECL load. This circuit is shown for VOR at the logic

high level. The load transistor Q1 is on, and the load emitter current is given by

The input base current for each fan-out is given by

Thus, the total load current is

The emitter current of Q4 is

The base current IB4 required to supply the load current IL and the current IE4 is

which gives

or N � 432.

2.97 mA + (N * 29.6 �A)

1 + 100
=

0 - 0.7 - (- 0.75)

320

IB4 =

IE4 + IL

1 + bF
=

VCC - VBE4 - VOR(min)

RC2

I E4 =

VOR(min) - VEE

R4
=

-0.75 V - (- 5.2 V)

1.5 kÆ

= 2.97 mA

IL1 = NIN1 = N * 29.6 �A

IN1 =

IE

1 + bF
=

2.99 mA

1 + 100
= 29.6 �A

=

-0.7 V - 0.7 V - (-5.2 V)

1.27 kÆ

= 2.99 mA

IE =

VOR(max) - VBE - VEE

RE

FIGURE 15.51 ECL gate driver and ECL load gate circuits

IN1

+VCC = 0
+VCC = 0

VEE = −5.2 V

N − 1

R�C1
310 Ω 

R�C2
320 Ω 

R�E

Q�2 V�refQ�1

RC2
320 Ω

R4
1.5 kΩ

1.27 kΩ
identical
load
circuits

IL1
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Q4

IL1 = NIN1
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(c) The PSpice schematic is shown in Fig. 15.52. The PSpice plots shown in Fig. 15.53 give VOH � �0.81 V

(expected value is �0.7 V), VIL � 0.95 V at vO � �0.855 V, VOL � �1.59 V at VI � 2 V, and VIH � 1.33 V

at VO � �1.55 V. Note that V(11) and V(12) are the voltages at the OR and NOR terminals, respectively.

tpHL � 1.05 ns, tpLH � 1.22 ns, and tpd � 1.13 ns. The PSpice output file gives Pstatic � 62 mW.

NMH = |VOH| - VIH = 0.81 - 1.33 = -0.52 V
NML = VIL - |VOL| = 0.95 - 1.59 = -0.64 V

FIGURE 15.52 PSpice schematic for Example 15.9
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FIGURE 15.53 PSpice plots for ECL characteristics (using transistor circuit model) for Example 15.9
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15.13 BiCMOS Inverters

The CMOS inverter is a low-power, compact inverter that exhibits a high input resistance. Its bipolar cir-

cuits, however, have low propagation delays. A BiCMOS combines a CMOS with a BJT output buffer

and thus incorporates the best features of both technologies. A BiCMOS inverter is shown in Fig. 15.54.

The BJT totem-pole output stage provides the high current capability to charge the load capacitance CL

rapidly while maintaining the low-power advantage of the CMOS. In practice, R1 and R2 are polysilicon

resistors or MOS resistors. To examine the charging and discharging of CL, we will divide the operation

into two modes.

During mode 1, the input voltage vI is low (at VOL). The NMOS MN is off. Q1 is also off because

its base is effectively grounded through R1. The PMOS MP is on, with vGSP � �VDD, and it provides

the base current to Q2. Thus, the load capacitance CL is charged up through Q2 (in the active region) to

approximately VDD � VBE2. At vO � VDD � VBE2, Q2 is cut off, and CL then continues to charge to-

ward VDD through MP and R2. Thus, VBE2 decreases to approximately 0, and vO � VOH � VDD. The

base of Q2 also discharges through R2.

During mode 2, the input voltage vI goes high (to VOH). Both MP and Q2 are off. MN is turned on.

Capacitor CL discharges through R2 and MN. As a result of the current flow through R1, Q1 is turned on,

and the collector current of Q1 causes CL to discharge rapidly until VBE1 drops below cut-in. After that,

Q1 turns off, and CL continues to discharge through R2, MN, and R1 to approximately zero. That is,

VOL � 0. The base of Q1 also discharges through R1.
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KEY POINT OF SECTION 15.12

■ The transistors in ECL gates are never driven into saturation, and thus the storage time is virtually

zero. Since their introduction in 1962 by Motorola, the MECL gates have progressed through several

generations: MECL I, MECL II, MECL III, MECL 10K, and MECL 10KH.

4
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+

−
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FIGURE 15.54 BiCMOS inverter
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15.13.1 Propagation Delay

The propagation delay time of a BiCMOS is reduced because of the increased charging and discharging

currents available from the BJTs. When the input switches from logic high to logic low, MP supplies the

charging current IB for Q2. Because of Q1, the minimum value of vI is VBE. Thus, VSGP � VDD � VBE,

and IB is given by

The charging current supplied by Q2 in the active mode is

Thus, the time tpLH required to charge CL from VOL to (VOL � VOH) ⁄ 2 � VDD ⁄ 2 (neglecting the junction

capacitances of the transistors) is given by

(15.96)

If the input switches from logic low to logic high, MN will provide the discharging path of CL. Thus, the

time tpHL to discharge CL from VOH � (VOL � VOH) ⁄ 2 � VDD ⁄ 2 to VOL is given by

(15.97)

When the BJTs are identical and the threshold voltages of the MOSFETs have the same magnitude, tpLH � tpHL

and tpd � tpLH.

tpHL =

(VOL + VOH)CL

2IE
=

VDDCL

2bFKn(VDD - VBE - VtN)2

tpLH L

(VOL + VOH)CL

2IE
=

VDDCL

2bFKp(VDD - VBE - |VtP|)2

IE = bFIB

IB = Kp(VDD - VBE - |VtP|)2
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Finding the propagation delays of a BiCMOS inverter The BiCMOS inverter shown in Fig. 15.54

has VDD � 5 V, VBE � 0.7 V, R1 � 1 k
, R2 � 4 k
, CL � 0.5 pF, and �F � 100. The threshold voltages are

VtP � �1 V, VtN � 1 V, and Kp � 20 �A/V2. Assume VOL � 0 and VOH � 5 V.

(a) Calculate tpLH, tpHL, and tpd.

(b) Use PSpice/SPICE to plot the VTC and transient response.

SOLUTION

(a) Using Eq. (15.96), we have

Although tpLH is independent of the L ⁄W ratio of the MOSFETs, in PSpice its value will depend on the ratio L ⁄ W.

This causes the difference between the calculated value in part (a) and the PSpice value in part (b).

tpd = tpHL = tpLH = 0.06 ns

tpLH =

5 V * 0.5 pF

2 * 100 * 20 �A>V2
* (5 V - 0.7 V - 1 V)2

= 0.06 ns

EXAMPLE 15.10
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(b) The PSpice schematic is shown in Fig. 15.55. The PSpice plot of the VTC, shown in Fig. 15.56(a), gives

VIL � 2.125 V, VIH � 2.875 V, VOL � 0 at VOH � 5 V, and VI(tran1) � 2.5 V (expected value is 2.5 V). The

transient response is shown in Fig. 15.56(b), which gives tpHL � 2.93 ns, tpLH � 0.65 ns, and tpd � 1.79 ns,

which is lower than tpd � 3.91 ns for the CMOS in Example 15.5.

FIGURE 15.55 PSpice schematic for Example 15.10
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 PW = 50 ns
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V

FIGURE 15.56 PSpice plots for BiCMOS inverter (using transistor circuit model) for Example 15.10

(a)  VTC (b)  Transient response

KEY POINT OF SECTION 15.13

■ A BiCMOS combines a CMOS with a BJT output buffer and thus incorporates the best features of

both technologies.

NOTE: Figure 15.56 illustrates the very sharp rise and fall times that occur while the BJTs are conducting.
The output signal is nearly VDD, and the noise margins for this circuit are high, both being more than 2 V.
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15.14 Interfacing of Logic Gates

In practice, the load of a logic gate is another logic gate; that is, one gate acts as the driver and another one

as the load. The interfacing of different logic gates requires that the circuits operate at a common supply

voltage and have logic-level compatibility. Also, the devices must maintain safe power dissipation levels

and good noise immunity over the required operating temperatures.

The voltage characteristics required at the output and input terminals of TTL families are shown in 

Fig. 15.57(a) for VCC � 5 V; the voltage characteristics for CMOS families are shown in Fig. 15.57(b).

The CMOS gates are designed to switch states at higher voltage levels than are the TTL gates. In inter-

facing one type of logic gate with another, attention should be given to the logic swing, output drive 

capability, DC input current, noise immunity, and speed of each type. The typical values of interfacing

parameters such as VOL, VOH, IOL, IOH, VIL, VIH, IIL, and IIH are shown in Table 15.3 for CMOS and

TTL devices.

15.14.1 TTL Driving CMOS

When a TTL device is used to drive a CMOS, the output drive capability of the driving device and the

switching levels and input currents of the driven devices are important considerations. The input currents

for a CMOS are very small in both the 1 and the 0 state, typically IIL � IIH � 10 pA, and the thresholds

for a CMOS are typically VIL(max) � 1.5 V and VIH(min) � 3.5 V. Thus, to obtain some noise immunity,

the output of the TTL driver must be no more than VOL � 1.5 V at logic 0 and no less than VOH � 3.5 V

at logic 1. Depending on whether the device is in the 0 or the 1 state, the driver will be sinking or sourc-

ing current.
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FIGURE 15.57 Input and output characteristics of logic gates
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Current Sinking

When the output of the TTL device is in the low state (at VOL), the collector of Q1, shown in Fig. 15.58(a),

is essentially at ground potential. Transistor Q1 must go into saturation to ensure a stable 0 level, typically

0.3 V. To attain this voltage level, there should be a high impedance path from the output to the power sup-

ply VCC. Since the CMOS has extremely high input impedances, typically 1011 
, it will not contribute any

significant current through Q1. Thus, the current-sinking capability is not a problem. The voltage level is not

a problem either, as CMOS devices have high noise immunity, usually greater than 1 V.

Current Sourcing

When Q1, shown in Fig. 15.58(b), is off (at logic 1 output VOH), there is a current flow from the VCC ter-

minal of the driver, through a pull-up resistor RP, into the input stages of the load; that is, the driving gate

acts as the current source for the load. The total load current (NIIH) should not reduce the output level below

VIH required by the CMOS load. A driver with a built-in pull-up resistor RP, as shown in Fig. 15.58(b),

presents no problem in the interface with the CMOS. However, a driver with an open collector requires an

external pull-up resistor RP, as shown in Fig. 15.58(c).
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vO

vO

vO

High
VOL

VOH

IOL

Q1

Output

Transistor
on

(a)  Current sinking

Output

RP

IIH
Q1

+VCC = 5 V

+VCC = 5 V

vO = 5 V − 1.4 V −  

+VCC = 5 V

+VCC = 5 V

+

−

+

−

+

−

(b)  Current sourcing

Actual resistance or
equivalent transistor RP

Open
collector

To other
MOS

devices

out

(c)  Open collector

RP

To other
MOS

devices

CMOS/MOS

TTL

out

(e)  Diode-transistor pull-up interface

RB RL

(d)  Diode-transistor pull-up

IO

0.7 V

0.7 V

IO

bF

 
IORB

bF

off

FIGURE 15.58 TTL devices driving CMOS devices
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Consider the diode-transistor arrangement shown in Fig. 15.58(d), which will reduce the output

voltage vO given by

(15.98)

Depending on the load current iO, the minimum output level of VOH � 2.4 V may not ensure an acceptable

state of VIH(min) � 3.5 V for the CMOS device, and this could cause a problem in the logic 1 state. However,

the minimum level of VOH � 2.4 V for a TTL gate is often specified at a given load current (IOH � 200 �A).

Since the CMOS draws very little current, an output level of VOH � 3.5 V will be available, but there is no

noise immunity. Therefore, a pull-up resistor RP should be added from the output terminal of the driver, as

shown in Fig. 15.58(e). The minimum value of RP can be found from

(15.99)

where N is the number of CMOS load gates. The maximum value of the external pull-up resistor can be

found from

(15.100)

where M is the number of TTL drivers and ICEX(max) is the maximum collector–emitter leakage current of

Q1 in the high state.

As an example, consider a case where VCC � VDD � 5 V, VOL � 0.4 V, VIH � 3.5 V, M � N � 1,

IOL � 2 mA (for the TTL), IIL � 10 pA (for the CMOS), IIH � 10 pA (for the CMOS), and ICEXI �
100 �A (for the TTL). From Eqs. (15.99) and (15.100), we get

15.14.2 CMOS Driving TTL

If the CMOS device drives the TTL device, Q1 in Fig. 15.58(a) will be replaced by a MOSFET. The current-

sinking capability of the CMOS must be considered when it drives a medium-power TTL. The TTL device

typically requires no more than IIL � 0.18 mA in the 0 input state and a maximum of IIH � 10 �A in the

1 input state. The CMOS must be capable of sourcing and sinking these currents while maintaining the

voltage output levels required by the TTL gates.

Current Sourcing

In high-state operation, VDD is normally connected to the output through one or more p-channel devices,

which must be able to source the total load leakage current of TTL load stages. The IOH of the CMOS stage

must match the leakage currents NIIH (for the logic 1 state) with a fan-out of N.

RP(max) =

5 - 3.5

1 * 100 �A - 1 * 10 pA
L 15 kÆ

RP(min) =

5 - 0.4

2 mA - 1 * 10 pA
L 2.3 kÆ

RP(max) =

VCC - VIH(min)

MICEX(max) - NIIH

RP(min) =

VDD - VOL(max)

IOL - NIIL

vO = VCC - VBE - VD -

iORB

bF

Microelectronic Circuits: Analysis and Design1062

67722_15_ch15_p981-1078.qxd  2/19/10  5:48 PM  Page 1062

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Current Sinking

When the output of the CMOS is in the low state (at VOL), an n-channel device is on and the output is 

approximately at ground potential. The CMOS device sinks the current flowing from the TTL input load stage.

The IOL of the CMOS stage must match the input currents NIIL(for the logic 0 state) with a fan-out of N.
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KEY POINT OF SECTION 15.14

■ The load of a logic gate is often another logic gate. It is essential that the logic gates be compatible in

terms of supply voltage, logic levels, and noise immunity.

15.15 Comparison of Logic Gates

Broadly speaking there are three logic families: TTL, ECL, and CMOS. Each family has its advantages

and disadvantages. The delay-power product (DP), which is the product of power dissipation PD and

propagation delay tpd, is the key parameter for high-speed switching. Figure 15.59 compares delay time with

power dissipation for various logic families. Note that the first generation of the CMOS family is labeled

Propagation delay

10 μW 100 μW 1 mW 10 mW 100 mW Power/gate
0.1 ns

1 ns

10 ns

100 ns

1 μs
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CMOS1 pJ
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RTLHCMOS

74LS00ACMOS

74ALS00

BiCMOS
ECL (100 k)

MESFET

7400

74S00

I2L
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74AS00

FIGURE 15.59 Comparison of delay time and power dissipation for

logic families
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CMOS; HCMOS refers to high-speed CMOS and ACMOS to advanced-type CMOS. The diode-transistor

logic (DTL) and resistor-transistor logic (RTL) gates were developed earlier and have the highest delay-

power product. Integrated-injection logic (I2L) gates have low power but are relatively slower. The

MESGET (gallium arsenide) gates are extremely fast because of the high mobility of electrons in GaAs—

typically five to six times higher than that of electrons in n-type silicon. Gate delays as low as 20 ps to

100 ps have been reported, but this speed must be weighed against the power dissipation, which is typi-

cally 10 mW.

The typical values of various parameters for the TTL, ECL, and CMOS families are shown in Table 15.8.

We can draw the following conclusions from these data:

• The TTL (LS) family of logic gates has high speed and low power dissipation and is compatible

with many applications. In addition, the technology is mature and hence low in cost.

• The ECL family has very high speed but at a great cost in power. The logic levels of these gates

differ from those of other major families, and they require a negative supply.

• The CMOS family of logic gates requires almost zero power in standby and very low power at

moderate switching rates. The speed of these gates is now comparable with that of the TTL. This

is the technology of choice for most new designs, rivaling the TTL.

Microelectronic Circuits: Analysis and Design1064

TABLE 15.8 Comparison of logic families

Parameter TTL 74LSxx ECL 10K CMOS 400B

VOH, in V 3.4 �0.9 5

VOL, in V 0.25 �1.7 0

NMH, in V 1.4 0.36 2.25

NML, in V 0.6 0.33 2.25

PD ⁄ gate 2 mW 24 mW 1.5 �W  fclk

tpd, in ns 9.5 at 15 pF 2 30 � 1.7 ⁄ pF

KEY POINT OF SECTION 15.15

■ Different families of logic gates have different advantages and disadvantages that must be taken into

account in design. Often a designer must make a trade-off between speed and power dissipation.

15.16 Design of Logic Circuits

In the design examples in the preceding sections, we calculated the component values of MOS and bipolar

inverters and found their performance parameters, such as VOL, VOH, tpd, NML, and NMH. Since bipolar

and MOS gates are available in IC circuits, designs are seldom done using discrete devices. However, these
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examples provided an idea of the inside operation of the gates. Circuit design using gates usually involves

applications of logic gates, and the following points should be kept in mind:

• Logic gates are highly nonlinear, and their output is considered as either high or low. The width of

the undefined input voltage range should be kept to a minimum so that the noise margin becomes

as large as possible.

• The output voltage levels of a gate must be compatible with the input voltage levels of the same or

similar gates; that is, a design must address interfacing issues.

• The output of one gate must be capable of driving the inputs of more than one gate; that is, fan-

out of a gate should be as large as possible for a circuit consisting of multiple gates.

• The logic gate should consume only as much power as is needed to operate at the required speed.

Also, the DC supply must meet the design requirement.
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Designing a clock circuit

(a) Design a clock circuit to produce a pulse output at a frequency of fclk � 100 kHz. The DC supply voltage

is 5 V.

(b) Use PSpice/SPICE to check your design by plotting the output voltage.

SOLUTION

(a) Given that T � 1 ⁄ fclk � 1 ⁄ 100 kHz � 10 �s, the design steps are carried out as follows:

Step 1. Choose the circuit topology. Figure 15.60(a) shows a circuit that uses inverters; NOR gates could be

used instead.

Step 2. Choose the gate types. Although use of CMOS inverters would simplify the analysis, we will use bipo-

lar inverters of type 7404. We will derive a general expression for the clock frequency that can be applied to

CMOS inverters also. From the data sheet, the inverter parameters are VCC � 5 V, VOH � 3.4 V, VOL � 0.5 V,

VIH � 2 V, VIL � 0.8 V, IIL � 0.1 mA, and IIH � 20 �A.

Step 3. Analyze the circuit. Suppose that, at t � 0, vO1 (that is, the output of inverter U1) is high at VOH,

vO is low at VOL, and vI (the input of inverter U1) is at VIH � VOH (from the previous cycle). Capacitor C

will charge exponentially, with a time constant of � � RC. The equivalent circuit during charging is shown

in Fig. 15.60(b). The input voltage vI will have a DC component and an exponentially decaying component.

Thus,

At t � T2, vI rises to VIL, and we can find T2 from the condition vI(t � T2) � VIL:

(15.101)T2 = RC  ln a VIH - 2VOH

VIL - VOH - RIIL
b

= RIIL + (VIH - 2VOH)e-t>�  (for 0 … t … T2)vI(t) - VOH = RIIL + [vI(0
+) - vO(0+)]e-t>�

EXAMPLE 15.11

D
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where IIL is the input current in the logic low state. When vI reaches VIL at t � T2, vO1 goes low to VOL and vO

rises to VOH after a delay time of tpd. The capacitor feeds this change in vO back to the input side. As a result,

vI jumps from VIL to VIL � VOH.

Now, with vI � VIL � VOH, vO1 � VOL, and vO � VOH, the capacitor C will discharge exponentially, with

a time constant of � � RC. The equivalent circuit during discharging is shown in Fig. 15.60(c). The input volt-

age vI will have a DC component of VOL and a decaying component. Redefining the time origin t � 0 (at t � T2)

gives the input voltage vI:

At t � T1, vI falls to VIH, and we can find T1 from the condition vI(t � T1) � VIH:

(15.102)T1 = RC ln aVOH + VIL - VOL

VIH - VOL
b

= VOL + (VOH + VIL - VOL)e-t>�  (for 0 … t … T1)vI(t) = VOL + [vI(0
+) - vO(0+)]e-t>�

FIGURE 15.60 Pulse circuit using inverters
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When vI falls to VIH at t � T1, vO1 becomes high at VOH and vO falls to VOL after a delay time of tpd. Be-

cause the capacitor feeds this change in vO back to the input side, vI falls from VIH to VIH � VOH, and the

cycle is repeated. The voltage waveforms are shown in Fig. 15.60(d). The period T of the output voltage is

given by

(15.103)

NOTE: For a CMOS gate, VOL � 0, VOH � VDD, IIL � 0, and VIL � VIH � Vt (threshold voltages of

the NMOS). Thus, Eq. (15.103) becomes

(15.104)

Step 4. Find the values of R and C. Using Eq. (15.103), we get

Choose a suitable value of C: Let C � 1 nF. Solving for R by iteration, we get R � 8 k
. Then � � RC � 8 �s,

T1 � 7.22 �s, and T2 � 2.76 �s.

(b) The PSpice simulation is shown in Fig. 15.61. The PSpice plots shown in Fig. 15.62 give T � 7.53 �s,

T1 � 6.41 �s, and T2 � 1.12 �s. Thus, a higher value of R (say, R � 10 k
) will be needed.

10 �A = RC aln 
3.4 + 0.8 - 0.5

2 - 0.5
+  ln 

2 - 2 * 3.4

0.8 - 3.4 - R * 0.1 mA
b

T = T1 + T2 = RC aln 
VDD + VIL

VIH
+  ln 

VIH - 2VOH

VIL - VOH
b

T = T1 + T2 = RC aln 
VOH + VIL - VOL

VIH - VOL
+  ln 

VIH - 2VOH

VIL - VOH - RIIL
b

FIGURE 15.61 PSpice schematic for

Example 15.11

R

1 nF

C

U2AU1A
8 k

221 1

7404 7404
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circuit: vO1 � V(R:1) and vO � V(C:2) for

Example 15.11
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Summary

Electronic circuits are used to perform various logic functions, such as NOT, AND, OR, NOR, and NAND.

The transistors are operated as on and off switches. This chapter analyzed the characteristics of NMOS and

CMOS inverters, which are the basis of digital circuits and have applications in NAND and NOR gates.

The use of a depletion-load transistor allows the logic level to be the same as the supply voltage and also

gives the shortest NMOS switching times. NMOS and CMOS transmission gates are commonly used in

steering logic function. The power consumption of CMOS gates is very small, essentially zero. In general,

CMOS gates have many advantages over NMOS gates.

DTL gates are simple, but their switching speed is low because they include saturated transistors.

TTL gates are better than DTL gates in terms of switching speed, component density, and fan-out. I2L

gates have higher component density, higher fan-out, and lower power dissipation than TTL gates.

Schottky TTL gates minimize transistor saturation and have higher switching speeds than standard TTL

gates. In ECL gates, the transistors are operated in the active region, and saturation is completely

avoided, thereby reducing propagation delay time. However, ECL gates have more power dissipation

than TTL and I2L gates. Each gate has its advantages and limitations, and the applications engineer has

to decide which types to use in a specific application. 
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Review Questions

1. What are the advantages and disadvantages of an NMOS inverter with a resistive load?

2. What are the intervals of operation of an NMOS inverter with a resistive load?

3. What are the advantages and disadvantages of an NMOS inverter with a saturated load?

4. What are the intervals of operation of an NMOS inverter with a saturated load?

5. What is the effect of the ratio KD ⁄KL on the transfer characteristic of an NMOS inverter with a satu-

rated load?

6. What are the advantages and disadvantages of an NMOS inverter with a depletion load?

7. What are the intervals of operation of an NMOS inverter with a depletion load?

8. What is the effect of the ratio KD ⁄ KL on the transfer characteristic of an NMOS inverter with a de-

pletion load?
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9. What is the function of an NMOS transmission gate?

10. What are the advantages and disadvantages of a CMOS inverter?

11. What are the intervals of operation of a CMOS inverter?

12. What is the function of a CMOS transmission gate?

13. What are the differences between CMOS and NMOS transmission gates?

14. What are the advantages and disadvantages of CMOS and NMOS gates?

15. What is the saturation of a transistor?

16. What is the overdrive factor of a transistor?

17. What is the forced �F of a transistor?

18. What is delay time?

19. What is the saturating charge of a transistor?

20. What is the storage time of a transistor?

21. What is the fan-out of a gate?

22. What is the noise margin of a gate?

23. What is the pull-down resistance of a gate?

24. What is a multiemitter transistor?

25. What are the advantages and limitations of a TTL gate?

26. What is a totem-pole output stage?

27. What is the active-biased recovery circuit?

28. What are the advantages and limitations of high-speed TTL gates?

29. What is a Schottky clamped transistor?

30. What are the advantages and limitations of Schottky TTL gates?

31. What are the advantages and limitations of ECL gates?

32. What is the purpose of connecting the collectors of an ECL gate to the ground?

33. What problems result from saturation in transistor gates?

Problems

The symbol indicates that a problem is a design problem. The symbol indicates that you can check the solu-

tion to a problem using PSpice/SPICE or Electronics Workbench.

15.4 Performance Parameters of Logic Gates

15.1 An inverter, as shown in Fig. 15.8, drives identical inverters and has VOL � 0.4 V, IOL � 1 mA, VOH � 2.4 V,

IOH � 100 �A, and VCC � 5 V. The input currents drawn by each load inverter are IIL � 0.1 mA (at logic

low) and IIH � 10 �A (at logic high).

a. If there are three load inverters, determine the value of pull-up resistance RP that will ensure a logic 1

output of VOH � 2.4 V.

b. If RP � 2.5 k
, find the fan-out N.

15.2 The inverter shown in Fig. 15.10(a) has VOL � 0.4 V, VOH � 2.4 V, VCC � 5 V, Ron � 200 
, Roff � �,

RP � 2.5 k
, CL � 2 pF, and fclk � 100 kHz.

a. Find the delay times for the output voltage to rise from 0.4 V to 2.4 V and to fall from 5 V to 0.4 V.

b. Find the power dissipation PD.

PD
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15.5 NMOS Inverters

15.3 The parameters of the NMOS inverter in Fig. P15.3 are VtL � 1.5 V, VDD � 5 V, RD � 1.5 k
, and KL �
0.5 mA ⁄ V2.

a. Determine the input voltage at the transition point VI(tran1).

b. Calculate the output voltage vO, the drain current iD, and the power dissipation PD for vI � 2.5 V and for

vI � 5 V.

15.4 The parameters of the NMOS inverter in Fig. P15.3 are VtL � 1 V, VDD � 5 V, and RD � 1.5 k
. Deter-

mine the conduction parameter KL so that the output voltage vO is 0.5 V at vI � 5 V.

15.5 The parameters of the NMOS inverter in Fig. 15.12(a) with a saturated load are VtL � VtD � 1.5 V, VDD � 5 V,

KL � 0.1 mA ⁄ V2, and KD � 50 �A ⁄ V2.

a. Determine the input voltage at the transition point VI(tran).

b. Calculate the output voltage, the drain current, and the power dissipation PD for vI � 2.5 V and for 

vI � 5 V.

15.6 The parameters of the NMOS inverter in Fig. 15.12(a) with a saturated load are VtL � VtD � 1 V and

VDD � 5 V. Determine the ratio KD ⁄KL so that (a) vO � 0.25 V at vI � 5 V and (b) vO � 0.25 V at vI � 4.5 V.

15.7 The parameters of the NMOS inverter in Fig. 15.12(a) with an enhancement load are VtL � VtD � 1 V,

VDD � 5 V, KL � 0.25 mA ⁄ V2, and KD � 1 mA ⁄ V2.

a. Determine the input voltage at the transition point VI(tran).

b. Calculate the output voltage and the drain current for vI � 2 V and for vI � 5 V.

15.8 Design an enhancement-load NMOS inverter, as shown in Fig. 15.12(a), to obtain a noise margin of

NML � 0.9 V. The threshold voltages are VtL � VtD � 1 V, and KL � 40 �A ⁄ V2. The supply voltage is

VDD � 5 V. Assume VOH � VIH � 5 V, load capacitance CL � 2 pF, and clock frequency fclk � 1 MHz.

a. Find the design parameter KR � KD ⁄KL, neglecting the body effect.

b. Calculate NML if the body effect is included. Assume � � 0.5 �V� and 2�f � 0.6 V.

c. Calculate the low-to-high propagation time tpLH.

d. Calculate the high-to-low propagation time tpHL.

e. Calculate the delay-power product (DP).

vO

vDS = vGS − Vt

RD

vI M1

iD 

VDD
RD

Saturation
region

Nonsaturation
region

Transition point

Load line

(b)  v-i characteristics(a)  Circuit

iD (in A)

vDS

0
VDD

+VDD

+

−

vGS1

vGS2

vGS3

vGS4
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FIGURE P15.3
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15.9 The parameters of the NMOS inverter in Fig. 15.16(a) with a depletion load are VtL � �1.5 V, VtD � 1 V,

VDD � 5 V, KD � 1.5 mA ⁄ V2, and KL � 0.1 mA ⁄ V2.

a. Determine the input and output voltages at the first and second transition points.

b. Calculate the output voltage, the drain current, and the power dissipation PD for vI � 2.5 V and for 

vI � 5 V.

15.10 The parameters of the NMOS inverter in Fig. 15.16(a) with a depletion load are VtL � �1.5 V, VtD � 1 V,

and VDD � 5 V. Determine the ratio KD ⁄KL so that (a) vO � 0.25 V at vI � 5 V and (b) vO � 0.25 V at

vI � 4.5 V.

15.11 The parameters of the NMOS inverter in Fig. 15.16(a) with a depletion load are VtD � 1 V, VDD � 5 V,

KD � 1.5 mA ⁄ V2, and KL � 0.1 mA ⁄ V2. Determine the value of VtL so that vO � 0.15 V at vI � 5 V.

15.12 The parameters of the NMOS inverter in Fig. 15.16(a) with a depletion load are VtL � �2 V, VtD � 1 V,

VDD � 5 V, KD � 1 mA ⁄ V2, and KL � 0.25 mA ⁄ V2.

a. Determine the input and output voltages at the first and second transition points.

b. Calculate the output voltage and the drain currents for vI � 1.5 V and for vI � 5 V. 

15.13 Design a depletion-load NMOS inverter, as shown in Fig. 15.16(a), to obtain a noise margin of NMH �
2.5 V. The threshold voltages are VtL � �1.5 V, VtD � 1 V, and KL � 40 �A ⁄ V2. The supply voltage is

VDD � 5 V. Assume VOH � VDD � 5 V, load capacitance CL � 2 pF, and frequency fclk � 1 MHz.

a. Find the design parameter KR � KD ⁄KL, neglecting the body effect.

b. Calculate NML if the body effect is neglected.

c. Calculate NMH if the body effect is included. Assume � � 0.5 �V� and 2�f � 0.6 V.

d. Calculate the low-to-high propagation time tpLH.

e. Calculate the high-to-low propagation time tpHL.

f. Calculate the delay-power product (DP).

15.6 NMOS Logic Circuits

15.14 The parameters of the NMOS transmission gate in Fig. 15.23 are Vt � 1.5 V, K � 0.1 mA/V2, CL � 5 pF,

and VG � 5 V.

a. What is the steady-state output voltage if the input voltage is changed in the following sequence: vI � 0,

vI � 5 V, and vI � 3 V?

b. What would the steady-state output voltage be if vG were switched to 0?

15.15 An NMOS RS flip-flop circuit is shown in Fig. P15.15. The input conditions, which are sequential from time

1 to time 4, are also listed in Fig. P15.15. Determine the state of each transistor (on or off) at each time and

the logic outputs at QA and QB for each input condition.
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15.7 CMOS Inverters

15.16 The parameters of the CMOS inverter in Fig. 15.26(a) are VtN � 1.5 V, VtP � �1.5 V, VDD � 5 V, Kn �
1 mA ⁄ V2, and Kp � 100 mA ⁄ V2.

a. Determine the input and output voltages at the first and second transition points.

b. Calculate the output voltage and the drain currents for vI � 1.5 V and for vI � 4.5 V.

15.17 The parameters of the CMOS inverter in Fig. 15.26(a) are VtN � 1.5 V, VtP � �1.5 V, VDD � 5 V, Kn �
0.2 mA ⁄ V2, and Kp � 100 mA ⁄ V2.

a. Determine the input and output voltages at the first and second transition points.

b. Calculate the output voltage and the drain currents for vI � 1.5 V and for vI � 4.5 V.

15.18 The parameters of the CMOS inverter in Fig. 15.26(a) are VtN � 1 V, VtP � �1 V, VDD � 5 V, Kn � 1 mA ⁄ V2,

and Kp � 1 mA ⁄ V2.

a. Determine the input and output voltages at the first and second transition points.

b. Calculate the output voltage and the drain currents for vI � 1.5 V and for vI � 3.5 V.

15.19 The parameters of the CMOS inverter in Fig. 15.26(a) are VtN � 1.5 V, VtP � �1.5 V, and VDD � 5 V.

Determine the ratio Kn ⁄Kp so that the transition occurs at an input voltage of vI � VI(tran1) � VDD ⁄ 2.

15.20 The parameters of the CMOS inverter in Fig. 15.26(a) are VtN � 1.5 V, VtP � �1 V, and VDD � 5 V.

Calculate the output voltages if the input voltage is varied from 0 to 5 V with a step of 0.25 V. Assume

Kn ⁄Kp � 1.

15.21 The parameters of the CMOS inverter in Fig. 15.26(a) are VtN � 1.5 V, VtP � �1.5 V, and VDD � 5 V.

Calculate the output voltages if the input voltage is varied from 0 to 5 V with a step of 0.5 V. The ratio

Kn ⁄Kp � 1.

15.22 The parameters of the CMOS inverter in Fig. 15.26(a) are VtN � 1 V, VtP � �1 V, VDD � 5 V, Kn � 1 mA ⁄ V2,

and Kp � 1 mA ⁄ V2.

a. Determine the input and output voltages at the first and second transition points.

b. Calculate the output voltages and the drain currents for vI � 1.5 V and for vI � 3.5 V.

15.23 Design a CMOS inverter, as shown in Fig. 15.26(a), to operate at a transition voltage VM � 2.5 V. The

threshold voltages are VtP � �1.5 V, VtN � 1 V, and Kp � 40 �A ⁄ V2. The supply voltage is VDD � 5 V. 

Assume VIH � VOH � 5 V, load capacitance CL � 2 pF, and frequency fclk � 1 MHz.

a. Find the design parameter KR � Kn ⁄Kp, neglecting the body effect.

b. Calculate NML and NMH.

c. Calculate the propagation delay tpd.

d. Calculate the delay-power product (DP).

15.8 CMOS Logic Circuits

15.24 The parameters of the CMOS transmission gate in Fig. 15.29 are VtN � 1.5 V, VtP � �1.5 V, VDD � 5 V,

Kn � 0.1 mA ⁄ V2, Kp � 0.1 mA ⁄ V2, CL � 2 pF, v�G � 5 V, and vG � 0.

a. What is the steady-state output voltage if the input voltage is changed in the following sequence: vI � 0,

vI � 5 V, and vI � 3 V?

b. What would the steady-state output voltage be if the gate voltages were switched to v�G � 0 and

vG � 5 V?

15.25 The parameters of the CMOS transmission gate in Fig. 15.29 are VtN � 1.5 V, VtP � �1.5 V, VDD � 5 V,

Kn � 0.1 mA ⁄ V2, Kp � 0.1 mA ⁄ V2, CL � 2 pF, v�G � 5 V, and vG � 0. Use PSpice ⁄SPICE to plot the

transfer characteristic vO versus vI if vI is varied from 0 to 5 V with a step increment of 0.5 V. Indicate the

regions over which the n-channel and the p-channel transistors are either turned on or cut off.
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15.26 A CMOS RS flip-flop circuit is shown in Fig. P15.26. The input conditions, which are sequential from time

1 to time 4, are also listed. Determine the state of each transistor (on or off) at each time and the logic out-

puts at QA and QB for each input condition.

15.27 A CMOS logic circuit is shown in Fig. P15.27. The input conditions, which are sequential from time 1 to

time 4, are also listed. Determine the state of each transistor (on or off) at each time and the logic output vO.

15.10 BJT Inverters

For Probs. 15.28–15.30, assume that the PSpice ⁄SPICE model parameters are

CCS=2PF TF=0.1NS TR=10NS VJC=0.85 VAF=50

(�F is as specified).

15.28 The bipolar transistor in Fig. 15.33(a) is specified to have �F in the range of 10 to 50. The load resistance

is RC � 10 k
. The DC supply voltage is VCC � 5 V, and the input voltage to the base circuit is vI � 5 V.

If VCE(sat) � 0.1 V and VBE(sat) � 0.7 V, find (a) the value of RB that results in saturation with an overdrive

factor of 5, (b) the forced �F, and (c) the power loss in the transistor PD.

15.29 The bipolar transistor in Fig. 15.33(a) is specified to have �F in the range of 8 to 40. The load resistance is

RC � 1 k
. The DC supply voltage is VCC � 5 V, and the input voltage to the base circuit is vI � 5 V. If

VCE(sat) � 0.2 V and VBE(sat) � 0.7 V, find (a) the value of RB that results in saturation with an overdrive

factor of 5, (b) the forced �F, and (c) the power loss in the transistor PD.
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15.30 Design a BJT inverter, as shown in Fig. 15.35, to drive four identical inverters (N � 4) and to give VOH �
2.5 V and NML � 0.2 V. The transistor has IC(max) � 4 mA, �F � 80 to 120, VBE(cut-in) � 0.5 V, VBE(sat) �
0.7 V, td � 2 ns, and ts � 2 ns. The supply voltage VCC is 5 V.

a. Find the values of RC and RB.

b. Calculate kODF and NMH.

c. Find the maximum fan-out N for VIH � 2.0 V and kODF � 1.

d. Calculate the propagation delay tpd. Assume that the base–emitter junction capacitance of each load tran-

sistor is CB � 1.5 pF (during switching).

e. Calculate the delay-power product (DP) at a frequency fclk � 1 MHz.

15.11 Transistor-Transistor Logic Gates

For Probs. 15.31–15.42, assume that the PSpice ⁄SPICE model parameters are

CCS=2PF TF=0.1NS TR=10NS VJC=0.85 VAF=50

(�F is as specified).

15.31 a. Design the gate of the circuit in Fig. P15.31. It has two inputs and feeds one similar gate with one input.

Assume VCC � 5 V, VD � 0.7 V, VCE(sat) � 0.1 V, VBE � 0.7 V, �F(forced) � 10, and IC(sat) � 1 mA.

b. If the output voltage must be maintained at more than 30% of VCC, what is the maximum value of fan-out N?

15.32 a. Design the gate of the circuit in Fig. P15.31. It has two inputs and feeds one similar gate with one input.

Assume VCC � 5 V, VD � 0.7 V, VCE(sat) � 0.2 V, VBE � 0.7 V, �F(forced) � 4, and IC(sat) � 1 mA.

b. If the output voltage must be maintained at more than 30% of VCC, what is the maximum value of fan-

out N? From the transfer function, calculate NML and NMH.

15.33 Design the TTL NAND gate of the circuit in Fig. P15.33. It has two inputs and feeds three similar NAND

gates. Assume VCC � 5 V, VD � 0.7 V, VCE(sat) � 0.2 V, VBE � 0.7 V, �F(forced) � 10, and IC(sat) � 1 mA.

From the transfer function, calculate NML and NMH.
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15.34 A TTL gate is shown in Fig. P15.34.

a. Calculate the currents I1, I2, IC, and IB and the voltages VI and VO for input conditions vA � vB � 0 and

vA � vB � 5 V.

b. Calculate the fan-out for the output low condition. Assume IN0 � 50 �A and IL0 � 200 �A.

15.35 Design the TTL NAND gate of the circuit in Fig. 15.38. It has two inputs and feeds two similar NAND gates.

The output voltage at output high is VOH � 3.5 V, and IN1 � 650 �A. Assume VCC � 5 V, VD � 0.7 V,

VCE(sat) � 0.2 V, VBE � 0.7 V, �F(forced) � 10, �R � 0.2, IC3(sat) � 1 mA, and IC4(max) � 2 mA. From the

transfer function, calculate NML and NMH.

15.36 A TTL gate is shown in Fig. P15.36. Calculate the output voltage and all currents of the transistors and fan-

out for the conditions vA � vB � 5 V and vA � vB � 0. Assume VCC � 5 V, VCE(sat) � 0.2 V, VBE � 0.7 V,

VBC1 � 0.7 V, �F(forced) � 10, and �R � 0.4.

15.37 A TTL gate is shown in Fig. P15.37. Calculate the output voltage and all currents of the transistors and fan-

out for the conditions vA � vB � 5 V and vA � vB � 0. Assume VCC � 5 V, VOH � 3 V, VCE(sat) � 0.2 V,

VBE � 0.7 V, VBC1 � 0.7 V, �F(forced) � 10, and �R � 0.4.
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15.38 Design the TTL NAND gate of the circuit in Fig. 15.36. It has two inputs and feeds four identical NAND

gates. The output voltage at output high is VOH � 2.8 V, and IN1 � 72.5 �A. Assume VCC � 5 V, VD � 0.7 V,

VCE(sat) � 0.3 V, VBE � 0.8 V, �F(forced) � 20, �R � 0.1, IC3(sat) � 2 mA, and IC4(max) � 2 mA. From the

VTC, find NML and NMH.

15.39 Design the high-speed TTL NAND gate of the circuit in Fig. 15.43. It has two inputs and feeds four similar

NAND gates. The output voltage at output high is VOH � 3.5 V, and IN1 � 650 �A. Assume VCC � 5 V,

VCE(sat) � 0.2 V, VBE � 0.7 V, �F(forced) � 10, �R � 0.2, IC3(max) � 1 mA, IC4(max) � 2 mA, and IBR � 0.7 mA.

From the VTC, calculate NML and NMH.

15.40 Design the TTL NAND gate of the circuit in Fig. 15.43. It has two inputs and feeds four identical NAND

gates. The output voltage at output high is VOH � 2.8 V, and IN1 � 65 �A. Assume VCC � 5 V, VD � 0.7 V,

VCE(sat) � 0.3 V, VBE � 0.7 V, �F(forced) � 40, �R � 0.1, IC3(sat) � 2 mA, IC4(max) � 2 mA, and IBR � 700 �A.

From the VTC, calculate NML and NMH.

15.41 A Schottky clamped transistor is shown in Fig. P15.41. If the input current is II � 2 mA, calculate ID, IB,

and IC for the conditions IL � 5 mA and IL � 20 mA. Assume �F � 25, VBE � 0.7 V, and VD � 0.3 V.

15.42 A Schottky clamped transistor is shown in Fig. P15.42.

a. If the input current is II � 2 mA, calculate ID, IB, and IC for the condition IL � 0.

b. Determine the maximum value of load current IL that the transistor can sink and still remain at the edge

of saturation. Assume �F � 25, VBE � 0.7 V, VCE(sat) � 0.2 V, and VD � 0.3 V.

Q1

ID

IB

IL

IC

II

FIGURE P15.41
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I1 I2
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I3
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15.12 Emitter-Coupled Logic OR/NOR Gates

15.43 a. Design the ECL OR ⁄ NOR gate of the circuit in Fig. 15.50. It has two inputs. The desired collector cur-

rents are IC1 � 2 mA and IC4 � IC5 � 1 mA. At logic 1, VOR � �0.7 V, VNOR � �1.5 V, and vA

(or vB) � VOR � �0.7 V. Assume VEE � �5.2 V, VBE � 0.7 V, and �F � 50.

b. Calculate the maximum fan-out with similar ECL gates if VOR is allowed to fall from VOR(max) � �0.7 V

to VOR(min) � �0.75 V.

15.44 Repeat Prob. 15.43 if VCC � 3 V, VEE � �3.2 V, VOR � 0.5 V, VNOR � 1.5 V, and vA (or vB) � VOR � 0.5 V.

15.45 An ECL logic gate with one input is shown in Fig. P15.45. Calculate the resistances RC1, RC2, RE, and R4. The

desired emitter current of all transistors is 2 mA. At logic 1, the outputs are VOR � 2.5 V and VNOR � 3.5 V. As-

sume VCC � 5 V, VEE � 0, VBE � 0.7 V, and �F � 200. From the transfer function, calculate NML and NMH.

15.46 a. Design the ECL OR ⁄ NOR gate of the circuit in Fig. 15.50. It has two inputs. The desired collector cur-

rents are IC1 � 2 mA and IC4 � IC5 � 1 mA. At logic high, VOR � �0.7 V, VNOR � �1.63 V, and vA

(or vB) � VOR � �0.7 V. Assume VEE � �5.2 V, VBE � 0.7 V, and �F � 50.

b. Calculate the maximum fan-out with similar ECL gates if VOR is allowed to fall from VOR(max) � �0.7 V

to VOR(min) � �0.75 V.

c. From the VTC, calculate NML and NMH.

15.13 BiCMOS Inverters

15.47 The BiCMOS inverter shown in Fig. 15.54 has VDD � 5 V, VBE � 0.7 V, R1 � 2 k
, R2 � 6 k
, C1 � 2 pF,

and �F � 150. The threshold voltages are VtP � �1.5 V, VtN � 1.5 V, and Kp � Kn � 40 �A ⁄ V2. Assume

VOL � 0 and VOH � 5 V.

a. Calculate tpLH, tpHL, and tpd.

b. Use PSpice ⁄SPICE to plot the VTC and transient response.

Vref
2 V

+VCC

VOR

−VEE 

vA Q1 Q2

RC1 RC2

VNOR

R3 RE R4

Q3 Q4

FIGURE P15.45

Q1

ID
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II

+VCC = 5 V

RC
2.5 kΩ

FIGURE P15.42
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Learning Outcomes
After completing this chapter, students should be able to do

the following: 

• Design and analyze precision rectifiers.

• Design and analyze nonlinear voltage limiters.

• List the differences between comparators and op-amps.

• Apply comparators and op-amps in generating

waveforms such as the zero-crossing detector,

Schmitt trigger, and square-wave, triangular-wave,

and sawtooth-wave generators.

• Describe the internal structure and the principle of oper-

ation of commonly used analog-integrated circuits such

as the NE/SE-566 VCO, the 555 timer, NE/SE-565 PLL,

Teledyne 9400 V/F and F/V converters, LF198 sample-

and-hold amplifier, MC1408 and NE/SE-5018 D/A

converters, and NE/SE-5034 A/D converter.

• Apply some ICs and design circuits for waveform gen-

eration, conversion, detection, or signal processing.

Symbols and Their Meanings
Symbol Meaning

Open-loop and closed-loop voltage

gains

Feedback factorb

A, Af

CHAPTER 16
INTEGRATED

ANALOG CIRCUITS
AND APPLICATIONS

67722_16_ch16_p1079-1176.qxd  2/19/10  6:08 PM  Page 1079

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



16.1 Introduction

Electronic circuits are commonly employed in generating waveforms of various shapes for control and

interfacing purposes. This chapter examines the basic principles of operation of circuits used to generate

waveforms and the applications of some commonly used ICs [1–3].

16.2 Circuits with Op-Amps and Diodes

Many applications—such as peak signal detectors, precision rectifiers, comparator circuits, and limiters—

require nonlinear functions. A diode, however, typically has a finite voltage drop of 0.7 V, which distorts

the output voltage of a circuit with one or more diodes, especially for low-voltage signals. Op-amp circuits

with diodes can reduce the effect of diode drop and are used for precision signal processing.

Let us take the op-amp circuit shown in Fig. 16.1(a) in which the diode provides a unidirectional cur-

rent flow. If the input voltage vS is negative, the output voltage vO1 of the op-amp becomes negative, caus-

ing the diode to be reverse biased; no current flows through the load RL because the current ii flowing

into the op-amp is zero. Thus, the output voltage is zero: vO � 0 for vS � 0. But the voltage vO1 will reach

the negative saturation limit of the op-amp. If the input voltage vS is positive, the output voltage vO1 of

the op-amp becomes positive, causing the diode to be forward biased and supply the load current iL. Since

vd � 0 and ii � 0, the output voltage is vO � vS for vS � 0. The transfer characteristic of vO versus vS is

shown in Fig. 16.1(b).

For the diode to start conduction, only a very small input voltage is required: vS(min) � VD ⁄Ao, where

VD is the diode drop (typically 0.7 V) and Ao is the open-circuit gain of the op-amp (typically 2 � 105).

This circuit exhibits the characteristic of a diode. However, the effect of the diode drop is negligible. Thus,

this circuit is called a superdiode. The drawback of this circuit is that, for negative values of vS, the volt-

age vO1 will swing to the negative saturation limit, thereby slowing the speed of op-amp operation.

Microelectronic Circuits: Analysis and Design1080

Symbol Meaning
Output frequency, period, and duty cycle

Lock frequency

Input signal and feedback currents

Input and output signal voltages

Noninverting and inverting terminal voltages

Switching and control signal voltages

Maximum input and output voltages

Reference low and high voltages

Reference and saturation voltages

Low and high threshold voltages

Positive and negative threshold voltages

Positive and negative DC supply voltagesVCC, VEE

+Vth, -Vth

VLt, VHt

Vref, Vsat

VL, VH

vS(max), vO(max)

vst, vCN

v
+
, v

-
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fL
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16.2.1 Most Positive Signal Detectors

The value of the most positive of a number of input signals can be detected by the circuit shown in Fig. 16.2.

The inputs to the unity follower are the input signals to be detected. The diode that has the highest positive

signal will conduct, and that signal will appear on the output of the circuit. The current source IDC keeps

the diode current constant irrespective of the value of the input signal, and it maintains a constant diode

drop. As a result, the voltage drop across the conducting diode does not vary with variations in the input

signal. Without the current source, the current and voltage of the conducting diode will change with the

level of the most positive voltage, and the output voltage will vary. The unity follower acts as a buffer stage,

providing a very high resistance at the diodes and a very low resistance at the output. If each diode is

replaced by the superdiode shown in Fig. 16.1, there will be no voltage drop at the diodes; however, this

arrangement will increase the complexity of the circuit.

16.2.2 Precision Peak Voltage Detectors

A precision peak voltage detector is used in many applications, such as monitoring the peak temperature

of a day (or month) or initiating the action of a device if the signal exceeds a reference value. The circuit

of Fig. 16.3 will detect the peak input voltage. The superdiode circuit allows the capacitor to charge to the

Integrated Analog Circuits and Applications 1081
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peak input signal. The unity follower offers a high resistance to the capacitor and supplies the capacitor

voltage to the output without discharging any charge of the capacitor. Resistance R, when connected, will

allow the capacitor to discharge slowly so that the circuit can adjust to a lower input voltage. Otherwise,

the capacitor will maintain its previous higher voltage and will not indicate the correct peak voltage.

16.2.3 Precision Half-Wave Rectifiers

A diode requires a minimum voltage, typically 0.7 V, to conduct. In a single-phase half-wave rectifier, one

diode conducts. If the input voltage is less than 0.7 V, the output of the rectifier will be zero. Therefore, diode

rectifiers are not suitable for rectification of low voltage. An op-amp circuit with two diodes, as shown in

Fig. 16.4(a), can rectify a very small voltage in the range of microvolts. The circuit operation can be divided

into two intervals: interval 1 and interval 2. We will consider the circuit operation with a sinusoidal input

voltage vS � Vm sin �t.
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During interval 1, 0 � �t � �. The input voltage is positive. The voltage vO1 at the output of the first

op-amp is negative, and diode D2 is off. Diode D1 conducts, and current if through RF equals input current iS.

Since the current flowing into the op-amp is zero, iS � if and

For an ideal op-amp, vd � 0, and voltage vO2 becomes

Thus, the output voltage at the output of the second inverting op-amp is

During interval 2, � � �t � 2�. The input voltage is negative. The voltage vO1 at the output of the first

op-amp is positive, and diode D2 conducts. As a result, the voltage vO1 is clamped to approximately the

voltage of one diode. Diode D1 remains off, and no current flows through RF. The voltage vO2 becomes

zero. Thus, the output voltage at the output of the second op-amp is vO � �vO2 � 0.

The output voltage vO is almost independent of the diode characteristics. This is because diode D1 is

included in series with the op-amp. Since the op-amp gain is very high, tending to infinity, the effect of the

diode and its voltage drop becomes insignificant. The output waveforms are shown in Fig. 16.4(b).

If the directions of the diodes are reversed, the output voltage will correspond to the negative part of the

input voltage; there is no need for the second inverting op-amp. This arrangement is shown in Fig. 16.5(a).

When the input voltage vS is positive, the voltage vO1 becomes negative, making diode D2 conduct and

diode D1 turn off. As a result, the output voltage becomes zero; that is, the output voltage vO � 0 for vS � 0.

On the other hand, when the input voltage vS is negative, the voltage vO1 becomes positive, making diode D2

turn off and diode D1 conduct. As a result, the output voltage will be equal and opposite to the input voltage;

that is, the output voltage vO � �vS for vS � 0. The transfer characteristic is shown in Fig. 16.5(b), and the

voltage waveforms are shown in Fig. 16.5(c).

vO = -vO2 = vS  (for vS Ú 0, R3 = R2 = R1, and vS Ú 0)

 = -vS

vO2 = -RFif = -RIiF = -RIiS  (for RF = RI)

vd = RFif + vO2

iS = if =

vS

RI
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16.2.4 Precision Full-Wave Rectifiers

The half-wave rectifier of Fig. 16.5(a) can be modified to operate as a precision full-wave rectifier if we

use the following algebraic relationship:

This situation is shown in Fig. 16.6(a). Let us consider the case with R1 � R2 � RF � R and R3 � R4 � 2R.

We will divide the circuit operation into two intervals, interval 1 and interval 2, and use a sinusoidal input

voltage vS � Vm sin �t.
During interval 1, 0 � �t � �. vS is positive, and vO2 � �vS. The voltage at the output of the second

op-amp can be found from

(16.1)

which, for R3 � R4 � 2R and R2 � R, becomes

During interval 2, � � �t � 2�. vS is negative, and vO2 � 0. The voltage at the output of the second

op-amp can be found from

(16.2)

which, for R3 � R4 � 2R and R2 � R, becomes

Thus, the output voltage is the inverted version of the input voltage, as shown in Fig. 16.6(b).

vO = -2vO2 - vS = -2 * 0 - vS = -vS  (for vS 6 0)

vO = - aR3

R2
 vO2 +

R3

R4
 vSb

vO = -2vO2 - vS = -2 (- vS) - vS = vS  (for vS Ú 0)

vO = - aR3

R2
 vO2 +

R3

R4
 vSb

vO = 2vS - vS = vS  (for the positive interval of the input voltage)

Microelectronic Circuits: Analysis and Design1084

A1

R1

R2

R3

R4

RF

D2

D1

~

(a)  Circuit (b)  Waveforms

0

vO2

vO

0

vS

0

vS

+

− vO1

+

−

vO

+

−

vO2

+

−

−

+ A2

−

+
Rx = (R1 || RF)

Ry = (R2 || R3 || R4)

Vm

Vm

−Vm
wt

wt

wtp 2p

FIGURE 16.6 Precision full-wave rectifier

67722_16_ch16_p1079-1176.qxd  2/19/10  6:08 PM  Page 1084

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



16.2.5 Precision Clamping Circuits

A precision clamping circuit is sometimes used in signal processing to add just enough DC voltage to the

input voltage so that the sum never crosses the zero level. Figure 16.7(a) shows a superdiode circuit with

an input voltage vS and a DC reference voltage Vref. As long as the op-amp voltage vd is positive, vO1 will

be positive, and diode D1 will conduct, thereby making the (�) terminal behave as a virtual ground. To

consider the circuit operation, let us take a sinusoidal input voltage vS � Vm sin �t and Vref � 0.

During the interval 0 � �t � �, vS is positive, vd is negative, vO1 is negative, and diode D1 is reverse

biased. No current flows through the capacitor, and it cannot charge. During the interval � � �t � 3� ⁄ 2,

vS is negative, vd is positive, vO1 is positive, and diode D1 conducts. The (�) terminal behaves as a virtual

ground. A charging current flows through the capacitor, with point A being at a higher potential than point B.

The capacitor is charged to the peak negative voltage Vm. For the interval �t � 3� ⁄ 2,

and diode D1 remains off; that is, the output voltage vO is

vO = -vd = Vm(1 + sin vt)

vd = - (Vm + vS) = -Vm(1 + sin vt)
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The voltage waveforms are shown in Fig. 16.7(b). With a reference voltage of Vref, the capacitor will

charge to (Vm 	 Vref), and the output voltage vO can be expressed by

(16.3)

For example, for Vm � 10 V and Vref � 5 V, vO � 10 sin �t 	 15 V, and for Vm � 10 V and Vref � �5 V,

vO � 10 sin �t 	 5 V. If the direction of diode D1 is reversed, the capacitor will charge when vd becomes

negative during the interval 0 � �t � � ⁄ 2. The output voltage will then be reversed; that is,

A resistor R, represented in Fig. 16.7(a) by a light line, can be connected across the capacitor so that

the capacitor can discharge slowly and the circuit can adjust to an input voltage of lower amplitude. The

resistor can also provide a path for the DC biasing current of the op-amp. As shown in Fig. 16.7(c), volt-

age followers may be connected to the input and output sides so that the clamping circuit draws no current

from the signal source and can deliver load current without affecting the charge on the capacitor.

16.2.6 Fixed-Voltage Limiters

A limiter restricts the output voltage to a specified value. A negative output voltage can be limited

approximately to zero by connecting a diode across the feedback resistor RF of the inverting amplifier in

Fig. 3.11, as shown in Fig. 16.8(a). If the input voltage vS is positive, the output voltage vO tends to be

negative, and diode D1 conducts, limiting the output to a negative value �VD of the diode voltage drop.

If the input voltage is negative, the output voltage becomes positive, and the diode is reverse biased. The

output voltage follows the input voltage with a change in polarity. The transfer characteristic is shown in

Fig. 16.8(b). If the direction of the diode is reversed, as shown in Fig. 16.9(a), the positive output voltage

is limited to VD, as shown by the transfer characteristic in Fig. 16.9(b).

16.2.7 Adjustable Voltage Limiters

Output voltage can be limited to an adjustable level by choosing resistors with appropriate values. A circuit

that limits the negative output voltage is shown in Fig. 16.10(a). If the output is positive, diode D1 is reverse

biased, and the circuit operates as an inverting amplifier. If the output voltage is negative, its transfer

vO = - (Vm sin vt + Vm + Vref)

vO = Vm sin vt + Vm + Vref

is

−VD
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R1

Slope = − 

A = ∞ 
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characteristic changes its slope at VO(min) and then varies with a slope of �R3 ⁄ R1. The circuit operation can

be divided into two intervals: interval 1 and interval 2.

During interval 1, diode D1 is reverse biased and remains off. The circuit operates as an inverting am-

plifier, and the slope of the transfer characteristic is �RF ⁄R1.

During interval 2, diode D1 conducts, and the limiting circuit is active. Let VD be the forward diode drop.

D1 is turned on when the potential Vx becomes �VD. Voltage Vx can be found from Thevenin’s equivalent

circuit, as shown in Fig. 16.10(b). By the superposition theorem (considering sources vO and VA separately),

Thevenin’s equivalent voltage is given by

Diode D1 turns on when Vx � �VD; that is,

(16.4)

which gives the negative clamping output voltage VO(min) as

(16.5)

from which the positive input voltage corresponding to VO(min) can be found:

(16.6)

(VTh 	 VD) acts a reference voltage Vref. Then vS can be compared to Vref. VS(max) is the threshold volt-

age at which the change of slope takes place. The equivalent circuit in Fig. 16.10(c) has two input signals,

vS and (VTh 	 VD), and it can be characterized as a summing amplifier. The output voltage during the

clamped condition can be expressed as

which, after solving for vO, gives

(16.7)

For RF ⁄R3 �� 1, which is normally the case, Eq. (16.7) is reduced to

(16.8)

which describes the transfer characteristic of the limiter, as shown in Fig. 16.10(d). The slope beyond the

break point is �R3 ⁄ R1, and this slope should be made small by choosing R1 �� R3. Note that ⏐VO(min)⏐
must be less than the saturation voltage ⏐Vsat⏐ of the op-amp.

The positive voltage can be limited by adding another diode D2, as shown in Fig. 16.11(a). Vx and Vy

limit the negative voltage and positive voltage, respectively. Vy can be found from Eq. (16.4):

(16.9)Vy = VD = VTh1 =

R4vO

R4 + R5
-

R5VB

R4 + R5

vO = -  

R3

R1
 vS -

R3

R2
VA - a1 +

R3

R2
bVD  (for vS 7 VS(max))

vO = -  

1

1 + RF>R3
 cRF

R1
 vS +

RF

R2
VA +

RF

(R2 7  R3)
VD d

vO = -  

RFvS

R1
-

RF

(R2 7  R3)
 a R2vO

R2 + R3
+

R3VA

R2 + R3
+ VDb

VS(max) = -  

R1

RF
 VO(min) =

R1

RF
 cR3

R2
 VA + a1 +

R3

R2
bVD d

VO(min) = vO = -VD - (VA + VD) 

R3

R2
= -VD a1 +

R3

R2
b - VA 

R3

R2

Vx = -VD = VTh =

R2vO

R2 + R3
+

R3VA

R2 + R3

VTh =

R2vO

R2 + R3
+

R3VA

R2 + R3
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Similarly, the positive clamping voltage can be found from Eq. (16.5):

(16.10)

The negative input voltage corresponding to VO(max) can be found from

(16.11)

If VTh1 is Thevenin’s equivalent voltage due to VB, (VTh1 � VD) acts as reference voltage Vref1. Then vS

can be compared to Vref1. VS(min) is the threshold voltage at which the change of slope takes place. Using

Eq. (16.7), we can find the output voltage during the positive voltage clamping to be

(16.12)

which describes the transfer characteristic of an adjustable positive and negative voltage limiter, 

as shown in Fig. 16.11(b). This is a practical limiter and is commonly used. It is also called a soft
limiter since the output voltage will increase slightly if the input voltage is increased beyond the

break points. All DC supply voltages of the limiter are generally made the same magnitude; that is,

VA � VB � VCC � VEE.

vO = -  

R5

R1
 vS +

R5

R4
 VB + a1 +

R5

R4
bVD  (for vS 6 VS(min))

VS(min) = -  

R1

RF
 VO(max) = -  

R1

RF
 cR5

R4
 VB + a1 +

R5

R4
bVD d

VO(max) = vO = VD + (VB + VD) 

R5

R4
= VD a1 +

R5

R4
b + VB 

R5

R4
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Vy

Vx

Eq. (16.12) Eq. (16.8)

R1

R2

R4

R5

R3

vO

vS

RF

D1

D2

(a)  Circuit (b)  Transfer characteristic

vS

+

−

Rx = (R1 || RF)

ii = 0

Ao = ∞ 

−

−

+
+

+VA

+VCC

−VEE

VO(max)

VS(max)

VS(min)

VO(min)

Vo

−VB

R3
R1

Slope = − 

RF
R1

Slope = − 
R5
R1

Slope = − 

FIGURE 16.11 Adjustable positive and negative voltage limiter
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Designing a negative voltage–limiting circuit Design a negative voltage limiter as shown in Fig. 16.10(a)

for VA � 12 V. The circuit should limit the negative output voltage to VO(min) � �5 V. The voltage gain without

limiting is Af � �4. The diode should be fully turned on at a forward current of iD � 0.1 mA, and its forward volt-

age drop is VD � 0.7 V. The slope after the break point is to be limited to �1 ⁄ 20. Determine the values of R1, R2,

R3, and RF.

SOLUTION

Equation (16.6) gives the diode current at clamping as

so or RF � 50 k


Since  ,

Since slope 

From Eq. (16.5),

R2 =

R3

0.3386
=

625

0.3386
= 1846 Æ

 
R3

R2
= 0.3386

-5 = -0.7 - (12 + 0.7) 

R3

R2

R3 =

R1

20
=

12.5 k
20

= 625 Æ

S = -  R3>R1 = -1>20,

R1 =

RF

4
=

50 k

4
= 12.5 kÆ

Af = -4 = - RF>R1

0.1 * 10-3
= -  

- 5

RF

iD =

VS(max)

R1
= -  

1

RF
 VO (min)

EXAMPLE 16.1

D

Finding the limiting voltages of an op-amp limiting circuit The adjustable limiter in Fig. 16.11(a)

has R1 � 15 k
, RF � 60 k
, R2 � 4 k
, R3 � 1 k
, R4 � 5 k
, R5 � 1 k
, VA � 15 V, �VB � �15 V, and

VD � 0.7 V. Determine (a) the positive clamping voltage VO(max) and the corresponding input voltage VS(min),

(b) the negative clamping voltage VO(min) and the corresponding input voltage VS(max), and (c) the output volt-

age when the input voltage is vS � 5 V.

EXAMPLE 16.2
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Designing an adjustable voltage-limiting circuit
(a) Design an adjustable limiter as shown in Fig. 16.11(a) to satisfy the following specifications: VA � 12 V,

�VB � �12 V, VO(min) � �5 V, VO(max) � 6 V, voltage gain Af � �4, slope after break with a positive in-

put (for vS � 0) � S1 � �1 ⁄ 20, and slope after break with a negative input (for vS � 0) � S2 � �1 ⁄ 25.

Assume that diodes are fully on at a diode current of iD � 0.1 mA and the corresponding on-state diode

voltage is VD � 0.7 V.

(b) Use PSpice/SPICE [4] to plot the transfer characteristic vO versus vS � V(6). Assume VCC � 12 V and

�VEE � �12 V.

SOLUTION

(a) The steps in completing the design are as follows:

Step 1. The diode current can be related to VO(min) and RF by

which gives RF � 50 k
.

Step 2. The voltage gain Af is given by

which gives R1 � 12.5 k
.

Af = -  

RF

R1
  or  - 4 = -  

50 kÆ

R1

iD = -  

VO(min)

RF
  or  0.1 mA = -  

-5

RF

EXAMPLE 16.3

D

SOLUTION

R1 � 15 k
, RF � 60 k
, R2 � 4 k
, R3 � 1 k
, R4 � 5 k
, R5 � 1 k
, VA � 15 V, �VB � �15 V, VD �
0.7 V, and vS � 5 V.

(a) From Eq. (16.10),

From Eq. (16.11),

(b) From Eq. (16.5),

From Eq. (16.6),

(c) From Eq. (16.8),

vO = -5 *

1 k
15 k - 15 *

1 k
4 k - a1 +

1 k
4 k b * 0.7 = - 4.958 V

VS(max) = -VO(min) 
R1

RF
= 4.625 *

15 k
60 k = 1.15625 V

VO(min) = -0.7 - (15 + 0.7) *

1 k
4 k = -4.625 V

VS(min) = -VO(max) 
R1

RF
= -3.84 *

15 k

60 k = - 0.96 V

VO(max) = 0.7 + (15 + 0.7) *

1 k
5 k = 3.84 V
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Step 3. The slope after break with a positive input (for vS � 0) is

which gives R3 � 625 
.

Step 4. The slope after break with a negative input (for vS � 0) is

which gives R5 � 500 
.

Step 5. The value of R2 can be found from Eq. (16.5):

which gives R2 � 1846 
.

Step 6. The value of R4 can be found from Eq. (16.10):

which gives R4 � 1198 
.

(b) The limiter circuit for PSpice simulation is shown in Fig. 16.12. The transfer characteristic (for voltage-

controlled voltage source model) is shown in Fig. 16.13, which gives VS(max) � 1.41 V, VS(min) � �1.72 V,

VO(max) � 6.7 V (expected value is 6 V), and VO(min) � �5.5 V (expected value is �5 V). The discrep-

ancies between the design values and the PSpice results may be attributed to the use of an ideal op-

amp versus a macromodel and the use of a specific diode versus a diode of type D1N4148. If we run the

simulation using voltage-controlled voltage source model, the PSpice and calculated values will agree

more closely.

VO(max) = VD + (VB + VD) 

R5

R4
  or  6 = 0.7 + (12 + 0.7) 

500

R4

VO(min) = -VD - (VA + VD ) 

R3

R2
  or  - 5 = - 0.7 - (12 + 0.7) 

625

R2

S2 = -  

R5

R1
  or  -

1

25
= -  

R5

12.5 kÆ

S1 = -  

R3

R1
  or  -

1

20
= -  

R3

12.5 kÆ

μA741

143

2
31

0

5

0

0

5

4

9

6
6

8

7

7

D1
D1N4148

D2
D1N4148

R1
12.5 kΩ

R2
1846 Ω

R3
625 Ω

R4
1198 Ω

R5
500 Ω

RF
50 kΩ

Rx
10 kΩ

V−

V+
VCC
12 V

VEE
12 V

VA
15 V

U1

10

VS

+

+

−

−

−

−+
+

−

+
−

−

VB
15 V

+

−

FIGURE 16.12 Limiter circuit for PSpice simulation

FIGURE 16.13 PSpice transfer characteristic

for Example 16.3
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16.2.8 Zener Voltage Limiters

The output can be limited by adding two zener diodes across the output terminals of a noninverting or an

inverting amplifier. An arrangement for a noninverting amplifier circuit is shown in Fig. 16.14(a). Zener

diodes limit the output voltage between �(VZ2 	 VD) and (VZ1 	 VD), where VD is the voltage drop of

a zener diode in the forward direction. Without zener action, the output voltage can be found by using

Eq. (3.18) for the noninverting amplifier:

If the output voltage is to be limited to a maximum voltage VO(max) � vO � (VZ1 	 VD) and a minimum

voltage VO(min) � vO � �(VZ2 	 VD), it can be expressed as

The transfer characteristic is shown in Fig. 16.14(b).

vO = e
VZ1 + VD = VO(max)                 (for vS 7 VS(max))

- (VZ2 + VD) = VO(min)                 (for vS 6 VS(min))

a1 +

RF

R1
bvS                           (for VS(min) … vS … VS(min))

vO = a1 +

RF

R1
bvS

Integrated Analog Circuits and Applications 1093

Vx

VZ2

VZ1
R1 RF

vO

vO

vS
0

(a)  Circuit

vS

+

−

vd

+

+−

−

A = ∞ 

+

−

RF
R1

Slope = 1 +  

 − (VD + VZ2)

(VD + VZ1)

(b)  Transfer characteristic

FIGURE 16.14 Output voltage–clamping circuit with zener diodes

Designing a zener voltage–clamping circuit Design an output voltage–clamping circuit as shown in

Fig. 16.14(a) so that the normal slope of the transfer characteristic is S � vO ⁄ vS � 10, VO(max) � 5.7 V, and

VO(min) � �7.7 V. Determine the zener voltages VZ1 and VZ2. Assume VD � 0.7 V.

SOLUTION

VO(max) � 5.7 V, and VO(min) � �7.7 V. Since S � 1 	 RF ⁄ R1 � 10,

RF

RI
= 10 - 1 = 9

EXAMPLE 16.4

D
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16.2.9 Hard Limiters

The limiter in Fig. 16.11(a) can be made to switch between VO(min) and VO(max) if the input voltage vS

becomes greater than zero or less than zero, respectively. This can be accomplished by making the feed-

back resistance RF in Fig. 16.11(a) very large, tending to infinity. That is, for RF � �, the gain of the cir-

cuit becomes very large, tending to infinity, and the output voltage becomes VO(min) if vS � 0 and VO(max)

if vS � 0. The circuit shown in Fig. 16.15(a) compares the input signal vS with the reference signal Vref

� 0, and if the input signal is greater than or less than zero, the output changes its value. This circuit is

known as a hard limiter, although it exhibits finite slopes beyond the breaks.

The equations given earlier for adjustable voltage limiters can be applied to the limiter in Fig. 16.15(a),

except that RF � � and the gain Af � �RF ⁄ R1 is very large, tending to infinity. The transfer characteristic

is shown in Fig. 16.15(b). The voltage limiting can also be accomplished by connecting two zener diodes,

as shown in Fig. 16.16(a), for which VO(max) � (VZ1 	 VD) and VO(min) � �(VZ2 	 VD). Practical circuits

exhibit finite slopes beyond the breaks because of the finite resistances of the zener diodes. These finite

slopes are represented in Fig. 16.16(b) by light lines.

Microelectronic Circuits: Analysis and Design1094

If R1 � 5 k
,

Since VO(max) � (VZ1 	 VD),

Since VO(min) � �(VZ2 	 VD),

VZ2 = - (VO(min) + VD) = - (- 7.7 + 0.7) = 7 V

VZ1 = VO(max) - VD = 5.7 - 0.7 = 5 V

RF = 9 * 5 k = 45 kÆ

VCC

−VEE

+VCC

+VA

−VB

−VEE

R1

Rx = R1

R3

R4

R5

R2
D1

D2

vS

(a)  Circuit

vO

VO(min)

vO

vS

(b)  Transfer characteristic

VO(max)

0

Vref = 0 V

A = ∞ 

−

−

+
+

R3
R1

Slope = − 

R5
R1

Slope = − 

FIGURE 16.15 Hard limiter
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Rx

(a)  Circuit

R1

vO

VZ1 VZ2 vO

vS

(b)  Transfer characteristic

Finite slope

vS

+ +

−

−

A = ∞ 

−

+
VO(min) = − (VO + VZ2) 

VO(max) = (VD + VZ1) 

FIGURE 16.16 Zener hard limiter

Designing a hard voltage limiter
(a) Design a hard limiter like the one in Fig. 16.15(a). The circuit should limit the negative output voltage to

VO(min) � �5 V and the positive output voltage to VO(max) � 5 V. The magnitude of the slopes after the

break points should be less than or equal to 1 ⁄ 20. The diode drop is VD � 0.7 V. The DC supplies are

given by VA � VB � 12 V. Determine the values of R1, R2, R3, R4, and R5.

(b) Use PSpice/SPICE to plot the transfer characteristic. Assume VCC � 12 V, �VEE � �12 V, and vS � �6 V

to 6 V.

SOLUTION

(a) Choose R1 � 10 k
. Since the slope ⏐S1⏐ � R3 ⁄ R1 � 1 ⁄ 20,

From Eq. (16.5),

Since the slope ⏐S2⏐� R5 ⁄ R1 � 1 ⁄ 20,

R5 =

R1

20
=

10 kÆ

20
= 500 Æ

 R2 = 1477 Æ

 
R3

R2
= 0.3386

- 5 = -0.7 -  
(12 + 0.7) R3

R2

R3 =

R1

20
=

10 kÆ

20
= 500 Æ

EXAMPLE 16.5

D
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From Eq. (16.10),

(b) The hard limiter for PSpice simulation is shown in Fig. 16.17. The transfer characteristic is shown in Fig. 16.18,

which gives VS(max) � 55.86 mV, VS(min) � �27.93 mV, VO(max) � 4.50 V, and VO(min) � �4.55 V. Discrep-

ancies between the design values and the PSpice results come from use of an ideal op-amp versus a macromodel

and use of a specific diode versus a diode of type D1N4148.

 R4 = 1477 Æ

 
R5

R4
= 0.3386

 5 = 0.7 +  
(12 + 0.7) R5

R4

1

1

4

5

10

3

2

3

0

0
0

5

4

9

6

7

7

8

D1

D2

D1N4148

D1N4148

VA
12 V

U1

R1
10 k

R2
1477 

R3
500 

R5
500 

R4
1477 

Rx
10 

VS

+
+

-

-

µA741

V-

V+ -

-

VCC
12 V-

+

-

+

VB
12 V-

+

VEE
12 V-

+

FIGURE 16.17 Comparator circuit for PSpice simulation

FIGURE 16.18 PSpice transfer characteristic for Example 16.5
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16.3 Comparators

A comparator compares a signal voltage vS on one input terminal with a known voltage, called the refer-
ence voltage Vref, on the other input terminal. The symbol of a comparator, which is similar to that of an

op-amp, is shown in Fig. 16.19(a). A comparator gives a digital output voltage vO. Thus, it can be consid-

ered a simple one-bit analog-to-digital (A/D) converter, which produces a digital 1 output (vO � VH) if the

input voltage vS is above the reference level Vref and a digital 0 output (vO � VL) if the input voltage vS

falls below the reference level Vref. The output levels VL and VH may be of opposite polarity (i.e., VH

positive and VL negative or vice versa), or both VL and VH may be either positive or negative. The trans-

fer characteristic of an ideal comparator is shown in Fig. 16.19(b). The output may be symmetric or

asymmetric.

A practical comparator has a finite voltage gain in the range from 3000 to 200,000 and takes a finite

amount of time (in the range from 10 ns to 1 �s) to make a transition from one level to another (e.g., VL

to VH). The transfer characteristic of a practical comparator is shown in Fig. 16.19(c). The input voltage

swing required to produce the output voltage transition is in the range of about 0.1 mV to 4 mV. The out-

put of a comparator must switch rapidly between the levels. The bandwidth must be wide because the

wider the bandwidth, the faster the switching speed will be. Some typical parameters (listed here for the

LM111 comparator) are as follows:

• Operates from a single 5-V power supply

• Input current: 150 nA (maximum)

• Offset current: 20 nA (maximum)

• Differential input voltage: 30 V

• Voltage gain: 200 V/mV (typical)

Integrated Analog Circuits and Applications 1097

KEY POINTS OF SECTION 16.2

■ A diode has a voltage drop, typically 0.7 V, which affects the waveforms of voltage and currents in a

circuit. However, when a diode is placed inside the feedback path of an op-amp circuit, the effective

voltage drop becomes negligible, on the order of microvolts. The diode is then called a superdiode.

Superdiodes are generally used for precision signal processing.

■ The output voltage of an op-amp circuit can be clamped to a certain level by connecting a diode in

parallel with the feedback resistance RF. If we make RF � �, the voltage gain Af � � and the output

voltage swings from Vsat to �Vsat as the input voltage vS crosses zero.

Comparator

vS

vS vS

VH VH

VL

Vref Vref
vO

vO

VL

vO

Vref

(b)  Ideal transfer
       characteristic

(c)  Practical transfer
       characteristic

00

(a)  Symbol

+

−

FIGURE 16.19 Symbol and transfer characteristics of a comparator
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16.3.1 Comparators versus Op-Amps

A comparator is designed to operate under open-loop conditions, usually as a switching device, whereas

an op-amp is generally operated under closed-loop conditions as a linear amplifier. Otherwise, compara-

tors are very similar to op-amps. Like an op-amp, a comparator has an offset voltage (typically 4 mV), 

a biasing current (typically 150 nA), and an offset current (typically 20 nA). The characteristics of com-

parators and op-amps are listed in Table 16.1.

16.3.2 Output-Side Connection

Comparators are often used as an interface between digital and analog signals. The power supply at the ana-

log side (VCC and VEE, typically 15 V) is different from that at the digital side (V�CC, typically 0 to 5 V).

Comparators generally have an open-collector output stage, which allows separate power supplies for the ana-

log and digital parts. A block diagram of the LM111 comparator is shown in Fig. 16.20. The output terminals

are the collector and the emitter of an npn transistor. If the input voltage to the transistor is low, the transistor

is off, and the output logic level is 1; that is, the output is high (5 V), and the current flows through the pull-up

resistor RP to the digital load. On the other hand, if the input voltage to the transistor is high, the transistor is

driven into saturation, and the output logic level is 0; that is, the output is low at the saturation voltage of the

transistor (typically 0.2 V), and no current flows through the pull-up resistor RP to the digital load.

16.3.3 Threshold Comparators

The voltage at which a comparator changes from one level to another is called the crossover (or thresh-
old) voltage. Its value can be adjusted by adding resistors, as shown in the noninverting comparator

Microelectronic Circuits: Analysis and Design1098

Operation is in closed-loop mode. To avoid an unstable

oscillatory response, a sacrifice is usually made in

bandwidth, rise time, and slew rate.

The output voltage is designed to be zero when the 

differential input voltage is zero.

The output voltage saturates about 1 V or 2 V away from

the positive and negative supply voltages (VCC and VEE).

Operation is in open-loop mode. No sacrifice is

needed in frequency characteristics, and a very fast

response time can be obtained.

The output voltage operates between two fixed output

levels: VL (low) and VH (high).

The low- and high-output levels can be changed for

ease in interfacing with digital logic circuits.

TABLE 16.1 Comparators versus op-amps

Op-Amps Comparators

RP
Pull-up
resistor

Input
stages

Digital
load

Output
transistor

VCC = +15 V

V'CC = +5 V

−VEE = −15 V

vO

+

−

FIGURE 16.20 Output connection of LM111

comparator
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in Fig. 16.21(a). From the superposition theorem, the voltage V	 at the noninverting terminal is 

given by

(16.13)

Ideally, the crossover will occur when V	 � 0; that is,

which gives the low threshold voltage of the comparator VLt � vS (for changing from low to high) as

(16.14)

Thus, the output voltage becomes high (VH) at the positive saturation voltage (	Vsat) when V	 � 0

(i.e., vS � VLt). The transfer characteristic is shown in Fig. 16.21(b).

If the input signal vS is connected to the inverting terminal, as shown in Fig. 16.22(a), the output will

change from high (VH) to low (VL). This situation is shown in Fig. 16.22(b). The high threshold voltage of

the comparator VHt � vS (for changing from high to low) is given by

(16.15)VHt =

R1

R1 + RF
 Vref

VLt = -

R1

RF
 Vref

R1Vref + RFvS = 0

V
+

=

R1

R1 + RF
 Vref +

RF

R1 + RF
 vS
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RF
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Vref

RF
Vref
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vS

VH

VL

A

0

(b)  Transfer characteristic(a)  Circuit

vS

V+

V−+
+

+

−

−

−

Rx = R1 || RF

VLt = −
R1

FIGURE 16.21 Noninverting threshold comparator

RF

R1

0

Vref

vS

VH

VL

(b)  Transfer characteristic(a)  Circuit

A

vO

vO

vS

+

+

+

− −

−

V+

V−

VrefVHt = R1

R1 + RF

FIGURE 16.22 Inverting configuration for noninverting

threshold comparator
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Thus, the output voltage becomes low (VL) at the negative saturation voltage (�Vsat) when vS � V	

(i.e., vS � VHt). The transfer characteristic is shown in Fig. 16.22(b).

If both the input signal vS and the reference signal Vref are connected to the inverting terminal, 

as shown in Fig. 16.23(a), the output will be the inversion of the output in Fig. 16.21(b). That is, the

output will change from high (VH) to low (VL) when the input is vS � VLt. This situation is shown in

Fig. 16.23(b).

In both inverting and noninverting configurations, the output voltage is limited to the saturation volt-

age of the comparator. The output voltage can, however, be set to specified limits by external limiters such

as zener diodes connected across the output terminals of Figs. 16.21(a), 16.22(a), and 16.23(a). This ap-

proach is illustrated in Fig. 16.23(c), in which resistance R is connected to limit the current through the

zener diodes.
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vS

VH

VL

0

A
R

Z2

Z1

A

(c)  Output voltage limiting(b)  Transfer characteristic(a)  Circuit

vO

vO

RF

R1

Vref

RF

R1

Vref

vS

V−

V++
+

+

−
vS

+

−

−

vO

+

−

−

−

+

Rx = R1 || RF Rx = R1 || RF

RF
VrefVLt = −

R1

FIGURE 16.23 Inverting threshold comparator

KEY POINTS OF SECTION 16.3

■ A comparator compares a signal voltage on one input terminal with a known voltage, called the refer-
ence voltage, on the other input terminal. It is designed to operate under open-loop conditions, usually

as a switching device. Comparators are often used as an interface between digital and analog signals.

■ A comparator can be used as a threshold comparator in either inverting or noninverting mode. The

voltage at which the comparator changes from one level to another is called the crossover (or thresh-
old ) voltage.

16.4 Zero-Crossing Detectors

A comparator can be used as a zero-crossing detector, as shown in Fig. 16.24(a). Input signal vS is com-

pared with a reference signal of 0. When vS passes through zero in the positive direction, the output vO is

driven into negative saturation (�Vsat) as a result of the very high gain of the comparator. Conversely, when

vS passes through zero in the negative direction, the output is driven into positive saturation (	Vsat). The

input and output waveforms are shown in Fig. 16.24(b).
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Diodes D1 and D2 in Fig. 16.24(a) protect the comparator from damage due to excessive input voltage vS.

Because of these diodes, the differential input voltage vd of the comparator is clamped to approximately

0.7 V or �0.7 V. These diodes, called clamp diodes, are external to the comparator. It is up to the designer

to determine if the diodes are needed to protect the circuit. Resistance R is connected in series with input

signal vS to limit the current through D1 and D2. Resistance Rx is used to reduce the effect of comparator

offset problems.

If vS is such that it crosses zero very slowly, then vO may not switch quickly from one saturation volt-

age to the other. Instead, vO may fluctuate between two saturation voltages 	Vsat and �Vsat as a result of

input offset voltage or noise signals at the comparator input terminals. Therefore, a zero-crossing detector

will not be suitable for a low-frequency signal or a signal with noise superimposed on it.

Integrated Analog Circuits and Applications 1101

KEY POINT OF SECTION 16.4

■ A zero-crossing detector is a special application of a comparator in which the input signal is compared

with a reference signal of 0.

External
limiter

vd

R

(a)  Circuit

vO

D1 D2

RL

(b)  Waveforms

t

vO

0

0

t

vS

T

−

+

A

+VCC

−VEE

−Vsat

+Vsat
vS

+
++

−

−

−

Rx = R

FIGURE 16.24 Zero-crossing detector

16.5 Schmitt Triggers

A Schmitt trigger compares a regular or irregular waveform with a reference signal and converts the wave-

form to a square or pulse wave. A Schmitt trigger is often known as a squaring circuit. It is also known as

a bistable multivibrator because it has two stable states, low and high. It can remain in one state indefinitely;

it moves to the other stable state only when a triggering signal is applied. Schmitt triggers can be classified

into two types depending on the type of op-amp configuration used: inverting or noninverting.
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16.5.1 Inverting Schmitt Trigger

In an inverting Schmitt trigger, the input signal is applied to the inverting terminal of the comparator. The

inverting threshold comparator in Fig. 16.22(a) can operate as an inverting Schmitt trigger if the resistance

RF is connected to the output side. This arrangement is shown in Fig. 16.25(a). The voltage divider con-

sisting of R1 and RF will feed a fraction � � R1 ⁄ (R1 	 RF) of the output voltage back to the positive ter-

minal of the comparator. If A is the open-loop gain of the comparator, the closed-loop voltage gain Af is

given by

(16.16)

If �A � 1, which is usually the case, the feedback signal V	 � �vO � �AfvS will be greater than its orig-

inal value. For any change in vS, the ouptut vO will continue to build up toward the saturation limit.

A f =

vO

vS
=

-A

1 - bA
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VHt

(b)  Characteristic for vS > VHt (c)  Characteristic for vS > VLt 

(e)  Input and output voltages(d)  Complete transfer characteristics
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(a)  Circuit
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+Vsat

−Vth

+Vth

FIGURE 16.25 Schmitt trigger
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Transfer Characteristics

To start with, let us assume that vS is negative and the output is at the positive saturation voltage, VH � 	Vsat.

If vS is increased from 0, there will be no change in the output until vS reaches a value of vS � V	 � �Vsat.

If vS begins to exceed VHt � �Vsat, the differential voltage vd, which will be negative, will be amplified by

the voltage gain A of the comparator; that is, vO will be negative, thereby making V	 negative also. The

result will be an increase in the magnitude of the differential voltage vd, and vO will become more nega-

tive. This regenerative process will continue until eventually the comparator saturates, with its output volt-

age equal to the negative saturation voltage, vO � VL � �Vsat, and V	 � ��Vsat. Increasing vS beyond

vS � �Vsat will have no effect on the state of the output voltage. The transfer characteristic for increasing

vS is shown in Fig. 16.25(b).

If vS is decreased further while the output is low, there will be no change in the output until vS goes

negative, with a value of vS � V	 � ��Vsat. If vS begins to exceed VLt � ��Vsat, the differential voltage

vd, which will be positive, will be amplified by the gain of the comparator; that is, V	 will be positive.

The result will be an increase in the differential voltage vd, and vO will become more positive. This regen-

erative process will continue until eventually the comparator saturates, with its output voltage equal to the

positive saturation voltage, vO � VH � 	Vsat, and V	 � �Vsat. Decreasing vS further (vS � ��Vsat) will

have no effect on the state of the output voltage. The transfer characteristic for decreasing vS is shown in

Fig. 16.25(c).

The complete transfer characteristics are shown in Fig. 16.25(d). A Schmitt trigger exhibits a hysteresis,

or deadband, condition. That is, when the input of the Schmitt trigger exceeds VHt � 	Vth, its output

switches from 	Vsat to �Vsat, and when the input goes below VLt � �Vth, the output reverts to its original

state, 	Vsat.

Every time input voltage vS exceeds certain levels, called the positive (or upper) threshold voltage 	Vth

and the negative (or lower) threshold voltage �Vth, it changes the state of output voltage vO. If the input sig-

nal is a sine wave, the output will be a square wave, as shown in Fig. 16.25(e). 	Vth and �Vth are given by

(16.17)

(16.18)

where Vsat �⏐	Vsat⏐�⏐�Vsat⏐ and Vth �⏐	Vth⏐�⏐�Vth⏐.

Effect of Positive Feedback

RF provides positive feedback. As soon as the output voltage begins to change, positive feedback increases

the differential voltage vd, which, in turn, further changes the output voltage. Once a transition is initiated

by a change in the input signal vS, the positive feedback forces the comparator to complete the transition

from one state to another rapidly and to operate in saturation, either positive or negative. Positive feedback

leads to rapid transition of the output. Oscillations, which normally occur in the active region and hence

prevail for a short time, are avoided.

- Vth = VLt =

R1

R1 + RF
 (- Vsat)

+Vth = VHt =

R1

R1 + RF
 (+Vsat)
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Designing a Schmitt trigger with a hysteresis band

(a) Design a Schmitt trigger as in Fig. 16.25(a) so that Vth �⏐	Vth⏐ �⏐�Vth⏐� 5 V. Assume Vsat �
⏐�Vsat⏐� 14 V.

(b) Use PSpice/SPICE [4] to plot the hysteresis characteristic for vS � 10 sin (800�t).

SOLUTION

(a) The steps required to design the Schmitt trigger are as follows:

Step 1. Find the values of R1 and RF. From Eq. (16.17),

(16.19)

so RF ⁄R1 � 2.8 � 1 � 1.8. Let R1 � 10 k
; then

Step 2. Choose the value of offset minimizing resistance Rx:

(b) The circuit for PSpice simulation is shown in Fig. 16.26. The comparator is simulated by the PSpice macro-

model of the LM111. To obtain the negative output voltage swing, terminal 1 is connected to the negative

power supply instead of to the ground.

The transfer characteristic and the output voltage vO � V(U1�OUT) (using EX16-6.SCH) are shown in

Fig. 16.27[(a) and (b)], respectively. The simulated values are VHt � 5.02 V (expected value is 5 V), VLt � �5.28 V

(expected value is �5 V), VH � 14.05 V (expected value is 14 V), and VL � �14.83 V (expected value is �14 V).

Rx = R1 7  RF = 10 kÆ 7  18 kÆ = 6.43 kÆ

RF = 1.8 * R1 = 18 kÆ  (use a 20-kÆ potentiometer)

 =

14

5
= 2.8

1 +

RF

R1
=

Vsat

Vth

EXAMPLE 16.6

D
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~
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−
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−
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VEE
15 V−

+

FIGURE 16.26 Schmitt trigger circuit for PSpice simulation
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16.5.2 Noninverting Schmitt Trigger

In a noninverting Schmitt trigger, the input signal is applied to the noninverting terminal of the comparator,

and the transfer characteristics are inverted. The noninverting threshold comparator in Fig. 16.21(a) can be

operated as a noninverting Schmitt trigger if the resistance RF is connected to the output side. This arrange-

ment is shown in Fig. 16.28(a). Resistance RF will feed a current signal, a fraction � � 1 ⁄ RF of the output

voltage, back to the positive terminal of the comparator, providing positive shunt-shunt feedback. As soon

Integrated Analog Circuits and Applications 1105

(a)  Transfer characteristic (b)  Input and output voltages

FIGURE 16.27 Transfer characteristic and output voltage for Example 16.6

At the beginning, the output voltage varies linearly with the input voltage until the input reaches the threshold level,

after which the transfer characteristic follows the normal hysteresis band. As a result, the transfer characteristic

starts from the origin (vO � 0 and vS � 0). When the output transistor is off, the pull-up resistor RP forms a

potential divider with the load resistor RL. As a result, the positive output voltage will depend on RP, whose value

should be made small compared to that of RL. Notice that the transition from low to high and vice versa is very

sharp because of the high slew rate of the comparator.

is

if

VLt

0

VHt

vd

RF

R1
vO

vS

A

vO

vS

+
+

+ +

−

−

− −

Rx = R1 || RF

VH = +Vsat

VL = −Vsat

(b)  Transfer characteristics(a)  Circuit

FIGURE 16.28 Noninverting Schmitt trigger
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as the output voltage begins to change, the positive shunt-shunt feedback increases the feedback current if,
which in turn increases the differential voltage vd and hence further changes the output voltage. Once a tran-

sition is initiated by a change in the input signal vS, positive feedback forces the comparator to complete the

transition from one state to another rapidly and to operate in saturation, either positive or negative.

Transfer Characteristics

To start with, let us assume that vS is negative and the output is at the negative saturation voltage, VL � �Vsat.

If vS is increased from a relatively large negative value, there will be no change in the output until vS

reaches a value of vS � VLt � �VsatR1 ⁄RF. If vS begins to exceed VLt, the differential voltage vd, which

will be positive, will be amplified by the voltage gain A of the comparator. That is, vO will be positive,

thereby making v	 positive also. The result will be an increase in the magnitude of the differential voltage

vd, and vO will become more positive. This regenerative process will continue until eventually the com-

parator saturates, with its output voltage equal to the positive saturation voltage, VH � 	Vsat. Increasing vS

further (vS � VLt) will have no effect on the state of the output voltage. 

If vS is decreased while the output is high, there will be no change in the output until vS decreases

to a value of vS � VHt � 	VsatR1 ⁄RF. If vS begins to decrease beyond VHt, the differential voltage vd

will be negative and will be amplified by the gain of the comparator. As a result, vO will become more

negative. This regenerative process will continue until eventually the comparator saturates, with its

output voltage equal to the negative saturation voltage �Vsat. Decreasing vS further (vS � VHt) will

have no effect on the state of the output voltage. The complete transfer characteristics are shown in

Fig. 16.28(b).

16.5.3 Schmitt Trigger with Reference Voltage

The switching voltage of a Schmitt trigger circuit is defined as the average of VLt and VHt. For the circuits

in Figs. 16.25(a) and 16.28(a), VLt � �VHt, and hence the switching voltage Vst, which is the width of the

hysteresis band, is zero; that is, Vst � (VLt 	 VHt) ⁄ 2 � 0. However, some applications require shifting the

crossover voltage in either the positive or the negative direction along the vS-axis. This can be accom-

plished by adding a reference voltage Vref to the circuit in Fig. 16.25(a), as shown in Fig. 16.29(a) for a

Microelectronic Circuits: Analysis and Design1106
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FIGURE 16.29 Noninverting Schmitt trigger with reference voltage
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noninverting Schmitt trigger. The complete transfer characteristics are shown in Fig. 16.29(b). Assuming

that VLt and VHt are symmetric about the zero-axis, the switching voltage is given by

(16.20)

Thus, the upper and lower crossover voltages become

(16.21)

(16.22)

The direction of the hysteresis loop in Fig. 16.29(b) can be reversed by applying a reference voltage

Vref to the circuit in Fig. 16.28(a). This arrangement is shown in Fig. 16.30(a), and the corresponding trans-

fer characteristics are shown in Fig. 16.30(b).

16.5.4 Effects of Hysteresis on the Output Voltage

To understand the effect of the hysteresis, or deadband, condition, consider a sinusoidal signal with a

noise signal superimposed on it, as shown in Fig. 16.31(a). If there is no hysteresis, the output voltage

will change to its saturation limit when the input signal vS crosses zero, as shown in Fig. 16.31(b). However,

if the output is made to change when the input signal exceeds specified voltage limits VHt and VLt, there

will be less switching of the output voltage, as shown in Fig. 16.31(c). As a result, any unwanted signal

(e.g., noise) will not make the output change. Also, a deadband can be used to reduce the number of

contact-bounces in a system such as a temperature-control system, in which the heating element turns on

or off when the temperature falls below or rises above the set value.

VLt = Vst +

R1

R1 + RF
 (-Vsat)

VHt = Vst +

R1

R1 + RF
 ( +Vsat)

Vst =

RF

R1 + RF
 Vref
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FIGURE 16.30 Noninverting Schmitt trigger with reference voltage
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VLt

VLt

VHt

VHt

VH

VH
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VL

(a)  Input signal with noise

(b)  Output with no hysteresis

(c)  Output with hysteresis

vS

vO

vO

t

t

t

FIGURE 16.31 Effects of hysteresis on the output voltage

Designing a Schmitt trigger with a shifted hysteresis band
(a) Design a Schmitt trigger as in Fig. 16.29(a) so that VHt � 7 V and VLt � 3 V. Assume Vsat �⏐�Vsat⏐� 14 V

and an input frequency of f � 400 Hz. Determine the values of R1, RF, and Vref.

(b) Use PSpice/SPICE to plot the hysteresis characteristic for vS � 10 sin (800�t). Use the macromodel of the

�A741 op-amp.

SOLUTION 

(a) The Schmitt trigger can be designed using the following steps:

Step 1. Find the values of R1 and RF. From Eqs. (16.21) and (16.22), we can find the input width of the hys-

teresis band (HB) as follows:

which gives

Let R1 � 10 k
; then RF � (7 � 1) � R1 � 60 k
.

Step 2. Determine the value of reference voltage Vref.

which gives Vref � 5.83 V.

(b) We will use op-amp �A741 rather than comparator LM111 to illustrate the advantage of a comparator in a

Schmitt trigger. The circuit for PSpice simulation is shown in Fig. 16.32.

Vst =

RF

R1 + RF
 Vref =

VHt + VLt

2
=

7 + 3

2
= 5 V

1 +

RF

R1
=

2Vsat

VHt - VLt
=

2 * 14

7 - 3
= 7

HB = VHt - VLt =

2R1

R1 + RF
 Vsat

EXAMPLE 16.7

D
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The transfer characteristic and the output voltage (using EX16-7.SCH) are shown in Fig. 16.33[(a) and

(b)], which gives VHt � 7.03 V (expected value is 7 V), VLt � 3.03 V (expected value is 3 V), and Vsat � 14.6

V (expected value is 14 V). The transition from low to high and vice versa is not very sharp, as a result of

the low slew rate of the op-amp (compared to that of a comparator, shown in Fig. 16.27).

R1

Rx

1

42

18

9

5

5
6

3

0

00

15 V~
vs

10 V
400 Hz

Vref
 5.83 V

+

− +

−

10 kΩ

8.6 kΩ

RF
60 kΩ

RL
10 kΩ

+

−
V−

V+ −

−

U1 μA741

VCC

VEE

15 V

−

+

−

+

FIGURE 16.32 Schmitt trigger circuit for PSpice simulation

(a)  Transfer characteristic (b)  Input and output voltages

FIGURE 16.33 Transfer characteristic and input and output voltages for Example 16.7

KEY POINTS OF SECTION 16.5

■ A Schmitt trigger compares a regular or irregular waveform with a reference signal and converts the wave-

form to a square or pulse wave. A Schmitt trigger is often known as a squaring circuit. It is also known

as a bistable multivibrator because it has two stable states, low and high. Schmitt triggers can be classi-

fied into two types depending on the type of op-amp configuration used: inverting or noninverting.

■ A Schmitt trigger exhibits a hysteresis, or deadband, condition; that is, when the input of the Schmitt

trigger exceeds 	Vth, its output switches from 	Vsat to �Vsat, and when the input goes below �Vth,

the output reverts to its original state, 	Vsat.

■ When a general-purpose op-amp (e.g., �A741) is used to generate the characteristic of a hysteresis

loop, the transition from low to high and vice versa is not as sharp as it is with a comparator.
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16.6 Square-Wave Generators

A square wave can be generated if the output of an op-amp is forced to swing repetitively between posi-

tive saturation 	Vsat and negative saturation �Vsat. This can be accomplished by connecting a bistable

multivibrator (or Schmitt trigger) with an RC circuit in the feedback loop. The circuit implementation is

shown in Fig. 16.34(a). This square-wave generator is also called a free-running or astable multivibrator
because the output does not have any stable state. The output of the op-amp will be in either positive satura-

tion or negative saturation, depending on whether the differential input voltage vd is positive or negative.

Assuming that the voltage across capacitor C is zero, the voltage at the inverting terminal is zero ini-

tially; that is, v� � 0 at the instant the DC supply voltages VCC and VEE are turned on. However, at the

same instant, the voltage v	 at the noninverting terminal will have a very small value that will depend on

the output offset voltage VOO; that is,

which has a positive value. But vd will be amplified as a result of the very large gain of the op-amp

(typically 2 � 105) and will drive the output of the op-amp to positive saturation 	Vsat. Capacitor C will

start charging toward 	Vsat through R. However, as soon as the voltage across C, which is equal to v�,

is slightly more than v	, then vd � v	 � v� will become negative, and the output of the op-amp will

switch to negative saturation �Vsat. The operation of the circuit can be divided into two modes: mode 1

for vd � 0 and mode 2 for vd � 0.

During mode 1, vd � 0 and the output voltage of the op-amp is at positive saturation 	Vsat. The voltage

v	 becomes

(16.23)

Capacitor C will again start charging toward 	Vsat through R. As soon as the voltage across C is slightly

more than v	, then vd � v	 � v� will become negative, and the output of the op-amp will be forced to

switch to negative saturation �Vsat.

v
+

=

R1

R1 + RF
 ( + Vsat)

vd = v
+

- v
-

= v
+

= VOO
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−
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−Vsat ≈ −VEE
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FIGURE 16.34 Square-wave generator
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During mode 2, vd � 0 and the op-amp’s output voltage is at negative saturation �Vsat. The voltage

v	 follows the voltage divider rule and can be found from

(16.24)

As long as vd is negative, the output will remain in negative saturation. The capacitor will discharge and

then recharge toward �Vsat through R. When the voltage across C is slightly more negative than v	, then

vd � v	 � v� will become positive, and the output of the op-amp will be forced to switch to positive sat-

uration 	Vsat. Then mode 1 begins again, and the cycle is repeated.

Voltage v	 acts as the reference. The capacitor voltage v� tries to follow v	. However, as soon as the

magnitude of v� becomes slightly greater than that of v	, v	 switches its polarity. As a result, the output

swings from positive to negative and vice versa. The waveforms of the output voltage and capacitor volt-

age are shown in Fig. 16.34(b).

Assuming that 	Vsat is the output voltage and the capacitor has an initial voltage of �Vth during

mode 1, the equivalent circuit during the charging period is as shown in Fig. 16.34(c). Using KVL,

we can write

which gives the charging current iC(t) as

(16.25)

where (16.26)

The capacitor voltage vC(t) can be found from

(16.27)

At t � t1, the capacitor is recharged to Vth. That is, vC(t � t1) � Vth. From Eq. (16.27), we get

(16.28)

which gives

(16.29)

The period T of the output voltage is given by

(16.30)

Thus, the frequency of the output voltage fo is given by

(16.31)fo =

1

T
=

1

2RC ln (1 + 2R1>RF)

T = t1 + t2 = 2t1 = 2RC ln 
2R1 + RF

RF
= 2RC ln a1 +

2R1

RF
b

 = -RC ln 
RF

2R1 + RF
= RC ln 

2R1 + RF

RF

t1 = -RC ln 
Vsat - Vth

Vsat + Vth
= -RC ln 

Vsat - R1Vsat>(R1 + RF)

Vsat + R1Vsat>(R1 + RF)

Vth = Vsat - (Vsat + Vth)e-t1>RC

vC(t) = Vsat - (Vsat + Vth)e-t>RC

Vth =

R1

R1 + RF
Vsat

iC(t) =

Vsat + Vth

R
 e-t>RC

Vsat = RiC +

1

CL
iC dt - Vth

v
+

=

R1

R1 + RF
 (-Vsat)
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Equation (16.31) shows that the output frequency depends not only on the time constant � � RC but also

on the relationship between R1 and RF. If RF � 1.164R1, Eq. (16.31) is reduced to

(16.32)

� NOTES

1. The inputs of the op-amp are subjected to large differential voltages. To prevent excessive differential current

flow to the op-amp, a series resistance RS, typically on the order of 100 k
, can be connected to each of the

inverting and noninverting terminals of the op-amp.

2. The peak-to-peak output voltage can be reduced by connecting a pair of zener diodes back to back at the output

terminal.

fo =

1

2RC

Microelectronic Circuits: Analysis and Design1112

Designing a square-wave generator
(a) Design the square-wave generator shown in Fig. 16.34(a) so that fo � 5 kHz. Assume 	Vsat �⏐�Vsat⏐� 14 V.

(b) Use PSpice/SPICE to check your design. Use the macromodel of the LM111 for sharper transition.

SOLUTION

(a) The steps used to design the square-wave generator are as follows:

Step 1. Choose the value of R1: Let R1 � 10 k
.

Step 2. To simplify the design, choose RF � 1.164R1 and find RF:

RF � 1.164R1 � 1.164 � 10 k
 � 11.64 k
 (use a 20-k
 potentiometer)

Step 3. Choose a value of C: Let C � 0.01 �F.

Step 4. Find the value of R from Eq. (16.32):

(b) The circuit for PSpice simulation is shown in Fig. 16.35.

R =

1

2Cfo
=

1

2 * 0.01 �F * 5 kHz
= 10 kÆ

EXAMPLE 16.8

D

LM111
1

43

21

5
4

2

3

65

7

8

G

R1

R

U1

+

−

V+

V−

−

−
10 kΩ

RL

10 kΩ

RF

11.6 kΩ

Rp

0.5 kΩ

10 kΩ

C
0.25 V
0.01 μF

VCC
15 V

+

−

VEE
15 V

+

−

FIGURE 16.35 Square-wave generator for PSpice simulation

67722_16_ch16_p1079-1176.qxd  2/19/10  6:08 PM  Page 1112

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



16.7 Triangular-Wave Generators

A triangular-wave generator can be produced by integrating the square-wave output of a Schmitt trigger cir-

cuit. This can be accomplished by cascading an integrator with a bistable multivibrator (or Schmitt trigger),

as shown in Fig. 16.37(a), which consists of a comparator A1 and an integrator A2. Comparator A1 contin-

uously compares the noninverting input v	 at point P with the inverting input v� (i.e., 0 V). Thus, the dif-

ferential voltage is vd � v	 � v� � v	. Because of the very large gain of the op-amp, the output of A1 will

be at negative saturation �Vsat or positive saturation 	Vsat when v	 goes slightly below or above 0, re-

spectively.

To examine the principle of operation of the triangular-wave generator, let us assume that when the

supply voltages VCC and �VEE are switched on, the voltage at the noninverting terminal begins slightly

above 0 as a result of the input offset voltage of the op-amp. Because of the high gain of the op-amp, the

output of A1 will be switched to positive saturation 	Vsat. Therefore, the output of the op-amp is forced to

swing repetitively between positive saturation 	Vsat and negative saturation �Vsat. The output voltages of

A1 and A2 are shown in Fig. 16.37(b). The operation of the circuit can be divided into two modes.

During mode 1, v	 � 0 and the output of A1 is at positive saturation 	Vsat, which is the input to the

inverting integrator A2. The output of A2 will be a negative-going ramp. Thus, one side of RF will be at

Integrated Analog Circuits and Applications 1113

The output waveforms (using EX16-8.SCH) are shown in Fig. 16.36. The results are Vsat � 13.53 V (expected

value is 14 V), �Vsat � �14.83 V (expected value is �14 V), Vth � 6.3 V, �Vth � �6.8 V, and T � 2 �
(267.5 � 162.5) � 210 �s (expected value is 200 �s). The output voltage does not change sharply from one

state to another. It is not a full square wave because of the slew rate and bandwidth limits of the op-amp.

KEY POINT OF SECTION 16.6

■ A square wave can be generated by forcing the output of an op-amp to swing repetitively between

positive saturation 	Vsat and negative saturation �Vsat. This is accomplished by connecting a bistable

multivibrator (or Schmitt trigger) in the feedback loop. This square-wave generator is also called a

free-running or astable multivibrator.

FIGURE 16.36 Output voltage waveforms for Example 16.8
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	Vsat, and one side of R1 will be at the negative-going ramp of A2. When the negative-going ramp exceeds

a certain value �Vth, the voltage at point P will be slightly below 0, and the output of A1 will switch from

positive saturation 	Vsat to negative saturation �Vsat.

The equivalent circuit for determining the condition under which the circuit switches over to negative sat-

uration is shown in Fig. 16.37(c). Since the current flowing into the op-amp is negligible, IR1 � �IRF; that is,

which gives the condition for v	 � 0 as

(16.33)

During mode 2, v	 � 0 and the output of A1 is at negative saturation �Vsat, which is the input to the

integrator A2. The output of A2 will be a positive-going ramp. When the positive-going ramp exceeds a cer-

tain value 	Vth, the voltage at point P will be slightly above 0, and the output of A1 will switch from neg-

ative saturation �Vsat to positive saturation 	Vsat. When this occurs, mode 1 starts again, and the cycle is

repeated.

The equivalent circuit for determining the condition under which the circuit switches over to positive satu-

ration is shown in Fig. 16.37(d). Neglecting the current flowing into the op-amp, we have IR1 � �IRF; that is,

Vth

R1
=

Vsat

RF

- Vth =

R1

RF
 ( - Vsat)

-Vth

R1
=

-Vsat

RF
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v
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−
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+
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FIGURE 16.37 Triangular-wave generator
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which gives the condition for v	 � 0 as

(16.34)

where Vsat �⏐	Vsat⏐�⏐�Vsat⏐. The peak-to-peak output amplitude of the triangular wave is given by

(16.35)

The period and the frequency of the output voltage can be determined from the time that is required

to charge the capacitor from �Vth to Vth or from Vth to �Vth. Let us consider the capacitor voltage during

mode 2, when the input voltage to the integrator is �Vsat; that is,

(16.36)

At half period, t � t1 � T ⁄ 2 and vC(t � T ⁄ 2) � Vth, and Eq. (16.36) yields

which gives the period as

(16.37)

Substituting the value of Vth from Eq. (16.34), we have for the period of the triangular wave

(16.38)

which gives the frequency of oscillation as

(16.39)fo =

RF

4RCR1

T =

4RC

Vsat
*

R1Vsat

RF
=

4RCR1

RF

T =

4RCVth

Vsat

Vth =

Vsat

RC
 aT

2
b - Vth

 =

Vsat

RC
 t - Vth

vC(t) = -  

1

RCL
v ¿O dt - Vth = -  

1

RCL
(- Vsat) dt - Vth

vpp = Vth - (- Vth) =

2R1

RF
 Vsat

Vth =

R1

RF
 ( + Vsat)
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Designing a triangular-wave generator
(a) Design the triangular-wave generator shown in Fig. 16.37(a) so that fo � 4 kHz and Vth �⏐�Vth⏐� 5 V.

Assume 	Vsat �⏐�Vsat⏐�14 V.

(b) Use PSpice/SPICE to check your design.

SOLUTION

(a) The steps used to design the triangular-wave generator are as follows:

Step 1. Find the values of R1 and RF. Equation (16.34) gives

R1

RF
=

Vth

Vsat
=

5

14
= 0.36

EXAMPLE 16.9

D
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Let R1 � 10 k
; then

Step 2. Choose a suitable value of C: Let C � 0.01 �F.

Step 3. Find the value of R. Equation (16.39) gives

(16.40)

(b) The circuit for PSpice simulation is shown in Fig. 16.38. The op-amp is simulated by PSpice macromodel

LM111.

The PSpice plots of the voltages at the output of amplifiers A1 and A2 (using EX16-9.SCH) are shown

in Fig. 16.39. The results are Vsat � 14.4 V (expected value is 14 V), �Vsat � �14.8 V (expected value is

�14 V), Vth � 5.3 V (expected value is 5 V), �Vth � �5.2 V (expected value is �5 V), and T � 312.1 �
62.6 � 249.5 �s (expected value is 250 �s). If the integrator time constant � � RC is made much smaller

than the period of the output waveform, the triangular wave can be made very close to a sine wave.

 =

28 kÆ

4 * 4 kHz * 0.01 �F * 10 kÆ

= 17.5 kÆ  (use a 20-kÆ potentiometer)

R =

RF

4 foCR1

RF =

R1

0.36
=

10 kÆ

0.36
= 28 kÆ  (use a 30-kÆ potentiometer)

C
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1

43

3

2 65

7

8

U1

G

LM111
1

4

6

5

4

3

2

2

65

7

8

G
RL

R1

+

−

V+
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−
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FIGURE 16.38 Triangular-wave generator for PSpice simulation

FIGURE 16.39 Output waveforms for Example 16.9
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16.8 Sawtooth-Wave Generators

In a triangular waveform, the rise time is always equal to the fall time. That is, the same amount of time

is required for a triangular wave to swing from �Vth to 	Vth as from 	Vth to �Vth. On the other hand,

a sawtooth waveform has unequal rise and fall times. The rise time may be faster than the fall time or

vice versa. The triangular-wave generator in Fig. 16.37(a) may be converted to a sawtooth generator by

adding a variable DC voltage Vref to the noninverting terminal of the op-amp. The addition of Vref,

which acts as a reference signal for the integrator A2, can be accomplished by using a potentiometer, as

shown in Fig. 16.40(a). The voltage waveforms are shown in Fig. 16.40(b). As with the triangular-wave

generator, the operation of the circuit can be divided into two modes.

During mode 1, v	 � 0 and the output of A1 is at positive saturation 	Vsat, which is the input signal

to the integrator A2. The equivalent circuit for the operation of the integrator is shown in Fig. 16.40(c). At

the beginning of this mode, the output voltage is Vth, and the voltage at the inverting terminal is v1 � Vref.

Thus, the initial voltage on the capacitor is

vC(t = 0) = v1 - vO = Vref - Vth

Integrated Analog Circuits and Applications 1117

KEY POINTS OF SECTION 16.7

■ A triangular-wave generator can be produced by integrating the square-wave output of a Schmitt trigger.

This can be accomplished by cascading an integrator with a bistable multivibrator (or Schmitt trigger).

■ If the integrator time constant � � RC is made much smaller than the period of the output waveform,

the triangular wave can be made very close to a sine wave.

Vref

C

R3

Vref

Rise time
trFall time

tf

A1

vO

vO

v

vO

(a)  Circuit

R
C

R1

R

RF

vO

iCv1 v1

A2

−VEE

−VEE

−VEE −Vsat

−Vsat

−Vth

+VCC

+VCC

+VCC

vO

t

Vth

Vsat

0

T

(b) Waveforms

(c)  Equivalent circuit

C
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R
vO

iC

(d)  Equivalent circuit

Vsat

−

+

FIGURE 16.40 Sawtooth-wave generator
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The instantaneous voltage across the capacitor vC(t) is given by

which gives the instantaneous output voltage as

(16.41)

At the end of this mode (at t � t1), the output voltage has changed to �Vth, whose value can be found from

Eq. (16.33). That is, vO(t � t1) � �Vth. From Eq. (16.41),

which gives the duration of mode 1 as

(16.42)

During mode 2, v	 � 0 and the output of A1 is at negative saturation �Vsat, which is the input to the

integrator A2. The equivalent circuit for the operation of the integrator is shown in Fig. 16.40(d). At the be-

ginning of this mode, the output voltage is �Vth, and the initial voltage on the capacitor is

If we redefine the time origin t � 0 as the beginning of this mode, the instantaneous voltage across the

capacitor is given by

which gives the instantaneous output voltage as

(16.43)

At the end of this mode (at t � t2), the output voltage has changed to Vth, whose value can be found from

Eq. (16.34); that is, vO(t � t2) � Vth. From Eq. (16.43),

which gives the duration for mode 2 as

(16.44)

The period of the sawtooth wave can be found from Eqs. (16.42) and (16.44):

(16.45)

which gives the frequency of oscillation as

(16.46)fo =

V 2
sat - V 2

ref

4RCVthVsat

T = t1 + t2 =

2RCVth

Vsat - Vref
+

2RCVth

Vsat + Vref
=

4RCVthVsat

V 2
sat - V 2

ref

t2 =

2RCVth

Vsat + Vref

Vth = -Vth +

Vsat + Vref

RC
 t2

vO(t) = -Vth +

Vsat + Vref

RC
 t

Vref - vO(t) =

1

CL
iC dt + vC(t = 0) =

1

CL

-Vsat - Vref

R
 dt + Vref + Vth

vC(t = 0) = v1 - vO = Vref + Vth

t1 =

2RCVth

Vsat - Vref

- Vth = Vth -

Vsat - Vref

RC
 t1

vO(t) = Vth -

Vsat - Vref

RC
 t

Vref - vO(t) =

1

CL
iC dt + vC(t = 0) =

1

CL

Vsat - Vref

R
 dt + Vref - Vth
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Duty cycle k, which is defined as the ratio of t1 to T, can be determined from Eqs. (16.42) and (16.45)

as follows:

(16.47)

� NOTE This circuit allows a designer more control over the shape of the output waveform because k, T, and Vth
can be varied.

 =

1

2
 c1 +

Vref

Vsat
d

k =

t1

T
=

2RCVth

Vsat - Vref
*

V 2
sat - V 2

ref

4RCVthVsat
=

Vsat + Vref

2Vsat
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KEY POINT OF SECTION 16.8

■ A sawtooth waveform has unequal rise and fall times. The rise time may be faster than the fall time

or vice versa. A triangular-wave generator can be converted to a sawtooth-wave generator by adding

a variable DC voltage Vref to the noninverting terminal of the op-amp.

Designing a sawtooth-wave generator Design the sawtooth-wave generator shown in Fig. 16.40(a) so

that fo � 4 kHz, Vth � 5 V, and the circuit has a duty cycle of k � 0.25. Assume Vsat �⏐�Vsat⏐� 14 V.

SOLUTION

The steps used to design the sawtooth-wave generator are as follows:

Step 1. Find the value of Vref required to obtain the desired duty cycle k. From Eq. (16.47),

(16.48)

Step 2. Find the values of R1 and RF. Equation (16.34) gives

Let R1 � 10 k
; then

Step 3. Choose a suitable value of C: Let C � 0.01 �F.

Step 4. Find the value of R. Equation (16.46) gives

(16.49)

 =

142 V2
- (- 7)2 V2

4 * 4 kHz * 0.01 �F * 5 V * 14 V
= 13.1 kÆ  (use a 15-kÆ potentiometer)

R =

V 2
sat - V 2

ref

4 fo CVthVsat

RF =

R1

0.36
=

10 kÆ

0.36
= 28 kÆ  (use a 30-kÆ potentiometer)

R1

RF
=

Vth

Vsat
=

5

14
= 0.36

 = (2 * 0.25 - 1) * 14 = -7 V
Vref = (2k - 1)Vsat

EXAMPLE 16.10

D
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16.9 Voltage-Controlled Oscillators

A voltage-controlled oscillator (VCO) is an oscillator circuit in which the oscillation frequency is controlled

by an externally applied voltage [5, 6]. A linear relationship between the oscillation frequency fo and the

control voltage vC is often required in a VCO. A VCO is also called a voltage-to-frequency (V/F) converter.

VCOs are employed in many applications such as frequency modulation (FM), tone generation, and fre-

quency-shift keying (FSK).

To convert a voltage to a frequency, a capacitor is normally charged and then discharged at a constant

current whose value depends on an externally applied voltage. The charging begins when the capacitor

voltage falls to a lower threshold voltage VL. Similarly, the discharging begins when the capacitor voltage

rises to an upper threshold voltage VH.

Figure 16.41(a) shows a simplified block diagram of the operation of a VCO. The current sources

are used to charge and discharge capacitor C1. The input to the Schmitt trigger is the capacitor voltage;

the output of the Schmitt trigger has two threshold voltage switching levels VL and VH, which control the

closing and opening of the current switch. Thus, depending on the capacitor voltage vC(t), the current

switch connects the capacitor either to the top current source for charging or to the bottom current source

for discharging. The waveform of the capacitor voltage is shown in Fig. 16.41(b); it has two modes,

charging and discharging.

16.9.1 Charging Mode

During charging mode, the capacitor is charged by the top current source IQ from the lower threshold

voltage VL to the upper trigger level VH. The time required to charge the capacitor from VL to VH is

given by

(16.50)¢t1 =

C1

IQ
 ¢vC =

C1

IQ
 (VH - VL)

Microelectronic Circuits: Analysis and Design1120
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FIGURE 16.41 Principle of a voltage-controlled oscillator
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16.9.2 Discharging Mode

The discharging mode begins when the capacitor is charged to the upper trigger level VH. At this point the

current switch disconnects the top current source from C1 and connects the bottom current source to C1.

The capacitor is then discharged by the bottom current source down to the lower trigger level VL. The time

required to discharge the capacitor from VH to VL is given by

(16.51)

As long as the charging and discharging currents are maintained at the same magnitude of IQ, �t1 � �t2.

The period of oscillation T is given by

(16.52)

which gives the frequency of oscillation fo as

(16.53)

Let us assume that the voltage-controlled current sources have a linear voltage-to-current transfer

relationship; that is,

IQ � Gm(vCN 	 VCO) (16.54)

where Gm � transconductance of the current source, in A/V

vCN � applied control voltage, in V

VCO � constant voltage, in V

Therefore, the oscillation frequency will be a linear function of the control voltage vCN; that is,

(16.55)

which gives the voltage-to-frequency transfer coefficient Kvf as

(16.56)

16.9.3 Circuit Implementation

A circuit implementation for the charging and discharging of the capacitor is shown in Fig. 16.42. It can

be divided into two parts: a voltage-controlled current source and a current switch.

Voltage-Controlled Current Source

The voltage-controlled current source consists of an npn transistor Q1 and a pnp transistor Q2. The voltage

at the emitter of Q2 is given by

VE2 = vCN - VBE1 + VBE2

Kvf =

dfo
dvCN

=

Gm

2C1(VH - VL)

fo =

IQ

2C1(VH - VL)
=

Gm(vCN + VCO)

2C1(VH - VL)

fo =

1

T
=

IQ

2C1(VH - VL)

T = ¢t1 + ¢t2 =

2C1(VH - VL)

IQ

¢t2 = -  

C1

IQ
 ¢vC = -  

C1

IQ
 (VL - VH) =

C1

IQ
 (VH - VL)
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which gives the current source IQ flowing through R as

(16.57)

Since VBE1 (for an npn transistor) � VEB2 (for a pnp transistor) within the range from 10 mV to 50 mV,

IQ in Eq. (16.57) can be approximated by

(16.58)

which gives a linear relationship between the current source IQ and the control voltage vCN.

Current Switch

The current switch consists of diodes D1 and D2 and transistors Q3, Q4, and Q5. Transistor Q5 is controlled

by the Schmitt trigger and is operated as an on or off switch. When Q5 is off, capacitor C is charged by the

current source IQ via diode D1. Diode D2 and transistors Q3 and Q4 are off. When Q5 is turned on (in sat-

uration) by the Schmitt trigger, D2, Q3, and Q4 are also turned on. As a result, the current source IQ flows

through D2 and Q4 instead of via diode D1. The voltage at the anode of diode D2 becomes

However, the voltage at the cathode of diode D1 is the capacitor voltage vC(t), which will be larger than

1.4 V. Thus, diode D1 will be reverse biased (i.e., off). Capacitor C will discharge through Q3 at a rate

of IQ. The current through Q3 is equal to the current through Q4. Thus, transistor Q5 will carry a current

of 2IQ.

Vx = VD2(anode) = VD2 + VBE4 + VCES(sat) = 0.6 + 0.6 + 0.2 = 1.4 V

IQ L

VCC - vCN

R

IQ =

VCC - VE2

R
=

VCC - vCN + VBE1 - VEB2

R
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FIGURE 16.42 Circuit implementation
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16.9.4 The NE/SE-566 VCO

A typical example of a VCO-integrated circuit is the NE/SE-566 VCO, whose pin diagram is shown in

Fig. 16.43(a) and whose internal block diagram is shown in Fig. 16.43(b). This VCO produces simultane-

ous square-wave and triangular-wave outputs at frequencies of up to 1 MHz. Both outputs are buffered so

that the output impedance of each is 50 
. The typical amplitude of the square wave is 5.4 V pp (peak to

peak), and that of the triangular wave is 2.4 V pp. A typical connection diagram is shown in Fig. 16.43(c),

and the typical outputs are shown in Fig. 16.43(d).

The output frequency is determined by an external resistor R1, capacitor C1, and the voltage vCN applied

to control terminal 5. The nominal DC value VCN of vCN is set by the voltage divider formed by R2 and R3

and must be in the range of

(16.59)VCN =

R3

R2 + R3
 VCC
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where VCC is the DC supply voltage. VCN must satisfy the following constraint:

(16.60)

The modulating signal vcn is AC-coupled with capacitor C3, and its value must be �3 V pp. Since vcn is

superimposed on VCN, the control voltage vCN is the sum of VCN and vcn; that is, vCN � VCN 	 vcn. If we

substitute IQ � (VCC � vCN) ⁄ R1 in Eq. (16.53), the frequency of the output waveforms can be found ap-

proximately from

(16.61)

which, if we assume VH � VL � VCC ⁄4, can be approximated by

(16.62)

where R1 should be in the range of 2 k
 � R1 � 20 k
. The frequency can be varied over a 10-to-1 range

by choosing R1 between 2 k
 and 20 k
 for a fixed vCN and constant C1 or by choosing the control volt-

age vCN for a constant RC product. A small capacitor of C2 � 0.001 �F should be connected between pins 5

and 6 to eliminate possible oscillations in the internal current control source.

fo L

2(VCC - vCN)

R1C1VCC

fo =

VCC - vCN

2R1C1(VH - VL)

3

4
 VCC … VCN … VCC
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Designing a voltage-controlled oscillator (VCO)
(a) Design a VCO as in Fig. 16.43(c) that has a nominal frequency of fo � 20 kHz. Assume VCC � 12 V.

(b) Calculate the modulation in the output frequencies if vCN is varied by 10% because of the modulating

signal vcn.

SOLUTION

(a) The steps used to design the VCO are as follows:

Step 1. Find the limiting values of VCN. From Eq. (16.60), 9 V � VCN � 12 V.

Step 2. Choose a suitable value of C1: Let C1 � 0.001 �F.

Step 3. Choose a value of R1 between 2 k
 and 20 k
: Let R1 � 10 k
.

Step 4. Find the value of vCN. From Eq. (16.62), vCN is given by

(16.63)

which falls within the range specified in step 1. If the calculated value falls outside of the specified range,

choose a different value for R1 and/or C1 and recalculate vCN.

 = 12 a1 -

10 kÆ * 0.001 �F * 20 kHz

2
b = 12 * 0.9 = 10.8 V

vCN = VCC a1 -

R1C1 fo
2
b

EXAMPLE 16.11

D
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Step 5. Find the values of R2 and R3. Letting VCN � vCN � 10.8 V from step 4, Eq. (16.59) gives

(16.64)

so R2 ⁄R3 � 1.11 � 1 � 0.11. Let R3 � 100 k
; then

R2 � 0.11 � R3 � 11 k


(b) For a 10% increase in vCN,

The corresponding value of output frequency can be calculated from Eq. (16.62):

For a 10% decrease in vCN,

The output frequency is

Thus, the change in the output frequency is

Using Eq. (16.62), we can find the V⁄ F transfer coefficient Kvf:

(16.65)

Thus, for �vCN � 2vCN � �2 � 0.1 � 10.8 � �2.16 V,

which is the same as the value obtained by calculating individual frequencies.

NOTE: If the modulating signal is a sine wave so that vcn � Vm sin �t, then the control voltage

becomes vCN � VCN 	 vm sin �t. During the positive half-cycle of the modulating signal, the control

voltage will increase and the frequency fo of the output voltage will decrease. However, during the 

negative half-cycle of the modulating signal, the control voltage will decrease and the frequency fo of the output

voltage will increase.

¢ fo = fo2 - fo1 = Kvf¢vCN = -16.67 kHz>V * (- 2.16 V) = 36.01 kHz

 = -  

2

10 kÆ * 0.001 �F * 12 V
= -16.67 kHz>V

Kvf =

dfo
dvCN

= -  

2

R1C1VCC

¢fo = fo2 - fo1 = 38 kHz - 2 kHz = 36 kHz

fo2 L

2 * (12 - 9.72) V

10 kÆ * 0.001 �F * 12 V
= 38 kHz

v-

CN = VCN - vcn = 0.9 * VC = 0.9 * 10.8 = 9.72 V

fo1 L

2 * (12 - 11.88) V

10 kÆ * 0.001 �F * 12 V
= 2 kHz

v +

CN = VCN + vcn = 1.1 * vCN = 1.1 * 10.8 = 11.88 V

 =

12

10.8
= 1.11

1 +

R2

R3
=

VCC

VCN
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16.10 The 555 Timer

The 555 timer, introduced by Signetics Corporation in early 1970, is one of the most versatile integrated

circuits. The 555 is a monolithic timing circuit that can produce highly accurate and highly stable delays

or oscillation. It is used in many applications, such as monostable and astable multivibrators, digital logic

probes, analog frequency meters, tachometers, infrared transmitters, and burglar and toxic gas alarms. Sev-

eral versions of the 555 timer are available from various manufacturers. In addition to looking briefly at its

internal structure, we consider two common applications of the 555 timer: monostable multivibrator and

astable multivibrator.

16.10.1 Functional Block Diagram

The pin diagram of a 555 timer is shown in Fig. 16.44(a); its functional block diagram is shown in

Fig. 16.44(b). The timer consists of two comparators CM1 and CM2, an RS flip-flop, a discharge transis-

tor Q1, and a resistive voltage divider string. The voltage divider sets the voltage at the inverting terminal

of CM1 to 2VCC ⁄3 and the voltage at the noninverting terminal of CM2 to VCC ⁄3.

The reset, threshold, and trigger inputs control the state of the flip-flop. If the reset input is low, the Q
output of the flip-flop is low, and Q� is high. With Q� high, current flows through the base of transistor Q1,

and the transistor is switched on (in saturation). This generally provides a path for an external capacitor to

discharge its voltage.

The reset input has the highest priority in setting the state of the flip-flop. Thus, Q is low if the reset

input is low, regardless of the inputs to the comparators. If the reset is not in use, then it is connected to

the positive DC supply VCC so that it does not affect the state of the flip-flop.

If the trigger input becomes lower than the voltage at the noninverting input of CM2 (i.e., �VCC ⁄3),

the output of CM2 (i.e., the S input to the flip-flop) will be high. As a result, the Q output of the flip-flop

will be set to high. Thus, Q� will be low, and the discharge transistor Q1 will be off.

If the threshold input becomes higher than the voltage at the inverting input of CM1 (i.e.,

�2VCC ⁄3), the output of CM1 will be high. As a result, the Q output of the flip-flop will be reset to

low. Thus, Q� will be high, and the discharge transistor Q1 will be on (in saturation), providing a dis-

charge path.

Microelectronic Circuits: Analysis and Design1126

KEY POINTS OF SECTION 16.9

■ A voltage-controlled oscillator (VCO) is an oscillator circuit in which the oscillation frequency is

controlled by an externally applied voltage.

■ To convert a voltage to frequency, a capacitor is normally charged and then discharged at a constant

current whose value depends on an externally applied voltage. The output of a Schmitt trigger con-

trols the charging and discharging time of the capacitor.

■ The NE/SE-566 VCO can produce simultaneous square-wave and triangular-wave outputs at fre-

quencies of up to 1 MHz. The output frequency is determined by an external resistor R1, capacitor C1,

and the voltage vCN applied to control terminal 5.
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16.10.2 Monostable Multivibrators

A monostable multivibrator is a one-shot pulse-generating circuit. Normally, its output is zero—that is, at

logic low level in the stable state. This circuit has only one stable state at output low—hence the name

monostable. The circuit configuration of the 555 timer for monostable operation is shown in Fig. 16.45(a).

The discharge and threshold terminals are connected together. The external pulse vI is applied to the trigger

terminal through coupling capacitor C2.

If the external pulse vI is high, the Q output of the flip-flop is low; that is, the output of the timer is

low. At the negative edge of the trigger signal, the flip-flop will be set to high. Thus, the output will be

switched to high (�VCC). It will remain high until the capacitor is charged to the threshold voltage of

2VCC ⁄3, at which time the flip-flop will be reset and the output will return to zero.

The duration of the output pulse (tp) is determined by the RC network connected externally to the 555

timer. At the end of the timing interval tp, the output automatically reverts to its stable state of logic low.

The output remains low until another negative-going trigger pulse is applied. Then the cycle repeats. The

waveforms for the trigger input voltage vI(t), output voltage vO(t), and capacitor voltage vC(t) are shown in

Fig. 16.45(b).

The width of the triggering pulse must be smaller than the expected pulse width of the output waveform.

Also, the trigger pulse must be a negative-going signal and have an amplitude larger than VCC ⁄3. The time

during which the output remains high is given by

(16.66)

where R and C are the external resistance and capacitance, respectively.

tp = 1.1RC
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FIGURE 16.44 Functional block diagram of 555 timer (Courtesy of Philips Semiconductors)
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It is important to note that once the monostable multivibrator is triggered and the output is in the high

state, another trigger pulse will have no effect until after an interval of tp. That is, the multivibrator cannot

be retriggered during the timing interval tp.

A decoupling capacitor C3, typically of 10 �F, is normally connected between VCC (pin 8) and ground

(pin 1) to eliminate unwanted voltage spikes in the output waveform. A waveshaping circuit consisting of

R2, C2, and diode D1 is often connected between the trigger input (pin 2) and VCC (pin 8) to prevent any

possible mistriggering by positive pulse edges. This circuit is shown in Fig. 16.45(a) within the shaded

area. The values of R2 and C2 should be selected so that the output pulse width tp is much larger than the

time constant R2C2. This condition is generally met by maintaining the following relationship:

(16.67)tp = 10R2C2
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Control
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FIGURE 16.45 555 timer connected as a monostable multivibrator

Designing a monostable multivibrator Design a monostable multivibrator as in Fig. 16.45(a) so that

tp � 5 ms. Assume VCC � 12 V.

SOLUTION

The steps used to design a monostable multivibrator are as follows:

Step 1. Choose a suitable value of C: Let C � 0.1 �F.

Step 2. Find the value of R. From Eq. (16.66),

Step 3. Choose a suitable value of C2: Let C2 � 0.01 �F.

Step 4. Find the value of R2. From Eq. (16.67),

R2 =

tp

10C2
=

5 ms

10 * 0.01 �F
= 50 kÆ

R =

tp

1.1C
=

5 ms

1.1 * 0.1 �F
= 45.5 kÆ  (use a 50-kÆ potentiometer)

EXAMPLE 16.12

D
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16.10.3 Applications of Monostable Multivibrators

Monostable multivibrators can be used in many applications such as frequency dividers, missing-pulse

detectors, and pulse stretchers.

Frequency Divider

If the frequency of the input signal is known, adjusting the length of the timing cycle tp will permit a mono-

stable multivibrator to be used as a frequency divider. The circuit configuration for a frequency divider is

shown in Fig. 16.46(a). This application makes use of the fact that the monostable multivibrator cannot be

retriggered during the timing interval.

For a monostable multivibrator to be used as a divide-by-2 circuit, the timing interval must be slightly

larger (say, by 20%) than the period of the trigger signal T, as shown in Fig. 16.46(b); that is, tp � 1.2T.

At the first falling edge, the output is set to high. However, at the second falling edge, the capacitor is still

charging and has not yet reached the threshold value of 2VCC ⁄ 3. As a result, the second triggering signal

has no effect on the output, and the output is set by the alternate trigger pulses.

For a monostable multivibrator to be used as a divide-by-3 circuit, tp must be slightly larger than twice

the period of the trigger signal. Thus, for a divide-by-n circuit, tp must be slightly larger than (n � 1)T; that

is, tp � [0.2 	 (n � 1)]T. For example, for a divide-by-2 circuit, if fo � 5 kHz and T � 1 ⁄ fo � 200 �s, then

tp � 1.2T � 240 �s.

Missing-Pulse Detector

In some applications, a train of regular pulses is needed for the normal operation of a circuit or system.

Any missing pulse may cause malfunction. The configuration of a monostable multivibrator that can de-

tect any missing pulse is shown in Fig. 16.47(a).

The timing cycle is continuously reset by the input pulse train, but the time duration is not enough to

complete the timing cycle. When the trigger pulse becomes low, transistor Q1 is turned on, and it provides

a discharge path for capacitor C. As a result, the capacitor voltage cannot reach the threshold voltage

2VCC ⁄3. A change in frequency, or a missing pulse, allows completion of the timing cycle so that vC
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reaches 2VCC ⁄3, causing a change in the output level due to the discharge of C through the internal tran-

sistor Q1 in Fig. 16.44(b). The time delay tp should be slightly longer than the normal time between input

pulses. The waveforms are shown in Fig. 16.47(b).

Pulse Widener

A narrow pulse is not desirable for driving an LED display, as the flashing of the LED will not be visible

to the eyes if the on time is infinitesimally small compared to the off time. A narrow pulse can be widened

by a monostable multivibrator. This application is possible because of the fact that the timing interval tp is

longer than the negative pulse width of the trigger input.

The circuit configuration for a pulse widener is shown in Fig. 16.48(a). At the falling trigger edge, the

output will be high, and it will remain high until the capacitor voltage reaches 2VCC ⁄3 after time tp. The

waveforms of the input and output voltages are shown in Fig. 16.48(b). Since the output pulse can be viewed

as the stretched version of the narrow input signal, this configuration is also known as a pulse stretcher.
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16.10.4 Astable Multivibrators

An astable multivibrator is a rectangular-wave-generating circuit. Because this circuit does not require an

external trigger to change the state of the output, it is often called a free-running multivibrator. A 555

timer connected as an astable multivibrator is shown in Fig. 16.49(a). The duration of the high or low out-

put is determined by resistors RA and RB and capacitor C. When the output is high, capacitor C starts

charging toward VCC through RA and RB. As soon as the capacitor voltage equals 2VCC ⁄3, the output

switches to low, and capacitor C discharges through RB and the internal circuit of the timer. When the ca-

pacitor voltage equals VCC ⁄3, the output goes high, and the capacitor charges through RA and RB. Then

the cycle repeats. The waveforms for the output voltage and the voltage across the capacitor are shown in

Fig. 16.49(b).

The capacitor is periodically charged and discharged between 2VCC ⁄3 and VCC ⁄3. Assuming the

initial capacitor voltage is VCO � VCC ⁄3, the equivalent circuit during the charging period is as shown

in Fig. 16.49(c). The charging current iC(t) and the capacitor voltage vC(t) are given by

(16.68)

(16.69)

At t � tc, vC(t � tc) � 2VCC ⁄ 3, and Eq. (16.69) yields

which gives the charging time tc as

(16.70)tc = C (RA + RB) ln(2) = 0.69C(RA + RB)

2VCC

3
= VCC -

2VCC

3
 e-tc>(RA +RB)C

vC(t) = VCC -

2VCC

3
 e- t>(RA +RB)C

iC(t) =

2VCC

3(RA + RB)
 e-t>(RA +RB)C
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During time td, capacitor C discharges from 2VCC ⁄ 3 to VCC ⁄ 3 through RB. Assuming the initial capacitor

voltage is VCO � 2VCC ⁄ 3, the equivalent circuit during the discharging period is as shown in Fig. 16.49(d).

The current iC(t) and capacitor voltage vC(t) are given by

(16.71)

(16.72)

At t � td, vC(t � td) � VCC ⁄ 3, and Eq. (16.72) yields

which gives the discharging time td as

(16.73)

Thus, the period of the output waveform is given by

(16.74)

and the frequency of the output voltage is therefore given by

(16.75)

Duty cycle k, which is the ratio of charging time tc to period T, can be found from Eqs. (16.70) and (16.74):

(16.76)

Thus, the duty cycle k can be set by selecting RA or RB.

k =

tc

T
=

RA + RB

RA + 2RB

fo =

1

T
=

1

0.69C(RA + 2RB)
=

1.45

C(RA + 2RB)

T = tc + td = 0.69C(RA + RB) + 0.69CRB = 0.69C(RA + 2RB)

td = CRB ln(2) = 0.69CRB

VCC

3
=

2VCC

3
 e-td >RBC

vC(t) =

2VCC

3
 e-t>RBC

iC(t) =

2VCC

3RB
 e-t>RBC
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Designing an astable multivibrator Design an astable multivibrator as in Fig. 16.49(a) so that k � 75%

and fo � 2.5 kHz. Assume VCC � 12 V. Use PSpice to verify by simulating, EX16-13.SCH.

SOLUTION

k � 75% � 0.75, and T � 1 ⁄ fo � 1 ⁄ 2.5 kHz � 400 �s. The steps used to design an astable multivibrator are

as follows:

Step 1. Find the charging time tc and the discharging time td:

(16.77)

(16.78)

 = (1 - 0.75) * 400 �s = 100 �s

td = (1 - k)T

 = 0.75 * 400 �s = 300 �s

tc = kT

EXAMPLE 16.13

D
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Step 2. Choose a suitable value of C: Let C � 0.1 �F.

Step 3. Find the value of RB. From Eq. (16.73),

(16.79)

Step 4. Find the value of RA. From Eq. (16.70),

(16.80)

 =

300 �s

0.69 * 0.1 �F
- 1449 = 2899 Æ

RA =

tc

0 .69C
- RB

 =

100 �s

0.69 * 0.1 �F
= 1449 Æ

RB =

td

0.69C

PSpice/SPICE simulation of an astable multivibrator An astable multivibrator can be used as a

voltage-controlled oscillator (VCO) if an external control voltage is applied to terminal 5. This arrangement

is shown in Fig. 16.50 for vC � 6 	 4 sin (2000�t). Use PSpice/SPICE to plot the output voltage vO(t) from

0 to 2 ms with an increment of 10 ns.

EXAMPLE 16.14

D

0

~vCN

VCC
10 V

X1Trigger

Reset

Control

Threshold

Discharge

Output

Ground

VCC

5550

7

1

8

6

5 3

4

2

0

+

+

−

−

RA
10 kΩ

RL
10 kΩ

RB
10 kΩ

C
0.01 μF

          Voff  = 6 V
        Vampl  = 4 V
Frequency = 1 kHz

FIGURE 16.50 Astable multivibrator as a VCO for PSpice simulation
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16.10.5 Applications of Astable Multivibrators

As examples of applications of an astable multivibrator, we consider a square-wave generator, a ramp gen-

erator, and an FSK modulator.

Square-Wave Generator

The astable multivibrator in Fig. 16.49(a) can be modified to produce a square wave. A diode is con-

nected across resistor RB, as shown in Fig. 16.52. For a finite value of RA in Eq. (16.70), tc � td, and

the duty cycle is k � 50%. However, to obtain a square wave, the duty cycle k must be 50%; that is, the

Microelectronic Circuits: Analysis and Design1134

FIGURE 16.51 Control and output voltages for Example 16.14

SOLUTION

The PSpice plots of the control and output voltages are shown in Fig. 16.51. As expected, the frequency becomes

lower—that is, the period becomes larger—as the control voltage increases in magnitude.

3

5

6

2

7

48

1

NE/SE-555 vO

C3

C

RA

RB

D1
D1N4148 5 V

0 V

+
−

C1
0.01 μF

10 μF

VCC  = +5 V

FIGURE 16.52 555 timer connected as a square-wave generator
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value of RA should be set to zero. With RA � 0, terminal 7 is connected directly to VCC. During the

discharging time, capacitor C discharges through the internal circuit of the timer, and an external current

is applied by VCC to the same internal path. The current flowing through the internal path may be large

enough to damage the timer. This situation can be avoided by connecting a diode across RB so that RB is

bypassed during the charging time. In that case, Eqs. (16.74) and (16.75) are reduced, respectively, to

(16.81)

(16.82)

� NOTE We need both RA and D1. Making RA � 0, the circuit will not work.

fo =

1

T
=

1.45

C(RA + RB)
  (for k = 0.5)

T = 0.69C(RA + RB)   (for k = 0.5)
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Designing a square-wave generator Design a square-wave generator as in Fig. 16.52 so that k � 50%

and fo � 2.5 kHz. Assume VCC � 12 V. Use PSpice to verify by simulating, EX16-15.SCH.

SOLUTION

k � 50% � 0.5, and T � 1 ⁄ fo � 1 ⁄ 2.5 kHz � 400 �s. The steps used to design the square-wave generator are

as follows:

Step 1. Find the charging time tc and the discharging time td:

(16.83)

Step 2. Choose a suitable value of C: Let C � 0.1 �F.

Step 3. Find the value of RB. From Eq. (16.73),

(16.84)

Step 4. Find the value of RA. From Eq. (16.82),

(16.85)

 =

1.45

0.1 �F * 2.5 kHz
- 2899 Æ = 2901 Æ

RA =

1.45

Cfo
- RB

 =

200 �s

0.69 * 0.1 �F
= 2899 Æ

RB =

td

0.69C

 = 0.5 * 400 �s = 200 �s

tc = td = kT

EXAMPLE 16.15

D

Ramp Generator

The astable multivibrator in Fig. 16.49(a) can be used as a free-running ramp generator. This is accom-

plished by charging the capacitor through a constant current source and discharging through the internal

circuit of the timer. That is, resistors RA and RB are replaced by a current source, as shown in Fig. 16.53(a).

The waveforms for the output voltage and the capacitor voltage are shown in Fig. 16.53(b).
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The collector current, which is the charging current, is given by

Assuming that the voltage drop of diode D1 is approximately equal to the base–emitter voltage VBE of the

transistor, the diode current ID � IE. Thus,

(16.86)

The capacitor charges from VCC ⁄ 3 to 2VCC ⁄ 3 at a constant current of IC. For a charging time of tc, the

change in the capacitor voltage �vC is given by

which gives the charging time tc as

(16.87)

The charging time is related to the duty cycle k and period T by 

(16.88)

Therefore, the free-running frequency of the ramp generator is given by

(16.89)

(16.90) =

3k(VCC - VBE)

CRVCC

fo =

1

T
=

3kIC

CVCC

 =

CVCC

3IC

kT = tc

tc =

CVCC

3IC

¢vC =

2VCC

3
-

VCC

3
=

1

CL

tc

0
IC dt =

1

C
 ICtc

 =

VB

R
=

VCC - VBE

R

IC = ID - IB = I2

IC = IE - IB
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t
0

vCN

t
0

3

5

6

2

7

48

1

NE/SE-555 vO

vO

vCN

C1

C

D1
IN914

R

I2

VD1

IE

Q1
IB

IC

T

tc td

≈ 3.3 V

1.67 V

3

3

(a)  Circuit (b)  Waveforms
0.01 μF

C3
10 μF VCC

VCC

2VCC

+

−

+
−

VCC  = + 5 V

FIGURE 16.53 555 timer connected as a ramp generator
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If the discharging time td of the capacitor is negligible compared to its charging time tc, then k � 1 and the

free-running frequency becomes

(16.91)fo =

3(VCC - VBE)

CRVCC
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Designing a ramp generator Design a ramp generator using the circuit in Fig. 16.53(a) so that k � 50%

and fo � 2.5 kHz. Assume VCC � 12 V, VBE � 0.7 V, and a transistor of �F � 150.

SOLUTION

k � 50% � 0.5, and T � 1 ⁄ fo � 1 ⁄2.5 kHz � 400 �s. The steps used to design the ramp generator are as follows:

Step 1. Find the charging time tc and the discharging time td:

(16.92)

Step 2. Choose a suitable value of C: Let C � 0.1 �F.

Step 3. Find the value of R. From Eq. (16.90),

(16.93)

Step 4. Find the collector current IC of the transistor. From Eq. (16.86),

Step 5. Find the current ID through the diode:

ID = IE = IC + IB = IC 

1 + bF

bF
= 2 mA *

1 + 150

150
L 2.01 mA

IC =

VCC - VBE

R
=

(12 - 0.7) V

5.65 kÆ

= 2 mA

 =

3 * 0.5 * (12 - 0.7) V

12 * 0.1 �F * 2.5 kHz
= 5.65 kÆ

R =

3k(VCC - VBE)

VCCCfo

 = 0.5 * 400 �s = 200 �s

tc = td = kT

EXAMPLE 16.16

D

FSK Modulator

In computer peripheral and radio (wireless) communication, the binary data or code is transmitted by

means of a carrier frequency that shifts between two preset frequencies. This technique for data transmis-

sion is called frequency-shift keying (FSK). The frequency shift is usually accomplished by driving a VCO

with the binary data signal so that the 0 to 1 states (commonly called space and mark) of the binary data

signal produce two frequencies, known as the space and mark frequencies. For example, when teletype-

writer information is transmitted using a modulator/demodulator (modem, for short), a 1070-Hz (for mark)

and 1270-Hz (for space) pair will represent the original signal, whereas a 2025-Hz (for mark) and 2250-Hz

(for space) pair will represent the answer signal.
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FSK modulators are often used in AM/FM transmitters, as shown in Fig. 16.54(a). The 555 astable

multivibrator can be used as an FSK generator; the connection is shown in Fig. 16.54(b). The on or off

condition of transistor Q1 will depend on the input signal. Thus, the output frequency depends on

the logic state of the digital input signal. A signal frequency of 150 Hz is commonly used for data

transmission.

When the input signal is 1, transistor Q1 is off, and the 555 operates in its normal mode as an astable

multivibrator. Thus, the output frequency corresponding to logic 1 can be found from Eq. (16.75) as

The values for C, RA, and RB can be selected so as to give 1070 Hz.

When the input signal is 0, transistor Q1 is turned on (in saturation). As a result, RC is effectively con-

nected in parallel with RB. This reduces the charging time of capacitor C and increases the output fre-

quency. Thus, the output frequency corresponding to logic 0 can be found from

The value for RC can be selected so as to give 1270 Hz.

Thus, with properly selected values of C, RA, RB, and RC, the 555 astable multivibrator can produce

frequencies of 1070 Hz and 1270 Hz corresponding to 1 and 0, respectively. The difference between the

FSK signals of 1270 Hz and 1070 Hz (i.e., 200 Hz) is called the frequency shift.

fo(space) =

1.45

C(RA 7  RC + 2RB)

fo(mark) =

1.45

C(RA + 2RB)
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(a)  AM/FM transmitter

(b)  Circuit

Input
digital serial data

at 150 Hz

AM or FM
transmitter

FSK
generator

1070–1270 Hz

Antenna

RC
50 kΩ
Set at

39.24 kΩ

RA
50 kΩ
Set at

41.51 kΩ
Q1

2N404

Input
digital data

at 150 Hz
vI

1070–1270 Hz
3

5

6

2

7

48

1

NE/SE-555

1

0 

vO

RB
10 kΩ

RB
47 kΩ

C
0.01 μF

C7
0.01 μF

VCC  = +5 V

FIGURE 16.54 Astable multivibrator as an FSK modulator (Courtesy of Philips

Semiconductors)
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16.11 Phase-Lock Loops

The phase-lock loop (PLL) is one of the fundamental building blocks of electronic circuits used in such

applications as motor-speed controllers, FM stereo decoders, tracking filters, frequency-synthesized trans-

mitters and receivers, and FSK decoders. A block diagram of a phase-lock loop is shown in Fig. 16.55(a).

The loop consists of a phase detector, a low-pass filter, and a VCO.

The phase detector (or comparator) compares the phase of the input voltage with that of the VCO out-

put voltage and produces a DC or low-frequency voltage proportional to their phase difference. The output

of the phase detector, which is called the error voltage, is applied to a low-pass filter. The filter removes

any high-frequency components and produces a smooth DC voltage. This DC voltage is then applied to the

control input of the VCO, whose output frequency is proportional to the DC value. If the frequency of the

input voltage shifts slightly, the phase difference between the input signal and the VCO output voltage will

begin to increase with time. This will change the control voltage to the VCO in such a way as to bring the

VCO frequency back to the same value as the input voltage. The VCO frequency is continuously adjusted

until it is equal to the input frequency.

The operation of a PLL involves three modes: a free-running mode, a capture mode, and a phase-lock
mode. During the free-running mode, there is no input frequency (or voltage), and the VCO runs at a fixed

frequency corresponding to zero-applied input voltage. This frequency is called the center, or free-running,

frequency fo. Once an input frequency is applied, the VCO frequency starts to change, and the PLL is said

Integrated Analog Circuits and Applications 1139

KEY POINTS OF SECTION 16.10

■ The 555 timer is one of the most versatile ICs. It is used as a monostable or astable multivibrator in

many applications.

■ A monostable multivibrator is a one-shot pulse-generating circuit. This circuit has only one stable

state at output low—hence the name monostable. The 555 can be configured as a monostable multi-

vibrator, which can be used as a frequency divider, a missing-pulse detector, or a pulse widener.

■ An astable multivibrator is a rectangular-wave-generating circuit. Because it does not require an exter-

nal trigger to change the state of the output, it is often called a free-running multivibrator. The 555

can be configured as an astable multivibrator, which can be used as a square-wave generator, a ramp

generator, or an FSK modulator.

vI
fin

vO
fout

Phase
detector

Low-pass
filter

VCO

Feedback path

(b)  Frequency relationship

Lock range fL 

Capture range fc 

Frequency (in Hz)

(a)  Block diagram

fo

FIGURE 16.55 Block diagram of a phase-lock loop
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to be in the capture mode. The VCO frequency changes continuously to match the input frequency. When

the input frequency becomes equal to the output frequency, the PLL is said to be in the phase-lock mode.

The feedback loop maintains the lock when the input signal frequency changes.

The center frequency fo is the free-running frequency of the VCO. The lock range fL is defined as the

range of input frequencies around the center frequency for which the loop can maintain lock. The capture
range fc is defined as the range of input frequencies around the center frequency for which the loop will

become locked from an unlocked condition. The relations among fo, fL, and fc are shown in Fig. 16.55(b).

16.11.1 Phase Detector

A phase detector takes two input voltages and produces a DC voltage proportional to their phase difference.

To understand the principle of operation, consider two voltages vI1 and vI2, as shown in Fig. 16.56(a), with a

phase difference of �. An output voltage is obtained when they differ in phase—that is, when only one input

is high. A phase detector can be implemented using either an exclusive-OR gate, as shown in Fig. 16.56(b),

or an analog multiplier [7]. Integrating the output voltage will give an average output voltage, which will be

a linear function of the phase difference �, as shown in Fig. 16.56(c). The average output voltage VO(DC) can

be expressed as

(16.94)

The phase difference can also be detected by using an edge-triggered RS flip-flop. Two input signals

are shown in Fig. 16.57(a). If these signals are passed through an edge-triggered RS flip-flop as shown in

Fig. 16.57(b), the output voltage will be as shown in Fig. 16.57(a). Integrating the output voltage will give

an average output voltage, as shown in Fig. 16.57(c). The average output voltage VO(DC) is given by

(16.95)

Phase detectors can be broadly divided into two types: digital detectors and analog detectors. The dig-

ital detectors are simple to implement with digital devices. However, they are sensitive to the harmonic

VO(DC) =

VCC

2p
 f  (for 0 … f … 2p)

VO(DC) = d
VCC

p
 f                       (for 0 … f … p)

VCC

p
 (2p - f)                   (for p … f … 2p)
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VO(DC)

f

vI1

fin

fin
vI1

fout
vI2

vI2

p 2p
p 2p0

3p0 4p 5p 4070

(a)  Phase difference

DC output
voltage

VCC

2

f

T

1
3

2

(b)  Exclusive-OR gate (c)  Phase angle

VO(DC)VO(DC) = output

fout = fVCO

Slope = conversion gain kph 
VCC ≈ Vsat

3p
2

p
2

1
4

FIGURE 16.56 Phase detector
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content of the input signal and changes in the duty cycles of the input signal and the VCO output voltage.

Analog detectors are monolithic types such as CMOS MC4344/4044. They respond only to transitions in

the input signals. Thus, sensitivity to harmonic content and duty cycle is not a problem. The output voltage

is independent of variations in the amplitude and duty cycle of the input waveform. Analog detectors are

generally preferred over digital detectors, especially in applications in which accuracy is a critical factor.

16.11.2 Integrated Circuit PLL

The NE/SE-565 PLL is one of the most commonly used IC devices. The elements of the PLL in Fig. 16.55(a)

are built into the 565 IC. The internal block diagram of the 565 is shown in Fig. 16.58(a), and the pin con-

figuration is shown in Fig. 16.58(b). A typical connection diagram for the NE/SE-565 PLL is shown in

Fig. 16.58(c). A small capacitor C3, typically of 0.001 �F, is connected between pins 7 and 8 to eliminate

possible oscillations. The center frequency of the PLL is given approximately by

(16.96)

where R1 and C1 are an external resistance and a capacitance connected to pins 8 and 9, respectively. C1 can

have any value, but R1 must have a value between 2 k
 and 20 k
. A capacitor C2 is connected between

pins 7 and 10 to form a first-order low-pass filter with an internal resistance of 3.6 k
. The filter capacitor

C2 should be large enough to eliminate variations in the demodulated output voltage at pin 7 in order to

stabilize the VCO frequency.

The 565 PLL can typically lock to and track an input signal over a bandwidth of 60% of the center

frequency fo. The lock range fL is given by

(16.97)

where VCC and �VEE are the positive and negative power supplies, in volts, respectively. The capture range

fc is given by

(16.98)fc = c fL
2p * 3.6 * 103C2

d1>2  

(C2 in farads)

fL =

8fo
VCC - VEE

fo L

1.2

4R1C1

Integrated Analog Circuits and Applications 1141

f

1

1
4

2 3

4
6
5

fin
vI1

fout
vI2 

(b)  RS flip-flop  (c)  Phase angle
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FIGURE 16.57 Edge-triggered phase detector
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7

1

2

3

4

5

6

8

14

13

12

11

10

9

NE/SE-565

14-pin DIP package

R1 C1

Low-pass filter

Phase comparator
VCO input

VCO output

Amplifier

Demodulated
output

Reference output

(a)  Block diagram

(b)  Pin diagram
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4

8 9 1

10

5

3

Input
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(c)  Circuit

+V

+V

−V

−V

+V

3.6 kΩ

C3
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FIGURE 16.58 NE/SE-565 PLL connection diagram
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16.11.3 Applications of the 565 PLL

As examples of applications of the 565 PLL, we consider a frequency multiplier, an FSK demodulator, and

an SCA (subsidiary carrier authorization) decoder [8].

Frequency Multiplier

A block diagram of a frequency multiplier using the 565 PLL is shown in Fig. 16.59(a). A frequency

divider is inserted between the VCO and the phase detector. Since the output frequency of the divider is

locked to the input frequency, the VCO will actually be running at a multiple of the input frequency; that

is, fo � Nfin, where N is an integer. The amount of multiplication desired can be obtained by selecting the

appropriate divide-by network. A typical connection of the 565 PLL to give an output frequency of fo �
5fin is shown in Fig. 16.59(b).

To set up the circuit, you must know the frequency limits of the input signal. The free-running fre-

quency of the VCO then can be adjusted by means of R1 and C1 so that the output frequency of the divider

is midway between the input frequency limits. That is, for fin � 400 Hz to 4 kHz, the output frequency

would be fo � 2 kHz to 20 kHz, with a midway frequency of fo(mid) � 11 kHz. The filter capacitance C2

should be large enough (typically 10 �F) to eliminate variations in the demodulated output voltage (at pin 7)

in order to stabilize the VCO frequency. The output of the VCO will be a square wave whose frequency

will be the multiple of the input frequency as long as the loop is in lock. The input and output waveforms

are shown in Fig. 16.59(c).
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Designing a PLL Design a PLL as shown in Fig. 16.58(c) so that fo � 2.5 kHz and fc � 50 Hz. Assume

VCC � �VEE � 12 V.

SOLUTION

The steps used to design the 565 PLL are as follows:

Step 1. Choose a suitable value of C1: Let C1 � 0.01 �F.

Step 2. Find the value of R1. From Eq. (16.96),

Step 3. Find the lock range fL. From Eq. (16.97),

Step 4. Find the value of C2. From Eq. (16.98),

Choose C2 � 14 �F.

C2 =

fL

2p * 3.6 * 103f 2
c

=

833

2p * 3.6 * 103
* 502

= 14.17 �F

fL =

8 * 2.5 kHz

12 - (-12)
= 833 Hz

R1 =

1.2

4C1 fo
=

1.2

4 * 0.01 �F * 2.5 kHz
= 12 kÆ

EXAMPLE 16.17

D
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FIGURE 16.59 565 PLL as a frequency multiplier
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FSK Demodulator

An FSK demodulator is often used in AM/FM receivers, as shown in Fig. 16.60(a). One very useful appli-

cation of the 565 PLL is as an FSK demodulator to receive FSK signals of 1070 Hz and 1270 Hz; the con-

figuration is shown in Fig. 16.60(b). As the signal appears at the input, the PLL locks to the input frequency

and tracks it between the two frequencies, with a corresponding DC shift at the output. The input signal is

connected through a coupling capacitor Ci to block the DC level from the FSK receiver. Both input termi-

nals are connected to the ground through identical resistors R2 and R3.

The loop filter capacitor C2 determines the dynamic characteristics of the demodulator, and its value

should be smaller than usual to eliminate overshoot on the output pulse. A three-stage RC-ladder low-

pass filter is used to remove the carrier component from the output. The high cutoff frequency of the

ladder filter—that is, fH � 1 ⁄ 2�RC—should be approximately halfway between the maximum keying

rate (150 Hz) and twice the input frequency (2 � 1070 Hz is approximately 2200 Hz).

The output signal of 150 Hz can be made logic compatible by connecting a voltage comparator between

the output and pin 6 of the 565 PLL. R2 and C1 determine the free-running frequency of the VCO. The free-

running frequency is adjusted with R1 so as to produce a slightly positive voltage with fo � 1070 Hz.

SCA (Background Music) Decoder

Some FM stations are authorized by the FCC to broadcast uninterrupted background music for commercial

use, using a frequency-modulated subcarrier of 67 kHz. This frequency was chosen so as not to interfere

Integrated Analog Circuits and Applications 1145
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FIGURE 16.60 565 PLL as an FSK demodulator
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with the frequency spectrum of normal stereo or monaural FM program material, which is substantially

lower. In addition, the level of the subcarrier is only 10% of the amplitude of the combined signal.

A PLL may be used to recover the SCA (subsidiary carrier authorization, or storecast music) signal

from the combined signal of many commercial FM broadcast stations. This application involves demodu-

lation of a frequency-modulated subcarrier of the main channel. The SCA signal can be filtered out and

demodulated by the 565 PLL without the use of any resonant circuits. A connection diagram is shown in

Fig. 16.61. The PLL is tuned to 67 kHz with a 5-k
 potentiometer; only approximate tuning is required,

since the loop will seek the signal.

The demodulated output (pin 7) is passed through a three-stage low-pass filter to provide deemphasis

and attenuate the high-frequency noise that often accompanies SCA transmissions. Since no capacitor is

provided directly at pin 7, the circuit operates as a first-order loop. The demodulated output signal is on the

order of 50 mV, and the frequency response extends to 7 kHz. By connecting the circuit of Fig. 16.61 to a

point between the FM discriminator and the deemphasis filter of a commercial-band (home) FM receiver

and tuning the receiver to a station that broadcasts an SCA signal, one can obtain hours of commercial-free

background music.

Microelectronic Circuits: Analysis and Design1146
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FIGURE 16.61 565 PLL as an SCA (background music) decoder

KEY POINTS OF SECTION 16.11

■ A phase-lock loop (PLL) consists of a phase detector, a low-pass filter, and a voltage-controlled

oscillator. PLLs find applications as frequency multipliers, FSK demodulators, and SCA (background

music) decoders.

■ The operation of a PLL involves three modes: a free-running mode, a capture mode, and a phase-lock

mode. The VCO frequency is continuously adjusted until it is equal to the input frequency. When the

input frequency becomes equal to the output frequency, the PLL is said to be in the phase-lock mode.

■ The 565 PLL can typically lock to and track an input signal over a bandwidth of 60% of the center

frequency.
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16.12 Voltage-to-Frequency 
and Frequency-to-Voltage Converters

The NE/SE-566 VCO discussed in Sec. 16.9 can be used as a voltage-to-frequency converter. In many

applications, it is also necessary to convert frequency to voltage. The TelCom 9400 series converters can

be used as either voltage-to-frequency (V/ F) or frequency-to-voltage (F/V) converters, and they can pro-

duce pulse and square-wave outputs with a frequency range of 1 Hz to 100 kHz. For V/F conversion, the

device accepts an analog input signal and generates an output pulse train whose frequency is linearly

proportional to the input voltage. For F/V conversion, the device accepts any input frequency waveform

and provides a linearly proportional voltage output. The complete V/F or F/V conversion requires only

the addition of two capacitors, three resistors, and a reference voltage. The 9400 series consists of

CMOS devices and bipolar devices that can operate on single or dual supply voltages.

16.12.1 V/F Converter

The 9400 V/F converter operates on the principle of charge balancing. The functional block diagram is

shown in Fig. 16.62(a). The input voltage vI is converted to a current Iin by the input resistor Rin. This cur-

rent Iin � vI ⁄Rin is then converted to a charge by the internal integrating capacitor Cint and gives a linearly

decreasing voltage vO3 at the output of the op-amp integrator; that is,

(16.99)

As soon as voltage vO3 falls below the threshold level of the threshold detector, the switch closes and

causes reference voltage Vref to be applied to reference capacitor Cref for a time long enough to charge the

capacitor to reference voltage Vref. This action also reduces the charge on the integrating capacitor by a

fixed amount (q � CrefVref), causing the integrator output to step up by a certain amount. At the end of the

charging period, Cref is shorted out, dissipating the charge stored on the reference capacitor so that the

system is ready to repeat the cycle when the output passes again through the zero axis.

The continued charging of the integrating capacitor Cint by the input voltage is balanced out by fixed

charges from the reference voltage. As the input voltage is increased, the number of reference pulses required

to maintain balance increases, causing the output frequency to increase also. Since each charge increment is

fixed (i.e., q � CrefVref), the increase in frequency with voltage is linear. The output frequency fo is related to

the input voltage by

(16.100)

where vI � input voltage

⏐Vref⏐� reference voltage

Cref � reference capacitance

The pin diagram of the 9400 V/F converter is shown in Fig. 16.62(b), and its internal block diagram is

shown in Fig. 16.62(c). The threshold detector senses the output of the integrator. The output of the detec-

tor triggers a 3-�s network when its input voltage passes through the threshold. The nominal threshold of

fo =

vI

|Vref|RinCref

vO3 = -

Iin

Cint
 t = -  

vI

RinCint
 t
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FIGURE 16.62 9400 V/F converter (Courtesy of TelCom Semiconductor, Inc.)
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the detector is halfway between the power supplies, or (VDD 	 VSS) ⁄ 2  400 mV. The output of the 3-�s

network is applied to the output transistor M1, the divide-by-2 network, and the Cref charge/discharge

control circuit.

The self-start circuit ensures that the V/F converter operates properly when the power is first applied.

If the integrator output is below the threshold voltage (i.e., 0 V) of the threshold detector and Cref is already

charged, then a positive voltage step will not occur when the power is turned on. The integrator output will

continue to decrease until it crosses the �3.0-V threshold of the self-start comparator. When this happens,

an internal resistor of 20 k
 is connected to the op-amp integrator input, thereby forcing the output to

become positive. As soon as the op-amp output becomes positive, the self-start circuit is disabled, and the

9400 operates in its normal mode.

Pulse fout (�fo) output is an open-drain n-channel FET that provides a pulse waveform whose fre-

quency is proportional to the input voltage vI. Pulse fout ⁄ 2 (�fo ⁄ 2) output is an open-drain n-channel FET

that provides a square wave whose frequency is one-half that of the pulse waveform. This output will

change state on the rising edge of fo. Both fo and fo ⁄ 2 outputs require a pull-up resistor and interface

directly with MOS, CMOS, and TTL logic circuits.

The waveforms of the V/F converter are shown in Fig. 16.63. Three microseconds after the output Vd

of the detector switches to low, the output VG1 of the delay circuit switches from low to high. When VG1
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FIGURE 16.63 Waveforms of the 9400 V/F converter
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is low, transistor M1 is off and fout is high (i.e., 5 V). The divide-by-2 network is a negative-edge-triggered

flip-flop whose output VG2 is a complement (inversion) of VG1. Thus, transistor M2 will be on, and fout ⁄ 2
will be low. With VG1 low, the charge/discharge control is disabled and capacitor Cref remains discharged

(i.e., shorted out).

Microelectronic Circuits: Analysis and Design1150

Designing a V/F converter Using the 9400 as shown in Fig. 16.64, design a V/F converter so that fo � 5 kHz

at vI � 5 V. The input voltage vI can vary between 10 mV and 10 V. Assume VDD � �VSS � 5 V.

SOLUTION

The steps used to design the V/F converter are as follows:

Step 1. Choose VDD and VSS such that

4 V � VDD � 7.5 V and �7.5 V � VSS � �4 V

Choose VDD � 5 V and VSS � �5 V.

Step 2. Choose the capacitors such that C3 � C4 � 0.1 �F. These capacitors should be close to pins 4 and 14,

respectively. 

Step 3. Choose the reference voltage Vref � VSS � �5 V.

Step 4. Choose Rin � 1 M
.

Step 5. Choose Rbias � 100 k
.

EXAMPLE 16.18

D

14

13

12

11

10

9

8

1

2

3

4

5

6

7

C3

Ra

vI

RL RL

Vref

RC

Rbias

Cref

Cint

vO1
fo

vO2
fo/2

NC

9400 V/F

Rb

Rin

+5 V

−5 V

−5 V

VSS = −5 V VDD = +5 V

VDD = +5 V

 0.1 μF

C4
 0.01 μF

FIGURE 16.64 TelCom 9400 converter connected as a V/F converter
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16.12.2 F/V Converter

When used as an F/V converter, the 9400 generates an output voltage that is linearly proportional to the

input frequency fin. The internal block diagram of the 9400 F/V converter is shown in Fig. 16.65(a). The

input signal is differentiated by an RC network whose output is then applied to the (	) input of the thresh-

old detector (i.e., at pin 11). The threshold detector has about 200 mV of hysteresis. Each time the input

to the detector at pin 11 crosses zero in the negative direction, its output goes to low. Three microseconds

later, the charge/discharge circuit is enabled, instantaneously connecting the reference capacitor Cref,

which remains discharged, to the reference voltage Vref. This causes a precise amount of charge 

(q � CrefVref) to be dispensed into the op-amp’s summing junction. This charge in turn flows through

feedback resistor Rint and generates a voltage pulse at the output of the op-amp. Capacitor Cint across

Rint averages these pulses into a DC signal that is linearly proportional to the input frequency. The wave-

forms of the F/V converter are shown in Fig. 16.65(b). For charge q dispensed to capacitor Cint in time

period T, we get

q = iT =

VO

Rint
 T

Integrated Analog Circuits and Applications 1151

Step 6. Choose the pull-up resistance RL � 10 k
.

Step 7. Choose Cref such that Cref � 500 pF. From Eq. (16.100),

Cref should be located as close as possible to pins 3 and 5. Glass-film capacitors are recommended for high

accuracy.

Step 8. Choose Cint such that 4Cref � Cint � 10Cref. Assume

Cint � 5 � Cref � 5 � 200 pF � 1nF

Cint should be located as close as possible to pins 3 and 12.

Step 9. Determine the values of the offset resistors. Since Rc � Ra � Rb, assume Ra is a 50-k
 potentiometer,

Rb � 450 k
, and Rc � 10 k
.

Step 10. Determine the minimum frequency corresponding to the minimum input voltage vI � 10 mV. From

Eq. (16.100),

Step 11. Set the input voltage to the minimum value vI � 10 mV, and adjust potentiometer Ra to obtain the

corresponding minimum output frequency fo(min) � 10 Hz.

Step 12. Determine the maximum frequency corresponding to the maximum input voltage vI � 10 V. From

Eq. (16.100),

Step 13. Set the input voltage to the maximum value vI � 10 V, and adjust Rin, Vref, or Cref to obtain the

corresponding maximum output frequency fo(max) � 10 kHz.

fo(max) =

10 V
5 V * 1 MÆ * 200 pF

= 10 kHz

fo(min) =

10 mV

5 V * 1 MÆ * 200 pF
= 10 Hz

Cref =

vI

|Vref|Rin fo
=

5 V

5 V * 1 MÆ * 5 kHz
= 200 pF
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which, for q � CrefVref, relates average output voltage VO to input frequency fin as follows:

VO �⏐Vref⏐RintCref fin (16.101)

where fin � input frequency, in hertz

⏐Vref⏐ � reference voltage, in volts

Rint � internal integrating resistance, in ohms

Cref � reference capacitance, in farads
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FIGURE 16.65 Internal block diagram of 9400 F/V converter (Courtesy of TelCom Semiconductor, Inc.)
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The F/V converter will accept any input wave shape. However, the positive pulse width of the detec-

tor input (pin 11) must be at least 5 �s, and the negative pulse width must be greater than 0.5 �s. When

the input frequency is less than 1 kHz, the duty cycle should be greater than 20% to ensure that Cref is fully

charged and discharged.

The output voltage VO will have a certain amount of ripple, which is inversely proportional to Cint

and the input frequency fin. Therefore, for low frequencies, Cint can be increased in the range from 1 �F

to 100 �F to reduce the ripple. To eliminate the ripple on VO, an op-amp circuit in the common-mode

configuration may be connected at the output of the F/V converter. This arrangement is shown in Fig. 16.66.

Since the AC ripple content appears at both the (	) and the (�) terminals of the op-amp, the AC ripple will

be canceled, and the output will have only DC voltage.
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FIGURE 16.66 Ripple elimination in an F/V converter

Designing an F/V converter Using the 9400 as shown in Fig. 16.67, design an F/V converter so that

VO � 2.5 V at fin � 5 kHz. The input frequency fin can vary between 0 and 10 kHz. Assume VDD � 5 V,

�VSS � 0.

SOLUTION

The steps used to design the F/V converter are as follows.

Step 1. Choose VDD and VSS such that

4 V � VDD � 7.5 V

Choose VDD � 5 V.

Step 2. Choose the capacitors such that C4 � 0.1 �F. These capacitors should be close to pins 4 and 14,

respectively.

EXAMPLE 16.19

D
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Step 3. Choose the reference voltage Vref � 0 V.

Step 4. Choose Rint � 1 M
.

Step 5. Choose Rbias � 100 k
.

Step 6. Choose the pull-up resistance RL � 10 k
.

Step 7. Choose Cref . From Eq. (16.101),

Cref should be located as close as possible to pins 3 and 5. Glass-film capacitors are recommended for high

accuracy.

Step 8. Choose Cint. Let

Cint � 10 � Cref � 10 � 100 pF � 1 nF

Cint should be located as close as possible to pins 3 and 12. Since the amount of ripple on the output voltage is

inversely proportional to Cint and the input frequency, Cint can be increased to lower the ripple. Acceptable val-

ues of Cint for low frequencies are 1 �F to 100 �F.

Step 9. Determine the values of the offset resistors. Since Rc � Ra � Rb, assume Ra is a 50-k
 potentiome-

ter, Rb � 450 k
, and Rc � 10 k
.

Step 10. With no input signal applied ( fin � 0), adjust the potentiometer Ra to obtain the minimum output

voltage VO(min) � 0.

Step 11. Determine the maximum output voltage corresponding to the maximum input frequency fin � 10 kHz.

From Eq. (16.101),

VO(max) � 5 � 1 M
 � 100 pF � 10 kHz � 5 V

Step 12. Set the input frequency to the maximum value fin � 10 kHz, and adjust Cref so that VO is approxi-

mately 2.5 V.

Cref =

VO

|Vref|Rint fin
=

2.5 V

5 * 1 MÆ * 5 kHz
= 100 pF
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FIGURE 16.67 TelCom 9400 converter connected as an F/V converter
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16.13 Sample-and-Hold Circuits

Sample-and-hold (SAH) circuits are used as an interface between an analog signal and a digital circuit in

a wide variety of applications such as data acquisition, analog-to-digital (A/D) conversion, and synchro-

nous data demodulation. An SAH circuit is used to sample an analog signal at a particular instant of time

and hold the value of the sample as long as required. The sampling instants and hold duration are deter-

mined by a logic control signal. The hold duration depends on the type of application. For example, in A/D

conversion, samples must be held long enough for the conversion to be completed.

The principle of operation of a sample-and-hold circuit can be explained with Fig. 16.68(a), which

shows a circuit consisting of capacitor C, switch S1, and internal resistor Rs. The capacitor is used to hold

the sample. The switch provides a means of rapidly charging the capacitor to the sample voltage and then

removing the input so that the capacitor can retain the desired voltage. When the control signal vCN is high,

the switch is closed. If the time constant RsC is very small, the output voltage vO will be very close to the
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KEY POINTS OF SECTION 16.12

■ The TelCom 9400 converter can be used as either a voltage-to-frequency (V/F) converter or a frequency-

to-voltage (F/V) converter, and it can produce pulse and square-wave outputs with a frequency range of

1 Hz to 100 kHz.

■ In a V/F converter, the input voltage is converted to charge by an op-amp integrator and gives a linearly

decreasing output voltage. As soon as this voltage falls below a threshold level, a threshold detector

causes the output to step up by a certain amount so that the system is ready to repeat the cycle when

the output passes again through the zero axis.

■ In an F/V converter, a precise amount of charge dispensed into the op-amp’s summing junction gen-

erates a voltage pulse at the output of the op-amp. A capacitor is then used to average these pulses into

a DC signal that is linearly proportional to the input frequency.

Voltages

t
vCN

t

0

0

vO

vO

Rs

S1

C

Switch controlled
by vCN

(a)  Simple switch

vI

Switch open

Sample Sample Sample

Hold Hold

(b)  Waveforms

Switch
closed

vI, vO

vI

+
+

−
−

FIGURE 16.68 Principle of a sample-and-hold circuit
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input voltage vI and will be equal to it at the instant the control signal becomes low and the switch is

opened. The idealized waveforms for output voltage vO, input voltage vI, and control voltage vCN are

shown in Fig. 16.68(b).

In practice, the capacitor can neither charge instantly nor hold a constant voltage. Also, the switch

cannot open and close instantaneously. As a result, the practical output waveform will differ from the

ideal one. Among the important specifications given by the manufacturers of SAH circuits are aperture

time, acquisition time, settling time, and drop.

Aperture time tAP, shown in Fig. 16.69(a), is the maximum time required for the SAH circuit to open.

It is the delay between application of the control signal to open the switch and the instant when the switch

actually does open. This time depends on the type of switch, but typically ranges from 4 �s to 20 �s. The

tAP of FET switches is in the range of 50 ns to 100 ns. The aperture time should be much less than the sam-

pling period (i.e., the reciprocal of the sampling rate). Since the input signal is changing continuously, the

hold voltage will change slightly during the aperture time, causing an error in the hold voltage.

Once the switch is closed for sampling, it takes a finite amount of time for the output voltage to become

identical to the input signal because the input was changing during the holding interval. Acquisition time tAQ,

shown in Fig. 16.69(b), is the minimum time, after application of the sample signal, required for the output

voltage to reach the input voltage (with the necessary degree of accuracy).

Settling time ts is the delay between the opening of the switch and the instant when the output reaches

within a specified percentage of its final value (usually 0.99% of full-scale output). If the SAH circuit is

followed by an A/D converter, conversion should not begin until the signal has settled; otherwise, the wrong

signal will be converted.

Drop, or output decay rate, is the voltage drop across capacitor C during the hold time. It is inversely

proportional to the capacitance, since dvO ⁄dt � I ⁄ C, where I is the capacitor leakage current. This leakage

current can arise as a result of biasing current in an op-amp, leakage current through the switch, or internal

leakage in the capacitor.

The speed with which the output follows the input depends on the characteristics of the input signal

vI. vO will follow vI exponentially with time constant RsC. For vO to be within 0.01% of the output, its time

period should be approximately 9RsC. In addition, the signal source must be able to supply the charging

current required by capacitor C. Usually, the analog signal is buffered from the switch by a unity-gain

op-amp follower in order to ensure a low value of Rs.
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(b)  Acquisition time(a)  Aperture time
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vCN

Sample Sample Sample
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tAQ

dloHdloH

Expected
voltage

FIGURE 16.69 Aperture time and acquisition time
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16.13.1 SAH Op-Amp Circuits

An SAH circuit can be implemented using an op-amp and a switch, as shown in Fig. 16.70(a). When switch

S1 is closed, the circuit operates as an RC filter. For a step input voltage of VI, the output voltage vO(t) can

be found from

(16.102)

For vO to reach VI in the shortest time, the time constant RFC must be shorter than the sample interval

so that the output can track the input. When switch S1 is opened, the capacitor will hold its voltage of

�VI. To minimize the output voltage drop, the op-amp should have a low input biasing current (as does

an op-amp with a FET input stage, for example). Also, a high-quality capacitor with a low leakage cur-

rent should be used.

Switch S1 can be replaced by a transistor M1 (i.e., a p-type depletion MOSFET), as shown in Fig. 16.70(b).

If the control voltage vCN is low (say, 0 V), the FET M1 will be on (i.e., the switch will be closed), and the

capacitor will be in sample mode, charging to VI. If the control voltage vCN is high (say, 	5 V), the FET

will be off (i.e., the switch will be open), and the capacitor will be in hold mode.

Diode D1 clamps the voltage at node A to 0.7 V. When M1 is on, the diode effectively becomes con-

nected across the FET (i.e., between its drain and source). Since the voltage drop across the FET is low,

the voltage across the diode will also be small—much less than 0.7 V. Thus, the diode will have no effect

during the sampling time.

16.13.2 SAH Integrated Circuits

SAH integrated circuits such as the LF198 use BiFET technology to obtain ultrahigh DC accuracy (within

0.01%) with fast signal acquisition (4 �s) and a low drop (3 mV/s). The functional block diagram of the

LF198 is shown in Fig. 16.71(a), and its connection diagram is shown in Fig. 16.71(b). The manufacturers

give curves showing the variation in acquisition time tAQ with hold capacitance Ch. For example, tAQ � 4 �s

for hold capacitance Ch � 1000 pF, and tAQ � 20 �s for Ch � 0.01 �F.

vO(t) = -  

RF

R1
 VI(1 - e-t>RFC)
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FIGURE 16.70 Inverting SAH op-amp circuit
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16.14 Digital-to-Analog Converters

Digital systems are used in a wide variety of applications because of their efficiency, reliability, and eco-

nomical operation. Applications include process and industrial control, measurement and testing, graphics

and displays, data telemetry, voice and video communication, and arithmetic operations. Data processing,

which has become an integral part of various systems, involves the transfer of data to and from digital

devices such as microprocessors via input and output devices.

The output of digital systems is in binary form: 1s and 0s. After processing is accomplished using dig-

ital methods, the processed signal is converted back to analog form. The circuit that performs this conver-

sion is called a digital-to-analog (D/A) converter. A D/A system normally contains four separate parts: a

reference quantity; a set of binary switches to simulate binary coefficients B0, . . . , BN; a resistive network;

and an output summing means.
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(b)  Connection diagram(a)  Block diagram

Offset
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vCN
Logic

Logic
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Hold capacitor

Analog input
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Logic input
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7

8

3
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3
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8
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5

Ch vO
0
5 V

Output

30 kΩ

300 Ω

−

+

−

+

−

+

V+ V−

+

−

FIGURE 16.71 Sample-and-hold LF198 (Courtesy of National Semiconductor, Inc.)

KEY POINTS OF SECTION 16.13

■ An SAH circuit uses a capacitor to sample an analog signal at a particular instant of time and hold the

value of the sample as long as required. A switch is closed to charge the capacitor rapidly to the sample

voltage and then is opened to remove the input so that the capacitor can retain the desired voltage.

■ The specifications of an SAH circuit include acquisition time, aperture time, settling time, and drop,

or output decay rate.
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16.14.1 Weighted-Resistor D/A Converter

A simple D/A converter is shown in Fig. 16.72(a). This converter can convert a 4-bit parallel digital word

(B0B1B2B3) to an analog voltage that is proportional to the binary number corresponding to the digital

word. Four switches are used to simulate the binary inputs. (In practice, a 4-bit binary counter may be used

instead.) The logic voltages, which represent the individual bits B0, B1, B2, and B3, are used to operate

switches S0, S1, S2, and S3, respectively. When a B is a 1, the corresponding switch is connected to refer-

ence voltage Vref; when a B is a 0, the corresponding switch is grounded.

The inverting terminal of the op-amp is at virtual ground (i.e., Vd � 0), so the total current IS is given by

Since the current flowing into the op-amp is negligible, IS � IF. Thus, the analog output voltage is given by

(16.103)

Resistors are weighted so that successive resistor values are related by a factor of 2 and the value of each

individual resistor is inversely proportional to the numerical significance of the appropriate binary digit.

That is,

LSB (least significant bit) 0

MSB (most significant bit) 0 R3 =

R

23 =

R

8

R0 =

R

20 = R

R1 =

R

21 =

R

2

R2 =

R

22 =

R

4

VO = -RFIF = -RFVref aB3

R3
+

B2

R2
+

B1

R1
+

B0

R0
b

IS = Vref aB3

R3
+

B2

R2
+

B1

R1
+

B0

R0
b
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FIGURE 16.72 Weighted-resistor D/A converter
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Substituting these weighted resistor values into Eq. (16.103) gives the analog output voltage VO as

(16.104)

where Bi � 1 if switch Si is connected to Vref and Bi � 0 if switch Si is grounded. For an input of

B3B2B1B0 � 1111, VO � �15VrefRF ⁄ R; for B3B2B1B0 � 0110, VO � �6VrefRF ⁄ R; and for B3B2B1B0 �
0001, VO � �VrefRF ⁄ R. Thus, the output VO is directly proportional to the numerical value of the binary

number B3B2B1B0. Since there are 16 (i.e., 24) combinations of the binary inputs B3, B2, B1, and B0, the

analog output will have 16 possible corresponding values. For Vref � 5 V and R � 10RF, Eq. (16.104)

gives VO as

The plot is shown in Fig. 16.72(b). The major disadvantage of this D/A converter is the wide variety of

resistor values required to weight the network. If the resistor values change in response to temperature

changes, it will be difficult to obtain identical tracking characteristics. As a result, the accuracy and the

stability of the D/A will be degraded.

16.14.2 R-2R Ladder Network D/A Converter

The R-2R D/A ladder converter, shown in Fig. 16.73(a), has only two resistor values R and 2R, rather than

a wide range of resistor values. The plot of the output (which is known as a “resistance ladder”) is shown

in Fig. 16.73(b). Figure 16.73(c) exhibits the property that the equivalent resistance, looking into any of

the terminals X, Y, S3, S2, S1, or S0 with the remainder of the terminals grounded, is 3R.

Consider the circuit with LSB � 1 only; that is, switch S0 is closed. The equivalent circuit for

LSB � 1 only is shown in Fig. 16.74(a). Successive Thevenin’s conversions lead, through the circuits

shown in Fig. 16.74[(b) and (c)], to the final circuit shown in Fig. 16.74(d), which gives the output due

to LSB � 1 as

Now consider the circuit with MSB � 1 only; that is, switch S3 is closed. The equivalent circuit for

MSB � 1 only is shown in Fig. 16.74(e), which can be simplified by applying the series and parallel

rule for Rs. The simplified circuit shown gives the output due to MSB � 1 as

Thus, the output voltage is scaled up by the numerical value of the binary digit. Applying the superposi-

tion theorem, we can find the output voltage when all switches are on (i.e., switch Si is connected) as

(16.105)

which can be simplified to

(16.106)VO = -  

VrefRF

48R
 (23B3 + 22B2 + 21B1 + 20B0)

VO = -  

VrefRF

3R
 aB3

21 +

B2

22 +

B1

23 +

B0

24 b

VO = -  

VrefRF

3R
 aB3

21 b   (for MSB = 1 only)

VO = -  

VrefRF

3R
 aB0

24 b   (for LSB = 1 only)

VO = -0.5 * (23B3 + 22B2 + 21B1 + 20B0)

VO = -  

VrefRF

R
 (23B3 + 22B2 + 21B1 + 20B0)
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where Bi � 1 if switch Si is connected to Vref and Bi � 0 if switch Si is grounded. For an input of

B3B2B1B0 � 1111, VO � �15VrefRF ⁄48R; for B3B2B1B0 � 0110, VO � �6VrefRF ⁄48R; and for

B3B2B1B0 � 0001, VO � �VrefRF ⁄48R. For Vref � 5 V and 6R � RF, Eq. (16.106) gives VO as

whose plot is shown in Fig. 16.73(b) for VO(max) � 10 V.

VO = - a 5

48
b * (23B3 + 22B2 + 21B1 + 20B0)
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16.14.3 Integrated Circuit D/A Converters

Switches in IC D/A converters are made either of BJTs or of MOSFETs. They are generally one of two

types: voltage driven or current driven. Voltage-driven converters, which use BJTs or MOSFETs as on or

off switches, are generally used for relatively low-speed low-resolution applications. In a current-driven

converter, switching is accomplished using emitter-coupled logic (ECL) current switches, which do not

saturate but are driven from the active region to cutoff. This type of converter is capable of much faster op-

eration than the voltage-driven type. IC D/A converters of 8, 10, 12, 14, and 16 bits are commercially

available with either a current output, a voltage output, or both a current and a voltage output.
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The MC1408 is an example of a D/A converter with current output. It is a low-cost, high-speed con-

verter designed for use in applications where the output current is a linear product of an 8-bit digital word

and an analog reference voltage. Its internal block diagram, shown in Fig. 16.75(a), consists of four parts:

current switches, an R-2R ladder, a biasing current network, and a reference current amplifier. The con-

nection diagram is shown in Fig. 16.75(b). The output current is converted to a voltage by an instantaneous

current-to-voltage (I/V) op-amp converter.

The NE/SE-5018 is an example of a D/A converter with voltage output. It gives an output voltage that

is a linear product of an 8-bit digital word and an analog reference voltage. Its internal block diagram is

shown in Fig. 16.76(a). A typical configuration of the 5018 is shown in Fig. 16.76(b).

The manufacturer’s specifications for a D/A converter normally include the following parameters.

Resolution is determined by the number of input bits of the D/A converter. An 8-bit converter has 28

possible output levels, so its resolution is 1 ⁄ 28 � 1 ⁄ 256 � 0.39%. For a 4-bit converter, the resolution is

1 ⁄ 24 � 1 ⁄ 16 � 6.25%. Thus, resolution is the value of the LSB. Accuracy is defined in terms of the max-

imum deviation of the D/A output from an ideal straight line drawn from zero to full-scale output. Non-
linearity, or linearity error, is the difference between the actual output of the D/A converter and its ideal

straight-line output. The error is normally expressed as a percentage of the full-scale range. Gain error is

any error in gain, usually caused by deviations in the feedback resistor on the I/V converter. Offset error is

any error caused by the fact that the output of the D/A converter is not zero when the binary inputs are all

zero. This error stems from input offsets (in voltages and currents) of the op-amp as well as the D/A con-

verter. Settling time is the time required for the output of the D/A converter to reach within 1 ⁄ 2 LSB of

the final value for a given digital input—that is, go from zero to full-scale output. Stability is a measure of

the independence of the converter parameters from variations in external conditions such as temperature and

supply voltage.
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16.15 Analog-to-Digital Converters

A large number of physical devices generate output signals that are analog or continuous variables; exam-

ples include temperature and pressure gauges and flow transducers. For digital processing, the input signal

must be converted into a binary form of 1s and 0s. The circuit that performs this conversion is called an

analog-to-digital (A/D) converter. There are many types of A/D converters, depending on the type of con-

version technique used, such as counting, tracking (up-down), successive approximation, single-ramp in-

tegrating, or dual-ramp integrating. The successive-approximation technique is the one most commonly

used, mainly because it offers excellent trade-offs in resolution, speed, accuracy, and cost.

16.15.1 Successive-Approximation A/D Converter

A successive-approximation A/D converter operates by successively dividing in half the voltage range of the

converter. The simplified block diagram of a 4-bit A/D converter is shown in Fig. 16.77(a). The converter

consists of five parts: an analog comparator, a 4-bit register that has independent set and reset capability for

each stage, a 4-bit D/A converter, a ring counter, and a logic control. The ring counter provides a timing (or

clock) signal to control the operation of the converter. The logic control synchronizes the operation of the

converter with the clock. The combination of the logic control, 4-bit register, and ring counter is often known

as the successive-approximation register (SAR).

The comparator converts analog voltages to digital signals. It has two inputs, Va and Vb, and gives a

binary voltage. If Va � Vb, the output is high (logic 1); if Va � Vb, the output is low (logic 0). Thus, the

comparator output Vcom is

An SAH circuit is commonly used to hold the input voltage constant during the conversion process.

There is no need for an SAH circuit if the input signal varies slowly enough and has a low enough noise

level that the input will not change during the conversion.

The algorithm for the operation of a successive-approximation A/D converter can be best described by

an example. The steps in converting an analog voltage of, say, 10 V are as follows:

Step 1. The first pulse from the ring counter sets the D/A converter, 4-bit register, and ring counter so

that MSB � 1 and all others are 0; that is, B3 � 1, and B2 � B1 � B0� 0. Thus, for B3B2B1B0 � 1000,

the output Vb of the D/A is 8 V, which is compared by the comparator. If Va � 8 V, the MSB in the reg-

ister (B3) is maintained at 1; otherwise, it is set to 0. At the end of step 1, B3 � 1 for Va � 10 V.

Vcom = sgn (Va - Vb) = e1          for Va 7 Vb

0          for Va 6 Vb

Integrated Analog Circuits and Applications 1165

KEY POINTS OF SECTION 16.14

■ A D/A converter can convert a digital word to an analog voltage that is proportional to the binary num-

ber corresponding to the digital word.

■ The specifications for a D/A converter include resolution, accuracy, nonlinearity (or linearity error),

gain error, offset error, settling time, and stability. The resolution of an N-bit converter is 1 ⁄ 2N.
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FIGURE 16.77 Successive-approximation A/D converter
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Step 2. The second pulse from the ring counter sets B2 � 1. B1 and B0 remain at 0, and B3 remains

at either 1 or 0, depending on the condition in step 1; that is, B3 � B2 � 1, and B1 � B0 � 0. Thus,

for B3B2B1B0 � 1100, the output Vb of the D/A is 12 V, which is compared by the comparator. If

Va � 12 V, the B2 in the register is maintained at 1; otherwise, it is set to 0. At the end of step 2,

B2 � 0 for Va � 10 V.

Step 3. The third pulse from the ring counter sets B1 � 1. B0 remains at 0. B2 and B3 remain as they

were at the end of step 2. That is, B3 � 1, B2 � 0, B1 � 1, and B0 � 0. Thus, for B3B2B1B0 � 1010,

the output Vb of the D/A is 10 V, which is compared by the comparator. If Va � 10 V, the B1 in the

register is maintained at 1; otherwise, it is set to 0. At the end of step 3, B1 � 1 for Va � 10 V.

Step 4. The fourth pulse from the ring counter sets B0 � 1. B3, B2, and B1 remain as they were at

the end of step 3. That is, B3 � 1, B2 � 0, B1 � 1, and B0 � 1. Thus, for B3B2B1B0 � 1011, the out-

put Vb of the D/A is 11 V, which is compared by the comparator. If Va � 11 V, the B0 in the register

is maintained at 1; otherwise, it is set to 0. That is, B0 � 0 for Va � 10 V.

At the end of the fourth step, the desired number, which is in the counter, will give Read output. The

results of the conversion steps are shown in Table 16.2. For an N-bit A/D converter, the conversion process

will take N clock periods. That is, for an 8-bit A/D converter and a 10-MHz clock, the conversion will

take 8 ⁄ (10 � 106) � 8 � 10�7 � 800 ns.

The successive-approximation technique can be extended to the higher-bit converter shown in

Fig. 16.77(b), in which the SAR also performs the functions of logic control and ring counter. The con-

version complete (CC) signal enables the latch. Digital data appear at the output of the latch and are also

available serially as the SAR determines each bit. The cycle of the conversion process is normally repeated

continuously, and the CC signal is connected to the Start-Conversion input.

16.15.2 Integrated Circuit A/D Converters

There are many types of IC A/D converters, such as the integrating A/D converter, the integrating A/D con-

verter with three-stage outputs, and the tracking A/D converter with latched output. Also, the output can

be in straight binary, binary-coded decimal (BCD), complementary binary (1s or 2s), or sign-magnitude

binary form.

The NE5034 is an example of an IC A/D converter. Its internal block diagram is shown in Fig. 16.78(a).

It is a high-speed microprocessor-compatible 8-bit A/D converter that uses the successive-approximation

technique. It includes a comparator, a reference D/A converter, an SAR, an internal clock, and three-stage

buffers all on the same chip. The connection diagram for the NE5034 is shown in Fig. 16.78(b). Upon receipt

of the Start pulse, successive bits are applied to the input of the internal 8-bit current D/A converter by the

Integrated Analog Circuits and Applications 1167

TABLE 16.2 Successive-approximation process for Va � 10 V

Step Vb B3 B2 B1 B0 Comparisons Answer

1 8 V 1 0 0 0 Is Va � 8 V? Yes

2 12 V 1 1 0 0 Is Va � 12 V? No

3 10 V 1 0 1 0 Is Va � 10 V? Yes

4 11 V 1 0 1 1 Is Va � 11 V? No

10 V 1 0 1 0 Read output
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I2L SAR, beginning with the MSB (DB7). During the successive approximations, the sequence Data-Ready

(DR) remains at 1. When the Output-Enable (OE) input is at logic 1, the data outputs assume a high-

impedance status. When OE is at logic 0, the data are placed on the outputs. External capacitor CL sets the

internal clock frequency, as shown in Fig. 16.78(c). For CL � 100 pF, for example, fclock � 120 kHz.

The manufacturer’s specifications for an A/D converter normally include the following parameters: 

Input signal is the maximum allowable analog input voltage range and may be unipolar or bipolar. 

Microelectronic Circuits: Analysis and Design1168
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Conversion speed is the speed at which the A/D converter can make repetitive data conversions. The con-

version time for successive-approximation converters ranges from 1 �s to 100 �s, whereas for an ultrafast

parallel converter the time is in the range of 10 ns to 60 ns. Quantizing error is the error inherent in the con-

version process because of the finite resolution of the discrete output. It is usually 1 ⁄ 2 LSB. For a 10-bit

converter with an analog input range of 0 to 10 V, the quantizing error will be 1 ⁄ 210 � 10 V � 10 mV.

Accuracy is the deviation of the actual bit transition value from the ideal transition value at any level over

the range of the A/D converter. Accuracy includes errors from both the analog and the digital parts. With a

digital error of 10 mV and a quantizing error of 10 mV, the overall error becomes 20 mV. With this amount

of error, the converter will operate as a 9-bit A/D converter because a 9-bit converter has a quantizing error

of 1 ⁄ 29 � 10 V � 20 mV.

Integrated Analog Circuits and Applications 1169

KEY POINTS OF SECTION 16.15

■ An A/D converter can convert an analog signal to a digital word that is proportional to the analog

signal. Although there are many conversion techniques, the successive-approximation technique is

the one most commonly used, mainly because of its excellent trade-offs in resolution, speed, accu-

racy, and cost.

■ The specifications for an A/D converter include input signal range, conversion speed, quantizing

error, and accuracy.

16.16 Circuit Design Using Analog 
Integrated Circuits

There are many analog ICs for general- and special-purpose applications. They include operational ampli-

fiers, voltage comparators, instrument amplifiers, timers, buffers, interfacing circuits, voltage/frequency

converters, data conversion circuits, power conversion and control circuits, and voltage regulators. The cir-

cuit design for an application using an IC is very simple and requires the selection of external components

only. The steps involved are as follows:

Step 1. Identify the function(s) to be performed and the specifications, including available power

supplies, range of input and output signals, and operating frequency range.

Step 2. Find a suitable IC that can perform the desired function(s) and look for application exam-

ples and/or guidelines for that IC. Usually the manufacturer provides application examples and

guidelines.

Step 3. Determine the values of external components (usually capacitors and resistors). Generally,

the manufacturer provides selection charts or curves. Unless otherwise specified, use standard values

of components, with tolerances of, say, 5%.

Step 4. Simulate the circuit with a simulator such as PSpice/SPICE or Electronics Workbench, if the

IC is supported by the simulator.

Step 5. Build and test the circuit, if possible.
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Summary

Op-amp circuits with diodes can generate nonlinear functions for applications such as peak signal detectors,

precision rectifiers, and comparator circuits. Op-amp circuits with diodes can reduce the effects of diode

drop for low-voltage signals and are used for precision signal processing. The diode is placed in the feedback

path of the op-amp and behaves as a superdiode with a negligible voltage drop on the order of microvolts.

Various waveforms are often required in electronic and control circuits. There are many integrated

circuits that can be used to generate these waveforms. The design of wave generators is very simple and

requires the selection of the external circuit components only. ICs such as op-amps, comparators, the

NE/SE-566 VCO, the 555 timer, the NE/SE-565 PLL, and the 9400 series converters can be used to gen-

erate various waveforms.
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Review Questions

1. What is a voltage limiter?

2. What is a soft limiter?

3. What is a clamper?

4. What is a comparator?

5. What is a limiting comparator?

6. What are the advantages of precision rectifiers?

7. What is a superdiode?

8. What are the differences between a comparator and an op-amp?

9. What is the principle of operation of a zero-crossing detector?

10. What is a Schmitt trigger?

11. What circuit parameters determine the upper and lower threshold voltages of a Schmitt trigger?

12. What are the effects of hysteresis on output voltage?
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13. What is the principle of operation of a square-wave generator?

14. Why is a square-wave generator called an astable multivibrator?

15. What is saturation of an op-amp?

16. What is the purpose of series resistors in the input terminals of an op-amp in a square-wave generator?

17. What circuit parameters determine the frequency of a square wave?

18. What is the principle of operation of a triangular-wave generator?

19. What circuit parameters determine the frequency of a triangular wave?

20. What is the principle of operation of a sawtooth-wave generator?

21. What circuit parameters determine the frequency of a sawtooth wave?

22. What is the duty cycle of a sawtooth wave?

23. What is a voltage-controlled oscillator (VCO)?

24. What is the principle of operation of a VCO?

25. What circuit parameters determine the output frequency of a VCO?

26. What is the 555 timer?

27. What is a monostable multivibrator?

28. What advantages does the 555 timer connected as an astable multivibrator have over an op-amp astable

multivibrator?

29. What circuit parameters determine the output frequency of the 555 timer connected as ramp generator?

30. What is a phase-lock loop (PLL)? 

31. What are the main components of a PLL?

32. What is the principle of operation of a PLL?

33. What is the free-running mode of a PLL?

34. What is the capture mode of a PLL?

35. What is the phase-lock mode of a PLL?

36. What is the capture range of a PLL?

37. What is the lock range of a PLL?

38. What are the relationships among the free-running frequency, capture frequency, and lock frequency

of a PLL?

39. What are some applications of the TelCom 9400 series converter?

40. What is a sample-and-hold circuit?

41. What are the main parts of a sample-and-hold circuit?

42. What is a digital-to-analog (D/A) converter?

43. What are the main parts of a D/A converter?

44. What is an analog-to-digital (A/D) converter?

45. What are the main parts of an A/D converter?

Problems

The symbol indicates that a problem is a design problem. The symbol indicates that you can check the solution

to a problem using PSpice/SPICE or Electronics Workbench.

PD
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16.2 Circuits with Op-Amps and Diodes

16.1 a. The precision full-wave rectifier in Fig. 16.6(a) has R1 � R2 � RF � R � 10 k
, R3 � 40 k
, and

R4 � 40 k
. The input voltage is vS � 2 sin (377�t). Plot the transfer characteristic and draw the wave-

form of the output voltage vO.

b. Use PSpice/SPICE to plot the transfer characteristic and the output voltage.

16.2 a. Design a precision full-wave rectifier as shown in Fig. 16.6(a) to provide a voltage gain of Af � vO ⁄ vS � 50.

The input voltage is vS � 0.01 sin (200�t).

b. Use PSpice/SPICE to check your design by plotting the output voltage.

16.3 a. Design a negative voltage limiter using the circuit in Fig. 16.10(a) by determining the values of R1, R2,

R3, and RF. The supply DC voltage is VA � 15 V. The circuit should limit the negative output voltage to

VO(min) � �8 V. The voltage gain without limiting is Af � �5. The diode is fully turned on at a forward

current of iD � 0.1 mA, and its corresponding forward voltage drop is VD � 0.7 V. The slope after the

break point is to be limited to S1 � �1 ⁄ 30.

b. Use PSpice/SPICE to plot the transfer characteristic for part (a).

16.4 The adjustable limiter in Fig. 16.11(a) has R1 � 12 k
, RF � 70 k
, R2 � 8 k
, R3 � 1 k
, R4 �
6 k
, R5 � 1 k
, VA � 15 V, �VB � �15 V, and VD � 0.7 V. Determine (a) the positive clamping voltage

VO(max) and the corresponding input voltage VS(min), (b) the negative clamping voltage VO(min) and the cor-

responding input voltage VS(max), and (c) the output voltage when the input voltage is vS � 5 V.

16.5 a. Design an adjustable voltage limiter as shown in Fig. 16.11(a) to satisfy the following specifications:

VO(min) � �5 V, VO(max) � 5 V, voltage gain Af � �10. The slope is S1 � �1 ⁄ 20 after break for vS � 0,

and the slope is S2 � �1 ⁄ 20 after break for vS � 0. The DC supply voltages are VA � 12 V and

�VB � �12 V. The on-state diode current is iD � 0.2 mA, and the corresponding on-state diode

voltage is VD � 0.7 V.

b. Use PSpice/SPICE to plot the transfer characteristic. Assume VCC � 12 V and �VEE � �12 V. Use the

PSpice/SPICE op-amp macromodel.

16.6 Design an output voltage–clamping circuit as shown in Fig. 16.14(a) so that the slope of the transfer char-

acteristic is S � vO ⁄ vS � 20, VO(max) � 6.7 V, and VO(min) � �8.7 V. Determine the zener voltages VZ1

and VZ2. Assume VD � 0.7 V.

16.7 a. Design a hard limiter as shown in Fig. 16.15(a) by determining the values of R1, R2, R3, R4, and R5. The

circuit should limit the negative output voltage to VO(min) � �6 V and the positive voltage to VO(max) �
6 V. The magnitude of the slopes after the break points should be less than or equal to 1 ⁄ 25. The diode

drop is VD � 0.7 V at ID � 0.1 mA. The DC supplies are given by VA � �VB � 15 V.

b. Use PSpice/SPICE to plot the transfer characteristic. Assume VCC � 15 V, �VEE � �15 V, and vS � �5 V

to 5 V. Use the PSpice/SPICE op-amp macromodel.

16.8 a. Design a hard limiter as shown in Fig. 16.15(a) by determining the values of R1, R2, R3, R4, and R5. The

circuit should limit the negative output voltage to VO(min) � �5 V and the positive voltage to VO(max) � 5 V.

The magnitude of the slopes after the break points should be less than or equal to 1⁄ 50. The diode drop

is vD � 0.7 V at iD � 0.1 mA. The DC supplies are given by VA � �VB � 15 V.

b. Use PSpice/SPICE to plot the transfer characteristic. Assume VCC � 15 V, �VEE � �15 V, and vS � �5 V

to 5 V. Use the PSpice/SPICE op-amp macromodel.

16.9 a. Design a hard limiter as shown in Fig. 16.15(a) by determining the values of R1, R2, R3, R4, and R5. The

circuit should limit the negative output voltage to VO(min) � �7 V and the positive voltage to VO(max) �
9 V. The magnitude of the slopes after the break points should be less than or equal to 1⁄ 50. The diode

drop is vD � 0.7 V at iD � 0.1 mA. The DC supplies are given by VA � �VB � 15 V.

b. Use PSpice/SPICE to plot the transfer characteristic. Assume VCC � 15 V, �VEE � �15 V, and vS � �5 V

to 5 V. Use the PSpice/SPICE op-amp macromodel.
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16.3 & 16.5 Comparators and Schmitt Triggers

For Probs. 16.10 through 16.14, use comparator LM111 and vS � 10 sin (2000�t) to plot the hysteresis

characteristic using PSpice/SPICE.

16.10 Design a Schmitt trigger as in Fig. 16.25(a) so that Vth � ⏐	Vth⏐ � ⏐�Vth⏐ � 5 V. Assume Vsat �⏐�Vsat⏐ �
12 V.

16.11 The parameters of the Schmitt trigger in Fig. 16.25(a) are R1 � 100 
 and RF � 47 k
. Calculate the

threshold voltages 	Vth and �Vth. Assume Vsat � ⏐�Vsat⏐ � 12 V.

16.12 Design an inverting Schmitt trigger with the reference voltage of Fig. 16.25(a) so that VHt � �8 V and VLt �
�4 V. Assume Vsat � ⏐�Vsat⏐ � 12 V.

16.13 Design a noninverting Schmitt trigger as in Fig. 16.28(a) so that Vth � ⏐	Vth⏐ �⏐�Vth⏐ � 5 V. Assume

Vsat � ⏐�Vsat⏐ � 12 V.

16.14 Design a noninverting Schmitt trigger with the reference voltage of Fig. 16.29(a) so that VHt � 8 V and

VLt � 4 V. Assume Vsat � ⏐�Vsat⏐ � 12 V.

16.6–16.8 Square-, Triangular-, and Sawtooth-Wave Generators

For Probs. 16.15 through 16.19, use op-amp LF411 to plot the output using PSpice/SPICE.

16.15 Design the square-wave generator shown in Fig. 16.34(a) so that fo � 2 kHz. Assume Vsat � ⏐�Vsat⏐ � 10 V.

16.16 The parameters of the square-wave generator of Fig. 16.34(a) are R1 � 10 k
, RF � 15 k
, R � 10 k
,

and C � 0.047 �F. Calculate the output frequency fo.

16.17 Design the triangular-wave generator shown in Fig. 16.37(a) so that fo � 2 kHz and Vth � 5 V. Assume Vsat �
⏐�Vsat⏐ � 12 V.

16.18 The parameters of the triangular-wave generator of Fig. 16.37(a) are R1 � 10 k
, RF � 40 k
, R � 10 k
,

and C � 0.047 �F. Calculate the output frequency fo.

16.19 Design the sawtooth-wave generator shown in Fig. 16.40(a) so that fo � 5 kHz, Vth � 5 V, and the circuit

has a duty cycle of k � t1 ⁄ T � 0.4. Assume Vsat � ⏐�Vsat⏐ � 12 V.

16.9 Voltage-Controlled Oscillators

16.20 a. Design a VCO as shown in Fig. 16.43(c) that has a nominal frequency of fo � 10 kHz. Assume VCC � 15 V.

b. Calculate the modulation in the output frequencies if vCN is varied by 10%.

16.21 The parameters of the VCO in Fig. 16.43(c) are RA � 2.5 k
, R1 � RB � 10 k
, and C � 0.01 �F.

a. Calculate the nominal frequency of the output waveform fo.

b. Calculate the modulation in the output frequencies if vCN is varied by 10%. Assume VCC � 12 V.

16.10 The 555 Timer

For Probs. 16.22 through 16.29, use the 555 timer to plot the output by PSpice/SPICE.
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16.22 Design a monostable multivibrator as in Fig. 16.45(a) so that tp � 2 ms. Assume VCC � 15 V.

16.23 Design an astable multivibrator as in Fig. 16.49(a) so that k � 80% and fo � 5 kHz. Assume VCC � 15 V.

16.24 The parameters of the astable multivibrator in Fig. 16.49(a) are RA � 2.2 k
, RB � 3.9 k
, and C � 0.1 �F. 

Determine (a) the charging time tc, (b) the discharging time td, and (c) the free-running frequency fo.

16.25 Design a square-wave generator as in Fig. 16.52 so that k � 50% and fo � 5 kHz. Assume VCC � 15 V.

16.26 The parameters of the square-wave generator in Fig. 16.52 are RA � 2.7 k
, RB � 4.7 k
, and 

C � 1 �F. Determine (a) the charging time tc, (b) the discharging time td, and (c) the free-running frequency fo.

16.27 Design a ramp generator as in Fig. 16.53(a) so that k � 50% and fo � 5 kHz. Assume VCC � 15 V, VBE � 0.7 V,

and a transistor of �F � 100.

16.28 The parameters of the ramp generator in Fig. 16.53(a) are R � 10 k
, VCC � 15 V, VBE � 0.7 V, and a tran-

sistor of �F � 100. Determine the free-running frequency fo.

16.29 Design the FSK modulator shown in Fig. 16.54(a) to produce frequencies of 1270 Hz and 1570 Hz corre-

sponding to 1 (mark) and 0 (space), respectively.

16.11 Phase-Lock Loops

16.30 Design a PLL as shown in Fig. 16.58(c) so that fo � 5 kHz and fc � 50 Hz. Assume VCC � �VEE � 15 V.

16.31 The parameters of the PLL in Fig. 16.58(c) are R1 � 12 k
, C1 � 0.01 �F, C2 � 10 �F, and VCC � �VEE �
15 V. Determine (a) the free-running frequency fo, (b) the lock frequency fL, and (c) the capture range fc.

16.12 Voltage-to-Frequency and Frequency-to-Voltage Converters

16.32 Design a V/F converter as shown in Fig. 16.64 so that fo � 2.5 kHz at vI � 5 V. The input voltage vI can

vary between 10 mV and 10 V. Assume VDD � �VSS � 5 V.

16.33 Design an F/V converter as shown in Fig. 16.67 so that VO � 2.5 V at fin � 10 kHz. The input frequency fin
can vary between 0 and 20 kHz. Assume VDD � �VSS � 5 V.

16.13 Sample-and-Hold Circuits

16.34 Design the SAH circuit shown in Fig. 16.71(a) so that the drop is within 0.5%. The leakage current in the

hold mode is 1 nA, and the hold voltage is Vh � 5 V. The internal hold time is th � 100 �s. Find the hold-

ing capacitance Ch.

16.35 Design the SAH circuit shown in Fig. 16.71(a) so that the output tracks the input within 0.5%. The internal

hold time is th � 100 ns. The input biasing current of the op-amp is IB � 10 nA. Assume RF � R1 � 20 k

and vI � 5 V.

16.36 Design the SAH circuit shown in Fig. 16.71(a) so that the drop is within 0.5%. The internal hold time is

th � 0.1 ms, and the hold voltage is Vh � 5 V. The input biasing current of the op-amp is IB � 200 nA.

Assume RF � R1 � 20 k
.
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16.14 Digital-to-Analog Converters

16.37 A 10-bit D/A converter of type 2R ladder, as shown in Fig. 16.73(a), has an input of 00 1001 1001, and the

reference voltage is 5 V. Find the analog output voltage VO.

16.38 A D/A converter is to have a full-scale output of 5 V and a resolution of less than 20 mV. What is the bit size?

16.39 The 8-bit D/A converter shown in Fig. 16.73(a) is to have a full-scale output of 10 V with a reference voltage

of 5 V. Find the values of RF and R.

16.15 Analog-to-Digital Converters

16.40 An 8-bit A/D converter has a reference voltage of 10 V. Find (a) the analog input corresponding to the

binary outputs 1010 1010 and 0101 0101, (b) the binary output if Va � 3 V, and (c) the resolution of the

converter.

16.41 Construct a table similar to Table 16.2 for a 4-bit A/D converter if Va � 5 V with a reference voltage of 16 V.

16.42 Construct a table similar to Table 16.2 for an 8-bit A/D converter if Va � 4 V with a reference voltage of 10 V.
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A.1 Introduction

This appendix provides an introduction to the electronic circuit simulation software OrCAD [1, 2]. The

objectives of this appendix are the following:

• Becoming familiar with the electronic circuit simulation software OrCAD Capture

• Learning how to draw electrical circuits by OrCAD Capture

After installation instructions presented in Sec. A.2, Sec. A.3 provides an overview of the software

package. Then Secs. A.4 to A.8 cover the basic steps in the circuit analysis process:

• Drawing the circuit

• Selecting the type of analysis

• Simulating the circuit

• Displaying the results of the simulation

The remaining sections, Secs. A.9 to A.13, deal with specific operations:

• Copying and capturing schematics

• Varying parameters

• Performing frequency response analysis

• Modeling devices and elements

• Creating netlists

• Adding library files

A.2 Installing the Software

The instructions for installing the OrCAD software are printed on the OrCAD installation disk or the

CD-ROM. The software can be downloaded from the Cadence website at http://www.cadence.com/

products/orcad/Pages/downloads.aspx

The following steps, which pertain to OrCAD Version 9.2, are applicable to other versions as well: 

1. Place the schematics CD-ROM in the CD drive. 

2. From Windows, enter the File Manager and click the left mouse button on the CD drive. 

3. Click on setup.exe, File, Run, and OK.

4. Click on OK to select the products to install Capture and PSpice, as shown in Fig. A.1(a). 

5. Click on OK to select the default C:OrcadLite.

6. Click on Yes to choose Program Folder: Orcad Family Release 9.2 Lite Edition, as shown in

Fig. A.1(b).

7. Create the OrCAD Capture Lite and PSpice A/D icons from the Start menu; then go to Programs,

Orcad Family, and Capture Lite menu. These icons are shown in Fig. A.2.

8. Click the left mouse button on the Capture Lite icon once, and the window of Capture Lite will open. 

� NOTE Although there are later versions of OrCAD, the 9.2 version has proven to be bug free and works well.
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(a)  Selecting products

(b)  Selecting the program folder

FIGURE A.1 Installation setup for OrCAD Capture
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A.3 Overview

The OrCAD Capture software package has three major interactive programs: Capture, PSpice A/D, and

Probe. Capture is a powerful program that lets us build circuits by drawing them within a window on the

monitor. PSpice A/D lets us analyze the circuit created by Capture and generate voltage and current solu-

tions. Probe is a graphic postprocessor and lets us display plots of voltages, currents, impedance, and power.

The general layout of Capture is shown in Fig. A.3. The top menu shows 10 main choices. The right-

side menu shows the schematic “drawing” menu for selecting and placing parts. File, Edit, View, Place,

and PSpice are most frequently used. For any help, click on the Help menu. 
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(a)  OrCAD Capture Lite (b)  PSpice A/D

FIGURE A.2 Icons for OrCAD Capture Lite 

and PSpice A/D

FIGURE A.3 General layout of OrCAD Capture 
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The mouse follows an object–action sequence. First select an object and then perform an action, as

in the following:

1. Click the mouse on a menu title so that it stays open. Then click on the command that you want. 

2. A single click on the left mouse button selects an item.

3. A double click on the left mouse button performs an action such as to end a mode or edit a 

selection.

4. To drag a selected item, click the left button, hold it down, and move the mouse. Release the left

button when placed. 

5. To end a mode or edit a selection, click the right mouse button once.

6. To repeat an action, double click the right button.

These mouse operations are summarized in Table A.1.

A.4 The Circuit Analysis Process

As an example, let us draw and analyze the pulse response of an RLC circuit as shown in Fig. A.4. The steps

to draw and analyze a circuit are as follows:

1. Draw the circuit under Capture.

2. Select the mode of analysis under PSpice. 

3. Simulate the circuit under PSpice A/D.

4. Display the results under Probe.
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TABLE A.1 PSpice mouse operations

Button Action Function

Left Single click Select an item

Double click End a mode

Double click on selected object Edit a selection

Single click on selected object and hold Drag a selection

Shift � single click Extend a selection

Right Single click Abort the mode

Double click Repeat an action

2 50 µH

+
−

10 µFVS

R L
VO

C

FIGURE A.4 An RLC circuit
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A.5 Drawing the Circuit

The steps in drawing a circuit are as follows:

Step 1. Begin a new project.

Step 2. Get components from the Get New Part menu and place them on the drawing board.

Step 3. Rotate components as desired.

Step 4. Wire the components together.

Step 5. Label the components and add text as desired.

Step 6. Set attributes of the components.

Step 7. View the schematic.

Step 8. Save the circuit.

A.5.1 Beginning a New Project 

Let us begin a new project to draw and analyze; call it Example B-3. Open the File menu, choose New,

and then select Project as shown in Fig. A.5. 

The New Project menu opens as shown in Fig. A.6. Give the file name of the new project (e.g., Ex-

ample B-3), select Analog or Mixed A/D, and give the location of this new file (e.g., C:\Rashid\PT3).

Next select Create a blank project, as shown in Fig. A.7. 
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FIGURE A.5 File menu for a new project
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A.5.2 Getting and Placing Components

Let us start by placing a pulse source, a resistor, an inductor, a capacitor, and a ground on the drawing

board. From the capture editor, you can place parts from the component libraries onto your schematic. 

1. Use the Part command in the Place menu shown in Fig. A.8 or from the Place part menu on the

right side. Alternately, choose the Place part command from the Draw menu on the right side.

Choose Browse to browse the list of libraries or use the search command to enter the name of a

known part, resistor R, as shown in Fig. A.9. 

2. Choose OK or double click after selecting the part. The chosen part becomes the “current part” and

is ready to be placed on your schematic.
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FIGURE A.6 Project menu

FIGURE A.7 Create a blank project 
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FIGURE A.8 Place menu

FIGURE A.9 Place part menu
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3. The cursor is replaced by the shape of the part.

4. Click left to place an instance of the part; double click to place the part and end the mode or click

right to end the mode without placing the part. To drag, point to an object, press and hold the left

mouse button, and move the mouse. When the object is where you want it, release the mouse button.

5. To move a component, point to it, press and hold the left mouse button, and drag it to a new location.

6. To remove a component, select it, and choose Delete from the Edit menu.

7. Place a pulse source (VPULSE) from the source.slb library, a resistor (R), an inductor (L), and a

capacitor (C) from the analog.slb library and a ground symbol (GND) from the Place menu or

Place Ground (zero 0) menu on the right-side menu as shown in Fig. A.10. Arrange them as shown

in Fig. A.11. 

A.5.3 Rotating Components

Now rotate the capacitor so that it can be wired neatly into the circuit. Each time that you rotate a compo-

nent, it turns clockwise . The Flip command flips a selected object(s) to produce a mirror image of the

object. 

1. To rotate the capacitor (or other component), select it and choose Rotate from the Edit menu as

shown in Fig. A.12. If you select an area of your schematic, the area is rotated around the center of

the selection box. This is done as shown in Fig. A.13.

2. To flip a component, select it and choose Flip from the Edit menu. 

90°
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FIGURE A.10 Ground parts for an RLC circuit 

FIGURE A.11 Parts for an RLC circuit
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� HELP If the Rotate command is dimmed, the capacitor is not selected. Try again by pointing to it so that the

pointer becomes a hand and then click the left mouse button.

3. To deselect the selected capacitor (or other selected component), click it with the right mouse but-

ton or click an empty spot with the left mouse button.

4. To drag or rotate two or more components at once, first select them by drawing a rectangle around

the components and then drag or rotate the rectangle. 

� HELP To draw a rectangle around components, point above and beside one of the components that you want

to select. Press and hold the left mouse button and drag diagonally until the rest of the components are in the

rectangle that appears.

5. To deselect one of the selected components, click it with the right mouse button. To deselect every-

thing on the marked rectangle, click an empty spot with the left mouse button. 
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FIGURE A.12 Edit menu
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1 nV1 FIGURE A.13 Rotating components
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A.5.4 Wiring Components

Once components are placed on the drawing board, you need to connect them. You can use the schematic

editor to draw wires on your schematic and/or make vertices.

1. To draw a wire, choose Wire from the Place menu or Wire menu on the right side. 

2. The cursor changes to a “wire” mode and is displayed as crosshairs. Click left to start drawing.

3. Move the mouse in any direction to extend the wire.

4. Click left again to end the wiring of a part. Click left once to start and click left again to stop. Con-

tinue until wiring of all parts is completed.

5. Press the ESC key or double click left or click right to end the wiring mode (the cursor will change

from crosshairs to normal mode).

Now wire the circuit as shown in Fig. A.14. 

� TIP To bring back the last command used (for wire), double click the right mouse button. In the lower right-

hand corner, you will see the Wire command after the word Cmd.

A.5.5 Labeling Components and Adding Text

We can place a label on selected wires, bus segments, or ports. Wire and bus segments or ports may dis-

play multiple labels; however, all labels for a segment will contain the same text. Each component in a cir-

cuit can be labeled. We will assign levels R, L, C, VS, and VO.

1. To edit a label, select a wire, bus segment, or port for labeling.

2. Double click on the label to bring up the dialog box for Display Properties.

3. Enter the text for the label.

4. Click OK.

5. Change all levels R, L, C, VS, and VO as shown in Fig. A.15. 

� TIP To move the level, left click on it and move to a desired location. 

6. Next click on Text in the Place menu (see Fig. A.8). 

You can place text anywhere on your schematic and size it to suit your needs. 

1. To add text to your schematic, choose Text from the Place menu or Place text on the right-side menu.

2. In the dialog box, type in the desired text.

3. To change the font size, modify the Font Size shown in the dialog box to suit your needs.

4. Click OK.

5. Move the text to the desired location on the schematic and click left to place the text. Click right

to end the mode.

Now place the output voltage, VO as shown in Fig. A.16.
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A.5.6 Setting Attributes

An attribute of a schematic item consists of a name and value pair.

1. To edit the properties of a selected object(s), select the object(s) to edit. 

2. Choose Properties from the Edit menu or double click on the attribute text to bring up the

Display Properties dialog box directly as shown in Fig. A.17.

3. Select an individual attribute: A dialog box appears in which you can enter a new value for the at-

tribute. You can also select an entire part: A dialog box appears showing all attributes that can be

edited for that part—for example, Value Only. 
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(a)  Display Properties menu (b)  RLC circuit with desired labels

FIGURE A.15 Labeling components
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(a)  Place Text dialog box (b)  RLC circuit with desired text

FIGURE A.16 Adding text
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4. Set R � 2 �, L � 50 �H, and C � 10 �F. 

� TIP A quick way to set a component’s value is to double click it.

� HELP Changes made to attributes in the schematic editor occur only on the particular part instance. Changes

do not affect the underlying symbol in the library.

5. To change the value of an attribute, select it. The name and value should appear in the properties

of the Edit menu. 

a. Change the value in the Value edit field and click OK. 

b. To delete an attribute, select it from the list and press Delete. 

c. To change whether the attribute name and/or value is shown on the schematic, select it and

click OK. 

d. To add a new attribute, type the name and value in the Edit fields and press OK. Set the pulse

source VS as shown in Fig. A.18. Click on the attributes and then type V1 � 0, V2 � 1 V,

TD (delay time) � 0, TR (rise time) � 1 ns, TF (fall time) � 1 ns, PW (pulse width) � 0.5 ms,

PER (period) � 1 ms.

6. Click OK to incorporate the change.

� TIP Protected attributes, marked with an asterisk (*), cannot be changed using the Schematic Editor.
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(a)  Display Properties dialog box (b)  RLC circuit showing attributes

FIGURE A.17 Setting attributes
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 PW = 0.5 ms
PER = 1 ms

FIGURE A.18 Changing source attributes
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A.5.7 Viewing the Schematic

You can change the viewing scale on your schematic via the View menu, shown in Fig. A.19. Table A.2 ex-
plains the functions of commands in the View menu.

A.5.8 Saving the Circuit File

Your schematic files are automatically saved into the current directory, unless otherwise specified.

• To save your schematic file, choose Save from the File menu, as shown in Fig. A.20, to save

changes to the current file. You do not need to type a file name extension. 

A circuit name must be a valid DOS file name. All schematic files are automatically given the file name

extension OPJ. For example, the file name FIGB_3 will be saved as FIG B_3.OPJ.
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FIGURE A.19 View menu

TABLE A.2 View menu commands

Command Function

Fit Resets the viewing scale so that all parts, wires, and text can be seen on

the screen.

In Allows you to view an area on the schematic at closer range (i.e., magnify).

After you select this command, a crosshair appears on the screen. Move

the crosshair to the area you want to zoom in on.

Out Changes the viewing scale so that you can view the schematic from a

greater distance (i.e., view more of the schematic on the screen). After you

select this command, a crosshair appears on the screen. Move the

crosshair to define the center of the viewing area.

Area Allows you to select a rectangular area on the schematic to be expanded

to fill the screen. If you already have a selection box on your screen when

you choose Area, the contents of the selection box will be expanded. If

not, drag the mouse to form a selection box around the portion of the

schematic you want to expand. The items within the selection box will be

expanded to fill the screen.

Entire Page Allows you to view the entire schematic page at once.
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A.6 Selecting the Type of Analysis

PSpice allows DC sweep analysis, AC (frequency response) sweep analysis, and transient analysis. The

Setup command specifies which types of simulation analyses are enabled and allows the user to set up the

parameters for selected analyses (described next).

When a signal is first applied to a circuit, there is a short-lived transient state before the circuit set-

tles down to its usual responses. For the sample RLC circuit, we will conduct a transient analysis to ex-

amine the charging and discharging voltage of the capacitor.

1. Choose New Simulation Profile for a new simulation file or Edit Simulation Profile for an ex-

isting file from the PSpice menu, shown in Fig. A.21, and the Analysis Setup dialog box will open. 

2. Enable transient analysis by clicking once in the Enabled space so that a check appears in the space,

as shown in Fig. A.22. 
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FIGURE A.20 File menu

FIGURE A.21 PSpice setup for analysis
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3. Click on Transient to open the Transient specifications dialog box.

4. Type the print particulars, such as a Print values of 10 ns and a Run to time of 0.5 ms, as shown

in Fig. A.23. 

5. Click OK.
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FIGURE A.22 Selecting Analysis type

FIGURE A.23 Transient specifications
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A.7 Simulation with PSpice

Now we are ready to simulate the circuit with PSpice. To begin the simulation, left click on Simulate in

the Analysis menu.

During the circuit simulation process, PSpice creates and accesses a number of files. The first file

is the Schematics file (.SCH), generated when a circuit drawn on the screen is saved. When the Schemat-

ics file is analyzed, three new files are generated: the Circuit file (.CIR), the Netlist file (.NET), and the

Alias file (.ALS). The Circuit file (the master file) contains the simulation directives and references to

the Netlist, Alias, and Model files. The Netlist file contains a Kirchhoff-like set of equations that lists

parts and how they are connected; the equations relate the voltages and currents to the circuit elements

through node numbers. The Alias file lists alternative names for circuit nodes. The Model file lists the

characteristics and model statement of each component.

� TIP If there is any problem such as a missing attribute name or value, PSpice will indicate the error, and the

simulation will be aborted. You can find the error message in the output file. For example, a message about an error

in the file FIG1.1 will appear in FIG1_1.OUT.

When PSpice is run, each simulation directive in the Circuit (master) file specifies the information

to be sent to the Output and Data files.

• The Output file (.OUT) is an ASCII file that holds the “audit trail” for the simulation. It 

contains a wide variety of information, including the original netlist, all output variables, 

and various tables.

• The Data file (.DAT) is sent to Probe, which uses the binary information to generate plots and

graphs within the Probe window.

While a simulation is running, you can check the status of the simulation, as shown in Fig. A.24.

When the simulation is completed, PSpice will display the message “Transient Analysis finished.”

� TIP Time step is the internal simulation step for convergence to give a specified accuracy, whereas Print
step (which was specified in the Transient specifications dialog box) is for printing or plotting the output

variables.
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FIGURE A.24 PSpice analysis status box
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A.8 Displaying the Results of a Simulation

Probe is a graphics postprocessor that allows the simulation results to be displayed in graphical form. After

the calculations are completed, assuming no errors are found, PSpice sends the database it generated

(FIG1_1.DAT) to Probe, which displays a graph.

1. To use Probe, choose Run Probe from the selecting Analysis type in Fig. A.22 menu (or use the

F12 function key). As shown in Fig. A.25, Probe opens with an initial (default) graph in which the

x-axis is automatically set to the transient variable, time.

� TIP To run Probe automatically after a simulation, choose Automatically Run Probe After Simulation from

Probe Setup in the Analysis menu.

2. Choose Trace on the Probe menu. Within the large box at the top of the dialog box that appears,

you will see the list of default trace variables that you can choose from, as shown in Fig. A.26.

Before moving to the third step, specify the plot variables(s). For this example, we choose the

following variables:

a. V(R�2): V specifies the variable type (voltage, which is referenced to the ground), R specifies

a component (resistor), and 2 specifies one end (node 2) of the component. A 1 indicates what

was the left-hand side and a 2 what was the right-hand side when the component was initially

placed horizontally. After one counterclockwise rotation, node 2 would be at the top.

b. V(Vs��): This is the voltage at the positive terminal of the voltage source Vs.

c. I(R): This is the current flowing through resistance R from terminal 1 (left) to terminal 2

(right).
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FIGURE A.25 Probe menu
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3. After specifying the plot variables, type V(C:2) in the trace command box. This instructs Probe to

display a graph of the voltage at terminal 2 of capacitor C, which is our desired output voltage.

Click OK and you will see the plot of the output voltage, V(C�2), shown in Fig. A.27.

4. While copying to the clipboard and pasting to another document, the background and foreground

colors can be changed as shown in the dialog box in Fig. A.28.
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FIGURE A.26 Probe trace variables

FIGURE A.27 Transient plot of the output voltage
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A.9 Copying and Capturing Schematics

You can use the Copy to Clipboard command from the Edit menu to copy one or more items from your

schematic into another Windows program. With the mouse, select a rectangular area on the schematic to

copy. Choose Copy to Clipboard from the Edit menu. Open the Windows program into which you want

to paste the item(s). Use the Paste command from the newly opened Windows program to paste the item

into the new file.

The Cut command deletes items from your schematic and places them in the Paste buffer. The Copy

command copies items from your schematic to the Paste buffer. The Paste command places the contents

of the Paste buffer on the schematic.

To cut or copy one or more items on your schematic, first select the item(s) on your schematic to be

cut or copied. Then choose Cut or Copy from the Edit menu. To paste a cut or copied item onto your

schematic, choose Paste from the Edit menu. Then place the cursor on the schematic where you’d like the

cut or copied item to appear, and left click to place the item; right click to end the mode.

A.10 Varying Parameters

PSpice allows variation of component values or device parameters. We will plot the output voltage of our

sample RLC circuit for three values: R � 1 �, 2 �, and 10 �. 

1. To begin, get the part PARAM from the special.slb library file. 

2. To change the value of R to a variable name such as RVAL, double click on the value of R and type

{RVAL}. 

3. To change the attribute of the part PARAM, double click on PARAM to open the Attributes dialog

box, shown in Fig. A.29.

4. Choose NAME1�RVAL and VALUE1�2 and click each time on Save Attr. 
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FIGURE A.28 Menu for copying to the clipboard
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5. Choose Setup from the Analysis menu; then click once in the enabled space to enable parametric

analysis. 

6. Click on Parametric to open the box shown in Fig. A.30.

7. Enter or enable the Parametric specifications as follows: For Sweep variable, choose Global
parameter; for Parameter name, type in RVAL; for Sweep Type, choose Value list; and for the

values, type in 1 2 10.

� TIP You can define up to three variables in the same PARAM.
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Parameters

RVAL 10 k
CVAL 10 µF
LVAL 50 µH

(a)  Symbol (b)  Parameters

FIGURE A.29 Dialog box for PARAM

FIGURE A.30 Parametric specifications
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8. Run the simulation for the complete circuit, shown in Fig. A.31. Use Probe to plot the output

variable, V(C�2), as shown in Fig. A.32.

� TIP The labels R�1, R�2, and R�10 in Fig. A.32 were typed by choosing (in sequence) Tools, Label, and

Text from the Probe menu. You can copy the Probe plot(s) to other Windows programs by choosing (in sequence)

Tools and Copy to Clipboard from the Probe menu.

A.11 Frequency Response Analysis

As an example of frequency response analysis, we will plot the output voltage and phase angle of the ex-

ample RLC circuit for three values: R � 1 �, 2 �, and 10 �.

1. To begin, change the attributes of the source VS, shown in Fig. A.17, to 1 V AC by selecting the part

and changing the attributes in the Part Name dialog box. The complete circuit is shown in Fig. A.33. 

2. Choose Setup from the Analysis menu; then enable AC Sweep in the dialog box that appears (see

Fig. A.22).

3. Click on AC Sweep to open the box shown in Fig. A.34.
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{RVAL}

R L

50 µH

+
− 10 µF

VS

V

V1 = 0
V2 = 1 V
TR = 1 ns

TF = 1 ns
PW = 0.5 ms
PER = 1 ms

C

Parameters
RVAL = 2

FIGURE A.31 RLC circuit with

PARAM FIGURE A.32 Transient response for R � 1 �, 2 �, 10 �

{RVAL}

R L

50 µH

+
− 10 µF

VS

AC = 1 V
C

Parameters
RVAL = 2

FIGURE A.33 RLC circuit for frequency response
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4. Enter or enable the AC Sweep specifications as follows: For AC Sweep Type, choose Decade; for

Start Frequency, type in 100; for End Frequency, type in 100k; for Points/Decade, type in 101.

5. Run the simulation for the complete circuit, shown in Fig. A.33. Use Probe to plot the output

voltage, V(C�2), and the phase of the output voltage, VP(C�2), as shown in Fig. A.35.

� TIP If you add DB, as in VDB(C�2), you will get the output voltage in decibels.
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FIGURE A.34 Dialog box for frequency response analysis

FIGURE A.35 Frequency response for R � 1 �, 2 �, and 10 �
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A.12 Modeling Devices and Elements

A model that specifies a set of parameters for an element can be generated in PSpice using the .MODEL

command. The same model can be used by one or more elements in the same circuit. The general form of

the model statement [1] is as follows:

.MODEL  MNAME  TYPE (P1=A1 P2=A2

+ P3=A3 . . . PN=AN  [<tolerance specifications>])

MNAME is the name of the model and must start with a letter. Although it is not required, it is advisable

to use the symbol of the element as the first letter (e.g., R for resistor, L for inductor). P1, P2, . . ., PN are

the element parameters, and A1, A2, . . ., AN are their values. TYPE is the type name of the element and

must be one of the types shown in Table A.3. An element must have the correct type name; that is, a

resistor must have the type name RES, not IND or CAP. However, a circuit with several model names can

include more than one model of the same type.

Tolerance specifications are used with .MC or .WORSE analysis only. They may be appended to

each parameter using the following format:

[DEV/<distribution name> <value in % from 0 to 9>]

[LOT/<distribution name> <value in % from 0 to 9>]

where �distribution name� is either UNIFORM (in which case uniformly distributed deviations are gen-

erated over the range of ��value�) or GAUSS (in which case deviations with Gaussian distribution are

generated over the range �4 and �value� specifies the �1 deviation).

Following are some sample model statements:

.MODEL RLOAD RES (R=1 TC1=0.02 TC2=0.005)

.MODEL RLOAD RES (R=1 DEV/GAUSS 0.5% LOT/UNIFORM 10%)

.MODEL CPASS CAP (C=1 VC1=0.01 VC2=0.002 TC1=0.02 TC2=0.005)
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TABLE A.3 Type names of elements

Type Name Element

RES Resistor

CAP Capacitor

D Diode

IND Inductor

NPN npn bipolar junction transistor

PNP pnp bipolar junction transistor

NJF n-channel junction FET

PJF p-channel junction FET

NMOS n-channel MOSFET

PMOS p-channel MOSFET

GASFET n-channel GaAs MESFET

VSWITCH Voltage-controlled switch

ISWITCH Current-controlled switch

CORE Nonlinear magnetic core (transformer)
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.MODEL LFILTER IND (L=1 IL1=0.1 IL2=0.002 TC1=0.02 TC2=0.005)

.MODEL DNOM D (IS=1E-9)

.MODEL DLOAD D (IS=1E-9 DEV 0.5% LOT 10%)

.MODEL QMOD NPN (BF=50 IS=1E-9)

A.12.1 Resistors

The symbol for a resistor is R. The name of a resistor must start with R, and the model statement takes the

following general form:

R<name>  N+  N-  RNAME  RVALUE

A resistor does not have a polarity, and so the order of the nodes does not matter. However, the cur-

rent is assumed to flow from the node designated by N� as the positive node through the resistor to

the node designated by N	 as the negative node. RNAME is the model name that defines the para-

meters of the resistor. RVALUE is the nominal value of the resistance.

� NOTE Some versions of PSpice and SPICE do not make this assumption and thus do not allow you to refer
to currents through a resistor. For example, such versions will not allow you to use a notation such as I(RL) to
indicate the current through RL.

The model parameters for resistors are shown in Table A.4. If RNAME is omitted, RVALUE is the

resistance in ohms; RVALUE can be positive or negative but must not be zero. If RNAME is included

and TCE is not specified, the resistance as a function of temperature is calculated from

RES � RVALUE * R * [1 � TC1 * (T 	 T0) � TC2 * (T 	 T0)2]

If RNAME is included and TCE is specified, the resistance as a function of temperature is calculated from

RES � RVALUE * R * 1.01TCE * (T	T0)

where T and T0 are the operating temperature and the room temperature, respectively, in degrees Celsius.

Following are some sample resistor statements:

RL 5 6 5K

RLOAD 10 13 ARES 1MEG

.MODEL RMOD RES (R=1  TC1=0.02  TC2=0.005)

RINPUT 13 17 RRES  2K

.MODEL ARES RES (R=1  TCE=1.5)

TABLE A.4 Model parameters for resistors

Name Meaning Units Default

R Resistance multiplier 1

TC1 Linear temperature coefficient °C	1 0

TC2 Quadratic temperature coefficient °C	2 0

TCE Exponential temperature coefficient %/°C 0
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A.12.2 Capacitors

The symbol for a capacitor is C. The name of a capacitor must start with C, and the model statement takes

the following general form:

C<name>  N+  N-  CNAME  CVALUE  IC=VO

N� is the positive node, and N	 is the negative node. The voltage of node N� is assumed to be positive

with respect to node N	, and the current flows from node N� through the capacitor to node N	. CNAME

is the model name, and CVALUE is the nominal value of the capacitor. IC defines the initial (time zero)

voltage of the capacitor, VO.

The model parameters for capacitors are shown in Table A.5. If CNAME is omitted, CVALUE is

the capacitance in farads; CVALUE can be positive or negative but must not be zero. If CNAME is in-

cluded, the capacitance as a function of voltage and temperature is calculated from

CAP �CVALUE * C * (1 � VC1 * V � VC2 * V2)[1 � TC1 * (T 	 T0) � TC2 * (T 	 T0)2]

where T and T0 are the operating temperature and the room temperature, respectively, in degrees Celsius.

Following are some sample capacitor statements:

C1 2 6 0.01UF

CLOAD 10 13 10PF  IC=1.5V

CINPUT 14 16 DCAP  5PF

CX 10 25 DCAP  10NF  IC=3.5V

.MODEL DCAP CAP (C=1  VC1=0.01  VC2=0.002  TC1=0.02  TC2=0.005)

� TIP The initial conditions (if any) apply only if you specify the UIC (use initial condition) option under the

.TRAN command.

A.12.3 Inductors

The symbol for an inductor is L. The name of an inductor must start with L, and the model statement takes

the following general form:

L<name> N+  N-  LNAME  LVALUE  IC=IO

N� is the positive node, and N	 is the negative node. The voltage of N� is assumed to be positive with

respect to node N	, and the current flows from node N� through the inductor to node N	. LNAME is

the model name, and LVALUE is the nominal value of the inductor. IC defines the initial (time zero) cur-

rent of the inductor IO.
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TABLE A.5 Model parameters for capacitors

Name Meaning Units Default

C Capacitance multiplier 1

VC1 Linear voltage coefficient V	1 0

VC2 Quadratic voltage coefficient V	2 0

TC1 Linear temperature coefficient °C	1 0

TC2 Quadratic temperature coefficient °C	2 0
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The model parameters for inductors are shown in Table A.6. If LNAME is omitted, LVALUE is the

inductance in henries; LVALUE can be positive or negative but must not be zero. If LNAME is included,

the inductance as a function of current and temperature is calculated from

IND �LVALUE * L * (1 � IL1 * I � IL2 * I2)[1 � TC1 * (T 	 T0) � TC2 * (T 	 T0)2]

where T and T0 are the operating temperature and the room temperature, respectively, in degrees Celsius.

Following are some sample inductor statements:

LE 3 5 5MH

LLOAD 10 14 2UH  IC=0.1MA

LLINE 12 14 LMOD  2MH

LCHOKE 15 29 LMOD  5UH  IC=0.4A

.MODEL LMOD IND (L=1  IL1=0.1  IL2=0.002 TC1=0.02  TC2=0.005)

� TIP The initial conditions (if any) apply only if you specify the UIC (use initial condition) option using the

.TRAN command.

A.12.4 Diodes

The model statement for a diode has the following general form:

.MODEL  DNAME  D (P1=A1 P2=A2 P3=A3 . . . PN=AN)

DNAME is the name of the model and can begin with any character, but its size is normally limited to eight

characters. D is the type symbol for diodes. P1, P2, . . ., PN are the model parameters, and A1, A2, . . ., AN

are their values. The model parameters are listed in Table A.7.

A.12.5 Bipolar Transistors

The model statement for npn transistors has the following general form:

.MODEL QNAME NPN (P1=A1 P2=A2 P3=A3 . . . PN=AN)

The general form of the model statement for pnp transistors is

.MODEL QNAME PNP (P1=A1 P2=A2 P3=A3 . . . PN=AN)

QNAME is the name of the BJT model, and NPN and PNP are the type symbols for npn and pnp transis-

tors, respectively. QNAME can begin with any character, but its size is normally limited to eight characters.

TABLE A.6 Model parameters for inductors

Name Meaning Units Default

L Inductance multiplier 1

IL1 Linear current coefficient A	1 0

IL2 Quadratic current coefficient A	2 0

TC1 Linear temperature coefficient °C	1 0

TC2 Quadratic temperature coefficient °C	2 0
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P1, P2, . . ., PN are the parameters, and A1, A2, . . ., AN are their values. Table A.8 shows the model para-

meters for BJTs.

A.12.6 JFETs

The model statement for an n-channel JFET has the following general form:

.MODEL JNAME NJF (P1=A1 P2=A2 P3=A3 . . . PN=AN)

The general form of the model statement for a p-channel JFET is

.MODEL JNAME PJF (P1=A1 P2=A2 P3=A3 . . . PN=AN)

JNAME is the name of the model, and NJF and PJF are the type symbols for n-channel and p-channel

JFETs, respectively. P1, P2, . . ., PN are the parameters, and A1, A2, . . ., AN are their values. Table A.9

lists the model parameters for JFETs.

A.12.7 MOSFETs

The symbol for a metal oxide semiconductor field-effect transistor (MOSFET) is M. The name of a

MOSFET must start with M, and the model statement takes the following general form:

M<name>  ND  NG  NS  NB  MNAME

+ [L=<value>] [W=<value>]

where ND, NG, NS, and NB are the drain, gate, source, and bulk (or substrate) nodes, respectively.

MNAME is the model name. The positive current is the current flowing into a terminal; that is, the current

flows from the drain node through the device to the source node in an n-channel MOSFET.
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TABLE A.7 Model parameters for diodes

Name Model Parameter Units Default Typical

IS Saturation current (IS) A 1E-14 1E-14

RS Parasitic resistance (RS) � 0 10

(series lead and bulk resistance)

N Emission coefficient (n) 1 1

TT Transit time s 0 0.1 ns

CJO Zero-bias pn capacitance (Cjo) F 0 2 pF

VJ Junction potential (Vj) V 1 0.6

M Junction grading coefficient 0.5 0.5

EG Activation energy eV 1.11 1.11

(0.67 for Shockley and 1.11 for silicon)

XTI IS temperature exponent 3 3

KF Flicker noise coefficient 0

AF Flicker noise exponent 1

FC Forward-bias depletion capacitance coefficient 0.5

BV Reverse breakdown voltage V 
 50

IBV Reverse breakdown current A 1E-10

(reverse current at BV)
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TABLE A.8 Model parameters for BJTs

Name Model Parameter Units Default Typical

IS pn saturation current A 1E-16 1E-16

BF Ideal maximum forward beta 100 100

NF Forward current emission coefficient 1 1

VAF(VA) Forward Early voltage V 
 100

IKF(IK) Corner for forward beta high-current roll-off A 
 10 MA

NE Base–emitter leakage emission coefficient 1.5 2

BR Ideal maximum reverse beta 1 0.1

NR Reverse current emission coefficient 1

IKR Corner for reverse beta high-current roll-off A 
 100 MA

RB Zero-bias (maximum) base resistance � 0 100

(base spreading resistance)

RE Emitter ohmic resistance � 0 1

RC Collector ohmic resistance � 0 10

(collector lead and bulk resistance)

CJE Base–emitter zero-bias pn capacitance (Cjeo) F 0 2 pF

VJE(PE) Base–emitter built-in potential (Vjbe) V 0.75 0.7

MJE(ME) Base–emitter pn grading factor 0.33 0.33

CJC Base–collector zero-bias pn capacitance (C�o) F 0 1 pF

VJC(PC) Base–collector built-in potential (Vjc) V 0.75 0.5

MJC(MC) Base–collector pn grading factor 0.33 0.33

CJS(CCS) Collector–substrate zero-bias pn capacitance F 0 2 pF

MJS(MS) Collector–substrate pn grading factor 0

FC Forward-bias depletion capacitor coefficient 0.5

TF Ideal forward transit time s 0 0.1 ns

TR Ideal reverse transit time s 0 10 ns

EG Bandgap voltage (barrier height) eV 1.11 1.11

XTI(PT) IS temperature effect exponent 3

(temperature coefficient for IS)

KF Flicker noise coefficient 0 6.6E-16

AF Flicker noise exponent 1 1

TABLE A.9 Model parameters for JFETs

Name Model Parameter Units Default Typical

VTO Threshold voltage V 	2 	2

BETA Transconductance coefficient A/V2 1E-4 1E-3

LAMBDA Channel-length modulation V	1 0 1E-4

RD Drain ohmic resistance � 0 100

RS Source ohmic resistance � 0 100

IS Gate pn saturation current A 1E-14 1E-14

PB Gate pn potential V 1 0.6

CGD Gate–drain zero-bias pn capacitance (Cgdo) F 0 5 pF

CGS Gate–source zero-bias pn capacitance (Cgso) F 0 1 pF

FC Forward-bias depletion capacitance coefficient 0.5

KF Flicker noise coefficient 0

AF Flicker noise exponent 1
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The model statement for an n-channel MOSFET has the following general form:

.MODEL  MNAME  NMOS (P1=A1 P2=A2 P3=A3 . . . PN=AN)

The general form of the model statement for a p-channel MOSFET is

.MODEL  MNAME  PMOS (P1=A1 P2=A2 P3=A3 . . . PN=AN)

NMOS and PMOS are the type symbols for n-channel and p-channel MOSFETs, respectively. MNAME

can begin with any character, but its size is normally limited to eight characters. P1, P2, . . ., PN are the

parameters, and A1, A2, . . ., AN are their values. Table A.10 lists the model parameters for MOSFETs.

A.13 Creating Netlists

Once you have drawn a schematic, you can create a netlist to use with other PSpice/SPICE software

applications. After drawing your schematic, choose Create Netlist from the Analysis menu, shown in

Fig. A.36. The netlist for Figs. A.31 and A.33 follows. It can be found in the file EXA-25.NET.
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TABLE A.10 Model parameters for MOSFETs

Name Model Parameter Units Default Typical

LEVEL Model type (Shichman-Hodges) 1

L Channel length m DEFL

W Channel width m DEFW

VTO Zero-bias threshold voltage V 0 0.1

KP Transconductance A/V2 2E-5 2.5E-5

GAMMA Bulk threshold parameter V1/2 0 0.35

LAMBDA Channel-length modulation (LEVEL�1) V	1 0 0.02

RD Drain ohmic resistance � 0 10

RS Source ohmic resistance � 0 10

IS Bulk pn saturation current A 1E-14 1E-15

JS Bulk pn saturation current/area A/m2 0 1E-8

PB Bulk pn potential V 0.8 0.75

CBD Bulk-drain zero-bias pn capacitance F 0 5 pF

CBS Bulk-source zero-bias pn capacitance F 0 2 pF

CJ Bulk pn zero-bias bottom capacitance/length F/m2 0

MJ Bulk pn bottom grading coefficient 0.5

FC Bulk pn forward-bias capacitance coefficient 0.5

CGSO Gate–source overlap capacitance/channel width F/m 0

CGDO Gate–drain overlap capacitance/channel width F/m 0

CGBO Gate-bulk overlap capacitance/channel length F/m 0

NSUB Substrate doping density 1/cm3 0

TOX Oxide thickness m 

UO Surface mobility cm2/V � s 600

KF Flicker noise coefficient 0 1E-26

AF Flicker noise exponent 1 1.2
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* Schematics Netlist

C_C 0 $N_0001  10uF ; C is connected between nodes 0 and 

; $N_0001

L_L $N_0002 $N_0001  50uH ; L is connected between nodes $N_0002 

; and $N_0001

R_R $N_0003 $N_0002 {RVAL} ; R is connected between nodes $N_0003 

; and $N_0002

V_Vs $N_0003 0  AC  1V ; Vs is connected between nodes $N_0003 

; and 0

+PULSE 0 1V 0 1ns 1ns 0.5ms 1ms ; Pulse voltage specifications

� TIP When you open a schematic file (e.g., EX5-1.SCH) for the first time, PSpice may indicate an error with

the message “Not Finding Netlist.” If this happens, first create the netlist by choosing Create Netlist from the

Analysis menu, shown in Fig. A.36.

If the commands for transient analysis and AC analysis are included, the netlist for the PSpice circuit

file becomes as follows:

Frequency Response ; The first line is the title line; PSpice always 

; ignores this statement

* Circuit Description

C_C 0 $N_0001  10uF ; C is connected between nodes 0 and 

; $N_0001

L_L $N_0002 $N_0001  50uH ; L is connected between nodes $N_0002 

; and $N_0001

R_R $N_0003 $N_0002 {RVAL} ; R is connected between nodes $N_0003 

; and $N_0002

* Source Descriptions for both ac and pulse sources

V_Vs $N_0003 0  AC  1V ; Vs is connected between nodes $N_0003 

; and 0

+ PULSE 0 1V 0 1ns 1ns 0.5ms 1ms ; Pulse voltage specifications

* Analysis Descriptions for both ac and pulse sources

.AC  DEC 101 100HZ 100KHZ ; ac analysis from 100 Hz to 100 kHz

; with decade increments of 101 points 

; per decade

.TRAN  10ns 0.5ms ; Transient analysis from 0 to 0.5 ms

; with 10 ns printing/plotting interval

.PROBE ; Graphics post-processor

.END ; This is the last line and must always 

; be included

FIGURE A.36 Dialog box for creating netlist
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The first letter and the model type for each element name are listed in Table A.11. The

PSpice/SPICE commands are listed in Table A.12.

A.14 Adding Library Files

The directory of the PSpice circuit simulator (default name C:\MSIMEV61) has a subdirectory LIB, which

contains library files of schematics and device models. This library has only a limited number of transis-

tor schematics and models. If you want to use devices or elements with different model parameters, use el-

ements or devices from the symbol library BREAKOUT.SLB, as shown in Fig. A.37. Use Notepad to mod-

ify the model statement in the BREAKOUT.LIB file—for example,

C:\OrcadLite\Capture\library\PSpice/Breakout.Lib

You can either use the library file RASHID.LIB that comes with the book or create your own library

file containing the model statement of a device with the same model name as in the PSpice schematic—

for example,

.MODEL Q2N2222 Q (BF=100) ; BJT Q2N2222

.MODEL D1N4148 D (IS=10E-15 BV=100) ; Diode D1N4148

Appendix A Introduction to OrCAD1208

TABLE A.11 Circuit elements and sources

Circuit Elements and Sources First Letter Model Type

Bipolar junction transistor B NPN/PNP

Capacitor C CAP

Current-controlled current source F

Current-controlled switch W VSWITCH

Current-controlled voltage source H

Diode D D

Exponential source EXP

GaAs MES field-effect transistor B GASFET

Ground AGND

Independent current source I

Independent DC voltage source V VDC

Inductor L IND/CORE

Junction field-effect transistor J NJF/PJF

MOS field-effect transistor M NMOS/PMOS

Mutual inductors (transformer) K

Piecewise linear source PWL

Polynomial source POLY(n)

Pulse voltage source PULSE VPULSE

Resistor R RES

Single-frequency frequency-modulation source SFFM

Sinusoidal voltage source SIN VSIN

Transmission line T

Voltage-controlled current source G

Voltage-controlled switch S VSWITCH

Voltage-controlled voltage source E EVALUE
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Appendix A Introduction to OrCAD 1209

� TIP If you wish to change the model parameters of any device, use a word processing program in ASCII

(DOS) text format (or DOS Editor or Notepad in PSpice) to edit the file EVAL.LIB and change the model

parameters.

TABLE A.12 PSpice/SPICE commands

Analysis or Function Command

Absolute value (operator) ABS

AC/frequency analysis .AC

DC operating point .OP

DC sweep .DC

Difference (operator) DIF

End of subcircuit .ENDS

Fourier analysis .FOUR

Frequency response transfer function FREQ

Function definition .FUNC

Gain limit (operator) GLIMIT

Global nodes .GLOBAL

Graphics postprocessor .PROBE

Include file .INC

Initial conditions .IC

Library file .LIB

Model definition .MODEL

Multiplier (operator) MULTI

Node setting .NODESET

Noise analysis .NOISE

Options .OPTIONS

Parameter definition PARAM

Parameter variation .PARAM

Parametric analysis .STEP

Plot output .PLOT

Print output .PRINT

Probe .PROBE

Sensitivity analysis .SENS

Subcircuit call X_Call

Subcircuit definition .SUBCKT

Summation (operator) SUM

Table (operator) TABLE

Temperature .TEMP

Transfer function .TF

Transient analysis .TRAN

Value VALUE

Value of voltage-controlled voltage source EVALUE

Width .WIDTH

This way you keep the same model name and use the PSpice schematic symbols, but change the

model parameters.
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We can add the library file RASHID_MODEL.LIB while running the simulation. First, choose Library
and Include Files from the Simulation Settings menu, shown in Fig. A.38. Then browse through the library files

and select the file RASHID_MODEL.LIB. Click on Add Library* and then on OK. PSpice will look for de-

vice models in this library file while running the simulation. The Include Files dialog box is shown in Fig. A.39.

Appendix A Introduction to OrCAD1210

FIGURE A.37 Menu for adding parts

FIGURE A.38 Simulation Settings menu
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FIGURE A.39 Dialog box for adding library files
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B.1 Introduction

Electronic devices that are used as parts of electronic circuits are normally modeled by equivalent circuits.

Doing a performance evaluation and design of any electronic circuit requires a knowledge of circuit analysis.

This appendix reviews the basic circuit theorems and analysis techniques that are commonly used for

electronic circuits.

B.2 Kirchhoff’s Current Law

Kirchhoff’s current law (KCL) states that the sum of all currents at a node must be zero; that is,

where In is the current flowing into nth node and n � 1, 2, 3, . . . , �.

a In = 0

Appendix B Review of Basic Circuits1214

Finding the currents in two parallel resistors For the circuit shown in Fig. B.1, find currents I1 and I2.

SOLUTION

Using KCL at node 1 gives

(B.1)

Since the voltage VS across R1 is the same as that across R2, we can write VS � R1I1 � R2I2, which gives

I2 � R1I1 ⁄ R2. Substituting for I2, we get

IS = I1 +

R1

R2
 I1 =

R2 + R1

R2
 I1

IS - I1 - I2 = 0 or IS = I1 + I2

EXAMPLE B.1

VS

I I1 I2

Node 1

IS
120 mA

R1
4 kΩ

R2
8 kΩ

S
+

−

FIGURE B.1 Current distribution in two resistors
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Appendix B Review of Basic Circuits 1215

which gives the current I1 through R1 as

(B.2)

Similarly, substituting I1 � R2I2 ⁄ R1 in Eq. (B.1) and simplifying, we get the current I2 through R2 as

(B.3)

The branch currents and can be found by applying Ohm’s law as given by 

which can be used to find as in Eq. (B.2) and as in Eq. (B.3).

NOTE: Equations (B.2) and (B.3) give the current distribution in two resistors, and the two equations
together are often known as the current divider rule.

I2 = VS>R2I1 = VS>R1

VS = IS(R1 7  R2) =

R1R2

R1 + R2
 IS

I2I1

 =

4 kÆ

4 kÆ + 8 kÆ

* 120 mA = 40 mA

I2 =

R1

R1 + R2
 IS

 =

8 kÆ

4 kÆ + 8 kÆ

* 120 mA = 80 mA

I1 =

R2

R1 + R2
IS

Finding the currents in three parallel resistors For the circuit shown in Fig. B.2, find the currents I1,

I2, and I3.

SOLUTION

The current source IS is divided into I1 through R1, I2 through R2, and I3 through R3. Using KCL at node 1 gives

(B.4)

Since the voltage VS across R1 is the same as that across R2 and R3, we can write VS � R1I1 � R2I2 � R3I3,

which gives I2 � R1I1 ⁄ R2 and I3 � R1I1 ⁄ R3. Substituting for I2 and I3 in Eq. (B.4), we get

IS = I1 +

R1

R2
I1 +

R1

R3
 I1 =

R1R2 + R2R3 + R3R1

R2R3
 I1

IS - I1 - I2 - I3 = 0 or IS = I1 + I2 + I3

EXAMPLE B.2

IS
I1 I2

Node 1

VS

I3
+

−

IS
120 mA

R1
2 kΩ

R2
4 kΩ

R3
6 kΩ

FIGURE B.2 Current distribution in three resistors
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B.3 Kirchhoff’s Voltage Law

Kirchhoff’s voltage law (KVL) states that the sum of the voltages around any loop must be zero; that is,

where Vn is the voltage across the nth segment of a loop and n � 1, 2, 3, . . . , �.

aVn = 0

Appendix B Review of Basic Circuits1216

which gives the current I1 through R1 as

(B.5)

Substituting I1 � R2I2 ⁄ R1 and I3 � R2I2 ⁄ R3 in Eq. (B.4) yields the current I2 through R2 as

(B.6)

Similarly, substituting I1 � R3I3 ⁄ R1 and I2 � R3I3 ⁄ R2 in Eq. (B.4) yields the current I3 through R3 as

(B.7)

The branch currents , , and can be found by applying Ohm’s law as given by

which can be used to find as in Eq. (B.5), as in Eq. (B.6), and as in Eq. (B.7).

NOTE: If there are n parallel resistances, the current In through the nth resistance Rn can be expressed
in general form as

In =

1>Rn

(1>R1) + (1>R2) +
. . .

+ (1>Rm)
 IS

I3 = VS>R3I2 = VS>R2I1 = VS>R1

VS = IS(R1 7  R2 7  R3) =

1

(1>R1) + (1>R2) + (1>R3)
 IS

I3I2I1

 =

2 kÆ * 4 kÆ

2 kÆ * 4 kÆ + 4 kÆ * 6 kÆ + 6 kÆ * 2 kÆ

* 120 mA = 21.82 mA

I3 =

1>R3

1>R1 + 1>R2 + 1>R3
 IS =

R1R2

R1R2 + R2R3 + R3R1
 IS

 =

2 kÆ * 6 kÆ

2 kÆ * 4 kÆ + 4 kÆ * 6 kÆ + 6 kÆ * 2 kÆ

* 120 mA = 32.73 mA

I2 =

1>R2

1>R1 + 1>R2 + 1>R3
 IS =

R1R3

R1R2 + R2R3 + R3R1
 IS

 =

4 kÆ * 6 kÆ

2 kÆ * 4 kÆ + 4 kÆ * 6 kÆ + 6 kÆ * 2 kÆ

* 120 mA = 65.45 mA

I1 =

1>R1

1>R1 + 1>R2 + 1>R3
 IS =

R2R3

R1R2 + R2R3 + R3R1
 IS
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Appendix B Review of Basic Circuits 1217

Finding the voltage distribution in two resistors In Fig. B.3, the voltage VS is divided into V1 across

R1 and V2 across R2. Find the voltages V1 and V2.

SOLUTION

Using KVL around loop I gives

(B.8)

Since the current IS through R1 is the same as that through R2, we can write V1 � R1IS and V2 � R2IS. Substi-

tuting for V1 and V2 in Eq. (B.8), we get

which gives the current IS as

Therefore, the voltage V1 across R1 can be found from

(B.9)

Similarly, the voltage V2 across R2 can be found from

(B.10)

NOTE: The loop current can be found directly by applying Ohm’s law, .
Equations (B.9) and (B.10) give the voltage distribution in two resistors only when the current through
R1 and R2 is the same. This distribution of voltage is often known as the voltage (or potential) divider rule.

IS = VS>(R1 + R2)IS

 =

8 kÆ

4 kÆ + 8 kÆ

* 24 V = 16 V

V2 = R2IS =

R2

R1 + R2
VS

 =

4 kÆ

4 kÆ + 8 kÆ

* 24 V = 8 V

V1 = R1IS =

R1

R1 + R2
 VS

 =

24 V

4 kÆ + 8 kÆ

= 2 mA

IS =

VS

R1 + R2

VS = V1 + V2 = R1IS + R2IS = (R1 + R2)IS

VS - V1 - V2 = 0 or VS = V1 + V2

EXAMPLE B.3

V1
IS

I

+

+
−

−

R1
4 kΩ

R2
8 kΩ V2 = VO

VS = 24 V

FIGURE B.3 Voltage distribution in two resistors
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Appendix B Review of Basic Circuits1218

Analyzing a circuit with a current-dependent current source For the circuit shown in Fig. B.4 with

a current-dependent current source, find the currents IB, IC, and IE and voltage VC. Assume RTh � 15 k�,

r� � 1 k�, RC � 2 k�, RE � 500 �, �F � 100, VCC � 30 V, and VTh � 5 V.

SOLUTION

Using KCL at node 1, we get

(B.11)

Using KVL around loop I, we get

which gives IB as

(B.12)

Current IC, which is dependent only on IB, can be found from

(B.13)

Then

Voltage VE can be found from

VE = REIE = RE(IC + IB) = RE(bFIB + IB) = REIB(1 + bF)

VC = VCC - ICRC = 30 V - 7519 �A * 2 kÆ = 14.96 V
IE = IB + IC = 75.19 �A + 7519 �A = 7594 �A

 =

100 *  5 V
15 kÆ + 1 kÆ + 500 Æ * (1 + 100)

= 7519 �A

IC = bFIB =

bFV Th

RTh + R� + RE(1 + bF)

 =

5 V
15 kÆ + 1 kÆ + 500 Æ * (1 + 100)

= 75.19 �A

IB =

VTh

RTh + r� + RE(1 + bF)

VTh = RThIB + r� IB + REIE = RThIB + r� IB + RE(1 + bF)IB

IE = IB + IC = IB + bFIB = (1 + bF)IB

EXAMPLE B.4

V1

VE

VC

III

RC

RE

IE

VCC

IC

rπ

IB

Node 1−

RTh

VTh

bFIB

+ +

+

−
−

− −

+
+

FIGURE B.4 Circuit with current-dependent current source

67722_18_Appendix B.qxd  2/19/10  7:49 PM  Page 1218

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



B.4 Superposition Theorem

The superposition theorem states that the current through or voltage across any element in a linear network

is equal to the algebraic sum of the currents or voltages produced independently by each source. To cal-

culate the effect of one source, the other independent sources are removed by short-circuiting the voltage

sources and open-circuiting the current sources. Any internal resistance associated with the removed volt-

age sources must be considered, however.

Appendix B Review of Basic Circuits 1219

Since IC � �FIB, we get

Thus, RE offers a resistance of RE(1 � �F) to current IB in loop I and a resistance of RE(1 � �F) ⁄ �F to current

IC in loop II. Therefore, RE can be split, or “reflected,” into loop I and loop II by adjusting its value such that

VE is preserved on loop I and loop II. This arrangement is shown in Fig. B.5.

NOTE: The current-dependent current source is often represented by a voltage-dependent voltage
source such that . , which is known as the transconductance, is 

related to by . Therefore, by substituting , we can apply the above equations 
for a voltage-dependent voltage source that is often used as the small-signal model of bipolar and field-effect
transistors.

bF = gmr�gm = bF>r�bF

gmbF IB = bFV1>r� = (bF>r�)V1gmV1

bF IB

VE = REIB(1 + bF) = REIC [(1 + bF)>bF)]

VC

REVE VE

RC

VCC

IC

rπ

IB

VTh

RTh

bFIB

−
+

−

+

−

+

−

+

−

+ 1 + b F

bF
(1 + b F)RE

FIGURE B.5 Splitting of current RE

Finding the output voltage using the superposition theorem The circuit in Fig. B.6 has a DC source

VDC � 10 V, an AC source vac � 15 sin (377�t), R1 � 2 k�, and R2 � 3 k�. Use the superposition theorem

to determine the instantaneous output voltage vO.

SOLUTION

VDC � 10 V, vac � 15 sin (377�t), R1 � 2 k�, and R2 � 3 k�. The DC equivalent circuit with source VDC only

is shown in Fig. B.7(a); the output voltage due to VDC is

VO1 =

R2

R1 + R2
 VDC =

3 k
2 k + 3 k * 10 = 6 V

EXAMPLE B.5
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Appendix B Review of Basic Circuits1220

Figure B.7(b) shows the AC equivalent circuit with source vac only; the output voltage due to vac is

Therefore, the resultant output voltage vO can be found by combining the output voltages due to individual

sources; that is,

vO = VO1 + vo2 = 6 + 9 sin (377p t) = 3 * [2 + 3 sin (377pt)]

vo2 =

R2

R1 + R2
 vac =

3 k
2 k + 3 k * 15 sin  (377pt) = 9 sin (377pt)

vO

R1

~vac

i

VDC

R2
−

−

++

−
+

FIGURE B.6 Circuit for Example B.5

VO1

R1 R1

I1

VDC R2

(a)  Equivalent circuit
       with source 1 only  

vo2

i2

R2

(b)  Equivalent circuit
       with source 2 only  

~vac−
+

−

+

−

+

−

+

FIGURE B.7 Equivalent circuits for Example B.5

Finding the output voltage using the superposition theorem A circuit with three input voltages

VS1, VS2, and VS3 is shown in Fig. B.8. Use the superposition theorem to determine the output voltage VO. Use

R1 � 2 k�, R2 � 4 k�, R3 � 6 k�, VS1 � 10 V, VS2 � 12 V, and VS3 � 15 V.

SOLUTION

The equivalent circuit with source VS1 only is shown in Fig. B.9(a). Applying the voltage divider rule, we can

find the output voltage due to VS1 as

VO1 =

R2 7 R3

R1 + R2 7  R3
 VS1 =

4 k 7  6 k
2 k + (4 k 7  6 k)

* 10 = 5.45 V

EXAMPLE B.6

VO

R2

R3

VS3

VS2
R1

VS1

Node 1−

+

−

+

−

+

−

+

FIGURE B.8 Circuit for Example B.6
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B.5 Thevenin’s Theorem

Thevenin’s theorem states that any two-terminal linear DC (or AC) network can be replaced by an equiv-

alent circuit consisting of a voltage source and a series resistance (or impedance). This theorem is com-

monly used to find the voltage (or current) of a linear network with one or more sources. It allows us to

concentrate on a specific portion of the network by replacing the remaining network by an equivalent cir-

cuit. In the case of sinusoidal AC circuits, the reactances are frequency dependent, and Thevenin’s equiv-

alent circuit is valid for only one frequency.

Figure B.10(a) shows a general DC network; Thevenin’s equivalent circuit is shown in Fig. B.10(b).

The steps in determining an equivalent voltage source VTh and an equivalent resistance RTh for

Thevenin’s equivalent circuit are as follows:

Step 1. Decide on the part of the network for which you desire a Thevenin’s representation and mark

the terminals, as shown in Fig. B.10(a).

Step 2. Remove that part of the network. In Fig. B.10(a), the load resistance RL is to be removed.

Step 3. Mark the open-circuit terminals of the remaining network—namely, a and b.

Appendix B Review of Basic Circuits 1221

(a)  Equivalent circuit
      with source VS1 only

(b)  Equivalent circuit
       with source VS2 only

(c)  Equivalent circuit
       with source VS3 only

R1

VS1 VO1R3R2

I1

−

+

R3

VS3 VO3R2R1

I3

−

+

−

+
R

VS2 VO2R3R1

I2

−

+

−

+

−

+
2

FIGURE B.9 Equivalent circuits for Example B.6

The equivalent circuit with source VS2 only is shown in Fig. B.9(b); the output voltage due to VS2 is

The equivalent circuit with source VS3 only is shown in Fig. B.9(c); the output voltage due to VS3 is

Therefore, the resultant output voltage VO can be found by combining the output voltages due to individual

sources; that is,

An alternative approach is to apply KVL at node 1 and look for VO:

 =

VS1>R1 + VS2>R2 + VS3>R3

1>R1 + 1>R2 + 1>R3
=

10>2 k + 12>4 k + 15>6 k
1>2 k + 1>4 k + 1>6 k = 11.45 V

VO =

Currents into node 1 if it were at ground potential

Conductances radiating from node 1

VO = VO1 + VO2 + VO3 = 5.45 + 3.27 + 2.73 = 11.45 V

VO3 =

R1 7  R2

R3 + R1 7  R2
 VS3 =

2 k 7  4 k
6 k + (2 k 7  4 k)

* 15 = 2.73 V

VO2 =

R1 7  R3

R2 + R1 7  R3
 VS2 =

2 k 7  6 k
4 k + (2 k 7  6 k)

* 12 = 3.27 V
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Step 4. Determine the open-circuit voltage VTh between terminals a and b.

Step 5. Set all independent sources to zero (voltage sources are replaced by short circuits and cur-

rent sources by open circuits). Apply a test voltage VX across terminals a and b. The ratio of VX to its

current IX gives Thevenin’s resistance RTh.

Appendix B Review of Basic Circuits1222

−
+

−

+
VS RL

IL

RL

IL

DC
network

Load

(a)  General network

a

b

a

b
Load

VTh

RTh

(b)  Thevenin’s equivalent

FIGURE B.10 Thevenin’s equivalent circuit

Finding Thevenin’s equivalent circuit Represent the network shown in Fig. B.11(a) by Thevenin’s

equivalent, as shown in Fig. B.11(b). Assume VCC � 12 V, R1 � 15 k�, and R2 � 7.5 k�.

SOLUTION

The open-circuit voltage, which is Thevenin’s voltage between terminals a and b, can be found from the voltage

divider rule in Eq. (B.10); that is,

(B.14)

 =

7.5 k
15 k + 7.5 k * 12 = 4 V

VTh =

R2

R1 + R2
 VCC

EXAMPLE B.7

VTh

VCC

R2

R1

(a)  Network

a

a

bb

VTh
−

+

−

+
−

+

(b)  Thevenin’s equivalent

RTh

FIGURE B.11 Network for Example B.7
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If source VCC is set to zero and test voltage VX is applied across terminals a and b, the circuit for determining

RTh is shown in Fig. B.12. RTh becomes the parallel combination of R1 and R2. That is,

(B.15)

 = 15 k 7  7.5 k = 5 kÆ

RTh =

VX

IX
= R1 7  R2

VTh

R2

R1

a

b

VX

IX

−

+

FIGURE B.12 Equivalent circuits

Finding Thevenin’s equivalent circuit Represent the network shown in Fig. B.13(a) by Thevenin’s

equivalent, as shown in Fig. B.13(b). Assume VCC � 12 V, VA � 9 V, R1 � 15 k�, and R2 � 7.5 k�.

SOLUTION

Since there are two voltage sources VCC and VA, we will apply the superposition theorem to find VTh. The equiv-

alent circuit with source VCC only is shown in Fig. B.14(a). Applying the voltage divider rule, we can find the

output voltage due to VCC only as

VO1 =

R2

R1 + R2
 VCC =

7.5 k
15 k + 7.5 k * 12 = 4 V

EXAMPLE B.8

(b)  Thevenin’s equivalent

a

b

RTh

VTh

VTh

VCC

VA

R1

R2

(a)  Network

a

b

−

+

FIGURE B.13 Network for Example B.8
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The circuit with source VA only is shown in Fig. B.14(b); the output voltage due to VA is

The resultant output voltage VO, which equals VTh, can be found by combining the output voltages due to indi-

vidual sources; that is,

(B.16)

If sources VA and VCC are set to zero and test voltage VX is applied across terminals a and b, the circuit for

determining RTh is shown in Fig. B.14(c). RTh becomes the parallel combination of R1 and R2; that is,

(B.17)

It is evident that Eqs. (B.15) and (B.17) are the same.

 = 15 k 7  7.5 k = 5 kÆ

RTh =

VX

IX
= R1 7  R2

 = 4 + 6 = 10 V

 =

R2

R1 + R2
VCC +

R1

R1 + R2
VA

VTh = VO = VO1 + VO2

VO2 =

R1

R1 + R2
 VA =

15 k
15 k + 7.5 k * 9 = 6 V

VO2VO1

VCC

R1

R2

R1

R2

R1

R2

a

b
VA

a

b

(a)  Equivalent circuit
      with source VCC only 

(b)  Equivalent circuit 
      with source VA only

a

b

VX

RTh

IX

(c)  Finding RTh

−

+

−

+

−

+

FIGURE B.14 Equivalent circuits

Representing a network by Thevenin’s equivalent circuit Represent the network shown in Fig. B.15

by Thevenin’s equivalent circuit. The circuit values are Ri � 1.5 k�, RC � 25 k�, �F � 50, hr � 3 � 10	4, and

Vs � 5 mV.

(a) Calculate the parameters of Thevenin’s equivalent circuit.

(b) Use PSpice/SPICE to check your results.

EXAMPLE B.9

Vi Vo

Ri

~Vs ~

I

I2Is

RC

b

a

−

+

−

+

−

+

−

+

hrVo b FIs

FIGURE B.15 Network for Example B.9
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Appendix B Review of Basic Circuits 1225

SOLUTION

(a) Ri � 1.5 k�, RC � 25 k�, �F � 50, hr � 3 � 10	4, and Vs � 5 mV. The output voltage Vo between termi-

nals a and b is

(B.18)

The input current Is can be found from loop I as

(B.19)

Substituting Is from Eq. (B.19) into Eq. (B.18) gives the output voltage Vo as

(B.20)

Thevenin’s resistance RTh can be determined from the circuit in Fig. B.16, which is obtained by short-circuiting

the independent source Vs. Considering Vx and Ix as the test voltage and current, respectively, we get

(B.21)

(B.22)

Substituting Is from Eq. (B.21) into Eq. (B.22) gives

which gives Thevenin’s resistance RTh as

(B.23)

 =

1.5 k * 25 k
1.5 k - 50 * 3 * 10-4

* 25 k
= 33.33  kÆ

RTh =

Vx

Ix
=

RiRC

Ri - bFhrRC

Ix = -

bFhrVx

Ri
+

Vx

RC
=

Ri - bFhrRC

RiRC
 Vx

Ix = bFIs +

Vx

RC

Is = -

hrVx

Ri

 =

-50 * 25 k * 5 m
1.5 k - 50 * 3 * 10-4

* 25 k
= -5.5556 V

VTh = Vo =

-bFRC

Ri - bFhrRC
 Vs

Is =

Vs - hrVo

Ri

Vo = - I2RC = -bFIsRC

Vx~

Is I2

RC

Ix

RTh

Ri

hrVx
b FIs

+

−

+

−

FIGURE B.16 Circuit for determining Thevenin’s resistance
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B.6 Norton’s Theorem

Norton’s theorem states that any two-terminal linear DC (or AC) network can be replaced by an equivalent

circuit consisting of a current source and a parallel resistance (or impedance). Norton’s equivalent circuit

can be determined from Thevenin’s equivalent circuit; the relationship between them is shown in Fig. B.18.

Norton’s resistance RN is identical to Thevenin’s resistance RTh, and Norton’s current equals the short-

circuit current at the terminals of interest.

Appendix B Review of Basic Circuits1226

(b) The circuit for PSpice simulation is shown in Fig. B.17, which is run by OrCAD PSpice A/D. The results

of the PSpice simulation are shown below:

NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE

( 1) .0050 ( 2) -.0017 ( 3) 0.0000 ( 4) -5.5556

VTh � Vo � V(4) � 	5.5556 V

****  SMALL-SIGNAL CHARACTERISTICS

V(4)/VS=-1.111E+03 Gain A � Vo ⁄ Vs � 	1111

INPUT RESISTANCE AT VS=1.125E+03 Rin � Vs ⁄ Is � 1.125 k�

OUTPUT RESISTANCE AT V(4)=3.333E+04 RTh � 33.33 k�

Vo~Vs

Is

E1

F1Vo

RThRin

3

21 4

Ri
1.5 kΩ

RC
25 kΩ

Vx
0 V

50Is

3 × 10−4+

−

+

−

+

−

FIGURE B.17 Circuit for PSpice simulation

+

−
VTh

IN
RL

(a)  Thevenin’s equivalent

a

b

RL

a

b

(b)  Norton’s equivalent

VTh

RTh
RN = RTh

RTh

FIGURE B.18 Thevenin’s and Norton’s equivalent circuits
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B.7 Maximum Power Transfer Theorem

In electronic circuits, it is often necessary to transmit maximum power to the load. Let us consider the cir-

cuit in Fig. B.19, which could be Thevenin’s equivalent circuit of a network. The power PL delivered to

load resistance RL can be found from

(B.24)

For a given circuit, VTh and RTh will be fixed. Therefore, the load power PL depends on the load resistance

RL. If we set RL � uRTh, Eq. (B.24) becomes

where P � V2
Th ⁄ RTh. Normalizing PL with respect to P, we get the normalized power Pn as

(B.25)

Figure B.20 shows the variation of normalized power Pn with u. The power Pn becomes maximum at

u � 1; that is, RTh � uRL � RL. The value of RL for a maximum power transfer can also be determined

from the condition dPL ⁄ dRL � 0. From Eq. (B.24),

or

Since RTh cannot be negative,

(B.26)RL = RTh

RL = ;RTh

(RTh + RL)2
- 2RL(RTh + RL) = 0

dPL

dRL
= V2

Th c (RTh + RL)2
- 2RL(RTh + RL)

(RTh + RL)4 d = 0

Pn =

PL

P
=

u

(1 + u)2

 =

u

(1 + u)2 P

PL =

V 2
Th

RTh
 

u

(1 + u)2

 =

V2
Th

RTh
*

1

(1 + RL>RTh)2 *

RL

RTh

PL = I 2
LRL = c VTh

RTh + RL
d2RL
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RTh

~VTh

IL

RL

+

−
FIGURE B.19 Thevenin’s equivalent circuit with a resistive load
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Thus, the maximum power transfer occurs when the load resistance RL is equal to Thevenin’s resistance

RTh of the network. For Norton’s equivalent circuit of Fig. B.18(b), the maximum power will be delivered

to the load when

(B.27)

Substituting RL from Eq. (B.26) into Eq. (B.24) gives the maximum power Pmax delivered to the load as

(B.28)

The input power Pin supplied by the source Vs is

(B.29)

Thus, the efficiency � at the maximum power transfer condition is

Therefore, the efficiency is always 50% at the maximum power transfer condition. In electronic cir-

cuits, the amount of power being transferred is usually small, and efficiency is often not of primary

concern. However, efficiency is of major concern in circuits involving high power—for example, in

power systems.

B.8 Transient Response of First-Order Circuits

The transient response gives the instantaneous value of an output voltage (or current) for a specified

instantaneous input voltage (or current). The response due to a step-signal input is commonly used in

evaluating electronic circuits because such a response allows us to predict the response due to other

signals such as a pulse or square-wave input.

h =

P max 

Pin
* 100% =

V2
Th

4RL
*

2RL

V2
Th

* 100% = 50%

Pin =

V2
Th

RTh + RL
=

V2
Th

2RL

P max =

V2
ThRL

4R2
L

=

V 2
Th

4RL

RN = RL
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Pn

0
0.50 1.5 21 2.5 3

0.05

0.10

0.15

0.20

0.25

RL = RTh

u = 
RL

RTh

PL
Pn = 

RTh

VTh
2

FIGURE B.20 Normalized power Pn with the ratio u
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B.8.1 Step Response of Series RC Circuits

Consider the series RC circuit in Fig. B.21(a) with a step input voltage VS. The output voltage vO is taken

across capacitor C. For t 
 0, the charging current i of the capacitor can be found from

(B.30) 

with initial capacitor voltage vC(t � 0) � 0.

Using the Laplace transformations in Table B.1, we can transform Eq. (B.30) into Laplace’s domain

of s as follows:

VS

s = RI(s) +

1

Cs
 I(s)

VS = vR + vC = Ri +

1

CL
i dt + vC(t = 0)

Appendix B Review of Basic Circuits 1229

vR

vs

vO

vO = vC

t
0

0

VS

VS

i

C

(a)  RC circuit  

VS

(b)  Step response

vS

t

0.628VS

+
+

+

−

−

−

R

t = RC

Slope  VS/t

FIGURE B.21 Series RC circuit

TABLE B.1 Some Laplace transformations

f (t) F(s)

1

t

s2F(s) - sF(s) - F¿(0)f–(t)

sF(s) - F(0)f ¿(t)

s

s2
+ a2

cos at

a

s2
+ a2

sin at

1

s + a
e-at

1

s2

1
s
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which, solved for the current I(s), gives

(B.31)

where � � RC is the time constant of the circuit.

The inverse transform of Eq. (B.31) in the time domain gives the charging current:

(B.32)

The output voltage vO(t), which is the voltage across the capacitor, can be expressed as

(B.33)

In the steady state (at t � �), Eq. (B.32) gives

From Eq. (B.33),

(B.34)

At t � �, Eq. (B.33) gives

(B.35)

The initial slope of the tangent to vO(t) can be found from Eq. (B.33):

(B.36)

The transient response of vO(t), which rises expontentially due to a step input, is shown in Fig. B.21(b).

B.8.2 Step Response of Series CR Circuits

In a CR circuit, the output voltage is taken across resistance R instead of capacitance C, as shown in

Fig. B.22(a). The output voltage vO, which is the voltage across resistance R, can be found from Eq. (B.32);

that is,

(B.37)

which, in the steady state (at t � �), gives

At t � �, Eq. (B.37) gives

(B.38)

From Eq. (B.37), the initial slope of the tangent to vO(t) is

(B.39)

The response of vO(t), which falls exponentially due to a step voltage input, is shown in Fig. B.22(b).

dvO

dt
`
t=0

= -

VS

t
 e-t>� `

t=0
= -

VS

t
= -  

VS

RC

vO(t = t) = VS e
-1

= 0.368VS

i(t = �) = 0

vO(t = �) = 0

vO(t) = Ri(t) = VS e
-t>�

dvO

dt
`
t=0

=

VS

t
 e-t>� `

t=0
=

VS

t
=

VS

RC

vO(t = t) = VS (1 - e-1) = 0.632VS

vO(t = �) = VS

i(t = �) = 0

vO(t) =

1

CL

t

0
i dt =

1

CL

t

0

VS

R
e-t>� dt = VS(1 - e-t>� )

i(t) =

VS

R
 e-t>�

I(s) =

VS

sR + (1>C)
=

VS

R(s + 1>t)
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B.8.3 Pulse Response of Series RC Circuits

An input pulse vS of duration T, shown in Fig. B.23(a), is applied to the circuit of Fig. B.21(a). The response

due to a pulse signal will depend on the ratio of time constant � to duration T. We consider three cases:

� � T, � �� T, and �  T.

In case 1, � � T, the output voltage vO(t) has just enough time to reach a near steady-state value

of VS. The capacitor C is charged exponentially to approximately voltage VS. When the input voltage

vS(t) falls to zero at t � T, the output (or capacitor) voltage vO(t) falls exponentially to zero, as shown

Appendix B Review of Basic Circuits 1231

t

vS

tvC

C
VS

i

R

(a)  CR circuit  (b)  Step response

0

0

VS

VS

0.368VS

+

−

+

−

+ − vO = vR

vO = vR

Slope = −VS/t

t = RC

FIGURE B.22 Step response of a series CR circuit

vS

t
0

td t2tr tf

T

TT

T

(a)  Input

(b)  Output for s ò T (d)  Output for s  >> T 

0.1VS

0.9VS

VS

VS VS

t
0

t
0

t
0

VS

V1

vO = vC

vO = vCvO = vC

Slope = VS/t
t << T

t >> TSlope = VS/t

Slope = VS/t

 (c)  Output for s << T

t ≈ T

FIGURE B.23 Pulse response of an RC circuit
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in Fig. B.23(b). The area under the input waveform must equal that under the output waveform. Rise
time tr is defined as the time it takes for the output voltage to rise from 10% to 90% of the final value.

Fall time tf is defined as the time it takes for the output voltage to fall from 90% to 10% of the initial

value. Delay time td is defined as the time it takes for the output voltage to rise from 0% to 10% of the

final value.

At t � t1 � td, vO(t) � 0.1VS; at t2, vO(t) � 0.9VS. Thus, Eq. (B.33) gives

and

The rise time tr, which is equal to the fall time tf, can be found as follows:

(B.40)

In case 2, � �� T, tr and tf are much smaller than T. The output voltage vO(t) represents the input

signal more closely, as shown in Fig. B.23(c). This condition is generally satisfied by choosing circuit

parameters such that 10� � T.

In case 3, �  T, there is not enough time for the output voltage vO(t) to reach the steady-state

value of VS. The output voltage at t � T is V1, which is much smaller than VS, as shown in Fig. B.23(d).

The output voltage starts to decay exponentially toward zero before reaching its maximum value. Thus,

the output voltage will not be a true representative of the input voltage. However, the output voltage is

approximately the time integration of the input voltage, and the circuit behaves as an integrator. That is,

For this condition, � � 10T.

vO(t) =

1
tL

t

0
VS dt =

VS

t
 t   (for t 7 7 T )

 = -t ln (0.1) + t ln (0.9) = t ln (9) L 2.2t

tr = tf = t2 - t1

t2 = -t ln (0.1)

e-t2>�
= 0.1

0.9VS = VS(1 - e-t2>� )

t1 = -t ln (0.9)

e-t1>�
= 0.9

0.1VS = VS(1 - e-t1>�)
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Using PSpice/SPICE to plot the pulse response of an RC circuit Use PSpice/SPICE to plot the out-

put voltage of the circuit in Fig. B.21(a) for � � 0.1 ms, 1 ms, and 5 ms. Assume T � 2 ms and vS � VS � 1 V

of pulse input.

SOLUTION

For � � 0.1 ms, let C � 0.1 �F. Then

R =

t

C
=

0.1 ms

0.1 �F
= 1 kÆ

EXAMPLE B.10
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Appendix B Review of Basic Circuits 1233

For � � 1 ms, let C � 0.1 �F. Then

For � � 5 ms, let C � 0.1 �F. Then

The series RC circuit for PSpice simulation is shown in Fig. B.24 with a pulse input voltage. The list of the cir-

cuit file, which is run by OrCAD PSpice A/D, is as follows.

Example B.10  Pulse Response of Series RC Circuit

.PARAM RVAL=1K

.STEP PARAM RVAL LIST  1K  10K  50K

VS  1  0  PULSE (0V  1V  0  1NS  1NS  2MS  4MS)  ; Pulse input voltage

R  1  2  {RVAL}

C  2  0  0.1UF

.TRAN  0.1MS  4MS ; Transient analysis

.PROBE

.END

The PSpice plots of the output voltage vO(t) for three values of the time constant are shown in Fig. B.25. The

lower the time constant �, the faster the output voltage rises and falls.

NOTE: You can use the PSpice Parametric command for variable R to vary the time constant.

R =

t

C
=

5 ms

0.1 �F
= 50 kÆ

R =

t

C
=

1 ms

0.1 �F
= 10 kÆ

R
{RVAL}

RVAL  1 k
Parameters:

1 2

C
0.1 μF

VS
1 V

+

−

FIGURE B.24 RC circuit for PSpice simulation

FIGURE B.25 Plots of vO(t) for Example B.10
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B.8.4 Pulse Response of Series CR Circuits

An input pulse vS of duration T, shown in Fig. B.26(a), is applied to the circuit of Fig. B.22(a). The re-

sponse due to a pulse signal will depend on the ratio of time constant � to duration T. Let us consider three

cases: � � T, � �� T, and �  T.

In case 1, � � T, the capacitor voltage vC(t) starts to increase exponentially while the output voltage

vO(t) starts to decay exponentially from VS. This situation is shown in Fig. B.26(b). At t � T, the input

signal vS falls to zero and the capacitor discharges exponentially through the resistance R and the input

source vS. The output voltage vO decays exponentially from a negative value toward zero.

Appendix B Review of Basic Circuits1234

vO

t

vS

t
0

VS

vC

t
0

VS

−VS

VS

0

(a)  Input

(b)  Output for s ò T

(c)  Output for s << T

(d)  Output for s >> T 

T

T

T

T

T

T

vO

t

−VS

VS

0

vC

t
0

VS

vO

t

VS

0

vC 

t
0

V

Slope = −VS/t

Slope = −VS/t

Slope = VS/t

Slope = VS/t

Slope = −VS/t

Slope = VS/t

t << T

t << T 

t >> T 

t >> T 

t ≈ T

t ≈ T

ΔV

ΔV

ΔV

FIGURE B.26 Pulse response of a series CR circuit

67722_18_Appendix B.qxd  2/19/10  7:49 PM  Page 1234

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



In case 2, � �� T, the output voltage vO(t) decays exponentially with a small time constant to zero.

During the period 0 � t � T, the capacitor charges exponentially to reach a steady-state value of VS. For

t  T, the capacitor discharges exponentially with a small time constant through the resistance R and the

input source vS. The output voltage vO(t) decays exponentially from a negative value toward zero. The

waveforms for vO(t) and vC(t) are shown in Fig. B.26(c).

In case 3, �  T, output voltage vO falls only a small amount. The portion of the exponential curve

vO from t � 0 to t � T will be almost linear, as shown in Fig. B.26(d). The fall in the output voltage vO

can be found approximately from Fig. B.26(d) as

(B.41)

The sag S of the output voltage is defined as

(B.42)S =

¢V

VS
=

VST>t
VS

=

T
t

=

T

RC

¢V =

VS

t
 T
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Using PSpice/SPICE to plot the pulse response of a CR circuit Use PSpice/SPICE to plot the output

voltage vO(t) of the circuit in Fig. B.22(a) for � � 0.1 ms, 1 ms, and 5 ms. Assume T � 2 ms and vS � VS � 1 V

of pulse input.

SOLUTION

For � � 0.1 ms, let C � 0.1 �F. Then

For � � 1 ms, let C � 0.1 �F. Then

For � � 5 ms, let C � 0.1 �F. Then

The series CR circuit for PSpice simulation is shown in Fig. B.27. 

R =

t

C
=

5 ms

0.1 �F
= 50 kÆ

R =

t

C
=

1 ms

0.1 �F
= 10 kÆ

R =

t

C
=

0.1 ms

0.1 �F
= 1 kÆ

EXAMPLE B.11

R
{RVAL}

Parameters:
RVAL   1 k

VS
1 V

1 2

C
0.1 μF

−

+

FIGURE B.27 CR circuit for PSpice simulation

67722_18_Appendix B.qxd  2/19/10  7:49 PM  Page 1235

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Appendix B Review of Basic Circuits1236

The list of the circuit file is as follows.

Example B.11  Pulse Response of Series CR Circuit

.PARAM RVAL=1K

.STEP PARAM RVAL LIST  1K  10K  50K

VS  1  0  PULSE (0V  1V  0  1NS  1NS  2MS  4MS)  ; Pulse input voltage

R  2  0  {RVAL}

C  1  2  0.1UF

.TRAN  0.1MS  4MS ; Transient analysis

.PROBE

.END

The plots of the output voltage vO(t) for three values of the time constant are shown in Fig. B.28.

FIGURE B.28 Plots of vO(t) for Example B.11

Pulse response of a parallel RC circuit A constant-current source iS � IS, shown in Fig. B.29(a), feeds

a parallel RC circuit with C � 0.1 �F and R � 100 k�, as shown in Fig. B.29(b). The input is a pulse current

of duration T � 0.5 ms. Determine (a) the instantaneous current iC(t) through capacitance C, (b) the instanta-

neous current iR(t) through resistance R, and (c) the sag S of the capacitor current.

EXAMPLE B.12

t (in ms)

i1

0

i1
IS iCiR

0.5

(a)  Input (b)  Circuit

i1 = IS

C
0.1 μF

R
100 kΩ

FIGURE B.29 Parallel RC circuit with constant current source IS
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B.8.5 Step Response of Series RL Circuits

A series RL circuit with a step-function input is shown in Fig. B.30(a). The output voltage vO is taken

across inductance L. The current i through the inductor can be deduced from

(B.46)VS = vL + vR = L 
di

dt
+ Ri

Appendix B Review of Basic Circuits 1237

SOLUTION

For a pulse signal, the input current in Laplace’s domain is IS(s) � IS ⁄ s.

(a) Using the current divider rule, we can find the capacitor current IC in Laplace’s domain:

(B.43)

The inverse transform of IC(s) in Eq. (B.43) gives

(B.44)

where � � RC.

(b) The instantaneous current iR(t) through resistance R is

(B.45)

(c) � � RC � 100 � 103 � 0.1 � 10	6 � 10 ms, and T � 0.5 ms. Therefore, �  T, and Eq. (B.42) gives

S = T>t = 0.5>10 = 5%

iR(t) = IS - iC(t) = IS(1 - e-t>�)

iC (t) = IS e-t>�

 = IS 
I

s + 1>RC

IC(s) =

R

R + 1>Cs
 IS(s) =

s

s + 1>RC
 IS(s) =

s

s + 1>RC
*

IS

s
=

IS

s + 1>RC

R

VS

vO

t
0

i

t
0

vL

vR
VS

i

τ

t

0.368VSL

0.632 VS

R
Slope = VS/t

Slope = −VS/t

−

−

−
−

vO = vL

VS

R

t = L/R

+

+

+
+

(a)  RL circuit (b)  Step response

FIGURE B.30 Step response of a series RL circuit
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with an initial inductor current of zero, i(t � 0) � 0. In Laplace’s domain of s, Eq. (B.46) becomes

which, solved for I(s), gives

(B.47)

where � � L ⁄ R is the time constant of an RL circuit. Taking the inverse transform of I(s) in Eq. (B.47)

gives the instantaneous current as

(B.48)

Using Eq. (B.48), we can find the voltage vO(t) across the inductance L:

(B.49)

In the steady state (at t � �),

If the output is taken across resistance R, the output voltage vO(t) becomes

(B.50)

In the steady state (at t � �), vR(t) � VS and i(t) � VS ⁄R.

� NOTE Under steady-state conditions, the current through the inductor is VS ⁄R. If the input voltage vS is turned
off with a sharp edge, a very high voltage will be induced by the inductor in order to oppose this change of current.
This voltage could be destructive. A series RL circuit is not operated with a pulse (or step) signal input unless there is a
protection circuit to suppress the voltage transient caused by the inductor. If the input voltage switches between
and , the inductor current can rise and fall, resulting in positive and negative voltages.

B.9 Resonant Circuits

The effective impedance of an RLC circuit is a function of the frequency, and the voltage or current becomes

maximum at a frequency fn, known as the resonant (or natural) frequency. At resonance, the energy absorbed

at any instant by one reactive element (say, inductor L) is exactly equal to that released by another element

(say, capacitor C). The energy pulsates from one reactive element to the other, and a circuit with no resis-

tive element requires no further reactive power from the input source. The average input power, which is the

power dissipated in the resistive element, becomes maximum at resonance. Resonant circuits are of two

types: series resonant circuits and parallel resonant circuits.

- VS

+VSvS

vO(t) = vR(t) = Ri(t) = VS(1 - e-t>�)

i(t) =

VS

R
     [from Eq. (B.48)]

vO(t) = 0   [from Eq. (B.49)]

vO(t) = vL(t) = L 
di

dt
= VSe- t>�

i(t) =

VS

R
 (1 - e-t>�)

I(s) =

VS

s(sL + R)
=

VS

Ls(s + 1>t) =

VS

R
 c1

s
-

1

(s + 1>t) d

VS

s
= LsI(s) + RI(s)
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B.9.1 Series Resonant Circuits

A series resonant RLC circuit is shown in Fig. B.31, where RCl is the internal resistance of the coil and RS

is the source resistance. If we define R � RCl � RS, the total series impedance Z of the circuit is given by

(B.51)

The series resonance will occur at f � fn when

(B.52)

Equation (B.52) can also be stated as

which gives the series resonant frequency fn as

(B.53)

The impedance Zn at resonance becomes

(B.54)

A series resonant circuit is normally defined by a quality factor Qs, which is defined as the ratio of

the reactive power stored in either the inductor or the capacitor to the average power dissipated in the

resistor at resonance; that is,

(B.55)

(B.56)

= e
I 2XL

I 2R
=

XL

R
=

2pfnL

R
                             (for an inductive reactance)

I 2XC

I 2R
=

XC

R
=

1

2pfnCR
                           (for a capacitive reactance)

Qs =

Reactive power

Average power

Zn = Z = R

fn =

1

2p2LC

vL =

1

vC
 or 2pfnL =

1

(2pfnC )

XL = XC

Z = R + j(XL - XC)
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RS C

~Vs

RCl

I

L

−jXC

jXL

Coil

−

+
FIGURE B.31 Series resonant RLC circuit
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The quality factor QCl of a coil is defined as the ratio of the reactive power stored in the coil to the

power dissipated in the coil resistance RCl; that is,

The rms voltage VL across inductor L at resonance can be found from

(B.57)

The rms voltage VC across capacitor C at resonance can be found from

(B.58)

In many electronic circuits, the quality factor Qs is high, in the range of 80 to 400. If Vs � 30 V and

Qs � 80, for example, then VC � VL � 80 � 30 � 2400 V, and all electronic devices in the circuit will be

subjected to this high voltage. Thus, a designer must be careful to protect the circuit from a high voltage

across the inductor or the capacitor of a resonant circuit.

B.9.2 Parallel Resonant Circuits

A parallel resonant RLC circuit is shown in Fig. B.32(a). This circuit is also known as a tank circuit. The

input signal to a tank circuit is usually a current source. This type of circuit is frequently used with active

devices such as transistors, which have the characteristic of a constant current source. By replacing the se-

ries RL combination of the inductor with a parallel combination, we can obtain the circuit in Fig. B.32(b),

for which the admittance YRL is

YRL =

1

RC1 + jXL
=

RC1

R2
C1 + X2

L
- j 

XL

R2
C1 + X2

L
=

1

Rp
- j 

1

Xp

VC =

XCVs

Zn
=

XLVs

R
= QsVs

VL =

XLVs

Zn
=

XLVs

R
= QsVs

QC1 =

Reactive power

Power dissipated
=

XL

RC1
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Vp

RCl

L jXL

Is RS

Ip

C

ZTh

a

b

(a)  Parallel circuit

jXC

(b)  Equivalent circuit

Source

Rp jXpIs RS

IpIs

ZTh

a

b

jXC

Source

FIGURE B.32 Parallel resonant RLC circuit
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where (B.59)

(B.60)

For the resonant condition,

Substituting Xp from Eq. (B.60) into the preceding equation, we get

or

(B.61)

which gives the parallel resonant frequency fp as

(B.62)

(B.63)

Thus, the parallel resonant frequency fp, which is dependent on the coil resistance RCl, is less than the

series resonant frequency fn. For the conditions (CR2
Cl ⁄ L) �� 1 or RCl �� �L� ⁄�C�, and for RCl � 0,

Eq. (B.63) gives

The quality factor Qp of the parallel resonant RLC circuit can be determined by the ratio of reactive power

to the real power at resonance; that is,

(B.64)

where Vp is the voltage across the parallel branches.

Qp =

V 2
p>Xp

V 2
p>(RS 7  Rp)

=

RS 7  Rp

Xp

fp = fn

= fn c1 -

CR2
C1

L
d1>2

fp =

1

2pL
cL
C

- R2
C1 d

1>2
=

1

2p2LC
 c1 -

CR2
C1

L
d1>2

XL = c L
C

- R2
C1 d

1>2
X2

L =

L

C
- R2

C1

X2
L = XCXL - R2

C1

R2
C1 + X2

L = XCXL

R2
C1 + X2

L

XL
= XC

Xp = XC

Xp =

R2
C1 + X2

L

XL

Rp =

R2
C1 + X2

L

RC1
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Appendix B Review of Basic Circuits1242

Finding the parallel resonant frequency The parameters of the parallel resonant RLC circuit in

Fig. B.32(a) are RCl � 47 �, L � 5 mH, C � 50 pF, RS � 20 k�, and the current source Is � 6 mA. Calculate

(a) the parallel resonant frequency fp, (b) the voltage Vp across the resonant circuit at resonance, (c) the quality

factor QCl of the coil, and (d) the quality factor Qp of the resonant circuit.

SOLUTION

RCl � 47 �, L � 5 mH, C � 50 pF, RS � 20 k�, and Is � 6 mA.

(a) From Eq. (B.53),

From Eq. (B.63),

fp � 318.3 � 103 � � 318.3 kHz

(b) We know that

XL � 2�fpL � 2� � 318.3 � 103 � 5 � 10	3 � 9999.7 �

From Eq. (B.59), the effective resistance Rp of the parallel circuit is

Using the current divider rule, the rms current Ip through the parallel circuit is

(c) We have

(d) From Eq. (B.60), the effective inductive reactance Xp of the parallel circuit is

From Eq. (B.64), Qp � 19,810 ⁄ 9999.92 � 1.98.

RS 7  Rp =

20 * 2127.6

20 + 2127.6
= 19.81 kÆ

Xp =

472
+ 9999.72

9999.7
= 9999.92 Æ

QC1 =

XL

RC1
=

9999.7

47
= 212.8

Vp = IpRp = 55.876 �A * 2127.6 kÆ = 118.88 V

Ip =

RS

RS + Rp
 Is =

20 kÆ * 6 mA

20 kÆ + 2127.6 kÆ

= 55.876 �A

Rp =

472
+ 9999.72

47
= 2127.6 kÆ

c1 - 50 * 10 -12
*

472

5 * 10 -3
d1>2

fn =

1

2p * 25 * 10 -3
* 50 * 10 -12

= 318.3 kHz

EXAMPLE B.13
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B.10 Frequency Response 
of First- and Second-Order Circuits

A sine wave (or sinusoid) is generally used to characterize electronic circuits, such as amplifiers and

filters. The frequency response refers to the output characteristic for a sine-wave input. If a sine-wave

input voltage

(B.65)

where Vm is the peak input voltage and � is the frequency of the input voltage in radians per second, is ap-

plied to a circuit, the output voltage vo(t) can have a different amplitude and phase than the input voltage.

The output voltage vo(t) will be of the form

(B.66)

where Vp is the peak output voltage. If f is the input frequency in hertz,

A typical relationship between the input and output voltages of an amplifier is shown in Fig. B.33. An am-

plifier has in general a voltage gain of . Thus, the peak output has a higher value than

the input voltage .

If Vs( j�) and Vo( j�) denote the rms values of input voltage and output voltage, respectively, as a

function of frequency, the voltage gain G( j�) is defined as

(B.67)

G( j�) is a complex function with a magnitude and a phase. The magnitude⏐G( j�)⏐ gives the magnitude

response, and the phase of G( j�) gives the phase response. The magnitude and the phase are generally

plotted against the frequency, with a logarithmic scale used for the frequency. The magnitude⏐G( j�)⏐ is

normally expressed in decibels (dB):

We will review the frequency responses of the following circuits: first-order low-pass RC circuits, first-

order high-pass CR circuits, second-order series RLC circuits, and second-order parallel RLC circuits.

Magnitude in dB = 20 log10|G( jv)|

G( jv) =

Vo( jv)

Vs( jv)
  (dimensionless)

Vm

VpAv = Vp>Vm 7 1

v = 2pf

vo(t) = Vp sin (vt - f)

vs(t) = Vm sin vt
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vs

q = w t
0

vs = Vm sin w t

vo = Vp sin (w t − f)
Vm

Vp

p 2p

f

FIGURE B.33 Typical sinusoidal input and output

voltages

67722_18_Appendix B.qxd  2/19/10  7:49 PM  Page 1243

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



B.10.1 First-Order Low-Pass RC Circuits

A typical low-pass RC circuit is shown in Fig. B.34(a). The output voltage vo is taken across capacitance C.

The capacitor impedance in Laplace’s domain is 1 ⁄Cs. Using the voltage divider rule, we can find the volt-

age gain G(s):

In the frequency domain, s � j�, and

where � � RC. Thus, the magnitude⏐G( j�)⏐of the voltage gain can be found from

(B.68)

and the phase angle � of G( j�) is given by

(B.69)

where �o � 1 ⁄ RC � 1 ⁄ �.

f = - tan -1(vt) = - tan -1 a v
vo
b

|G( jv)| =

1

[1 + (vt)2]1>2 =

1

[1 + (v>vo)2]1>2

G( jv) =

1

1 + jvRC
=

1

1 + jvt

G(s) =

Vo(s)

Vs(s)
=

1>Cs

R + (1>Cs)
=

1

1 + sRC
  (dimensionless)
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+

−

+

−
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w
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w
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(a)  Low-pass circuit

f

1

0.1
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10

(b)  Frequency response

5.7

5.7°

FIGURE B.34 First-order low-pass RC circuit
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For � �� �o,

Therefore, at low frequency, the magnitude plot is a straight horizontal line at 0 dB. For �  �o,

For � � �o,

Let us consider a high frequency such that �1  �o. At � � �1, the magnitude is 20 log10 (�o ⁄ �1).

At � � 10�1, the magnitude is 20 log10 (�o ⁄ 10�1). The change in magnitude between � � �1 and 

� � 10�1 becomes

If the frequency is doubled so that � � 2�1, the change in magnitude becomes

The frequency response is shown in Fig. B.34(b). If the frequency doubled, the interval between the two

frequencies is called an octave on the frequency axis. If the frequency is increased by a factor of 10, the

interval between the two frequencies is called a decade. Thus, for a decade increase in frequency, the

magnitude changes by 	20 dB. The magnitude plot is a straight line with a slope of 	20 dB/decade or

	6 dB/octave. The magnitude curve is therefore defined by two straight-line asymptotes, which meet at

the corner frequency (or break frequency) �o. The difference between the actual magnitude curve and the

asymptotic curve is largest at the break frequency. The error can be found by finding the gain at � � �o;

that is,⏐G( j�)⏐� 1 ⁄ �2�, and 20 log10 (1 ⁄ �2�) � 	3 dB. This error is symmetrical with respect to the

break frequency. The break frequency is also known as the 3-dB frequency.

The circuit in Fig. B.34(a) passes only the low-frequency signal, and the amplitude falls at higher

frequencies. A circuit with this type of response is known as a low-pass circuit. The gain function

(commonly known as the transfer function) of a low-pass circuit has the general form

(B.70)G(s) =

K

1 + (s>vo)

20 log10 (vo>2v1) - 20 log10 (vo>v1) = 20 log10 (1>2) = -6 dB

20 log10  (vo>10v1) - 20 log10 (vo>v1) = 20 log10  (1>10) = -20 dB

f = p>4
20 log10|G( jv)| = 20 log10 (1>22) = -3 dB

|G( jv)|= 1>22

f = p>2
20 log10|G( jv)| = 20 log10 (vo>v)

|G( jv)| L vo>v

f = 0

20 log10|G( jv)| = 0

|G( jv)| L 1

Appendix B Review of Basic Circuits 1245

67722_18_Appendix B.qxd  2/19/10  7:49 PM  Page 1245

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



where K is the magnitude of the gain function at � � 0 (or the low-pass gain). A low-pass circuit exhibits

the characteristics of (a) finite output at a very low frequency, tending to zero, and (b) zero output at a very

high frequency, tending to infinity.
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Using PSpice/SPICE to plot the frequency response of a low-pass RC circuit Use PSpice/SPICE to

plot the frequency response of the low-pass RC circuit in Fig. B.34(a). Assume Vm � 1 V (peak AC), R � 10 k�,

and C � 0.1 �F. The frequency f varies from 1 Hz to 100 kHz.

SOLUTION

The low-pass RC circuit for PSpice simulation is shown in Fig. B.35. The PSpice plot of the magnitude and phase

angle are shown in Fig. B.36, which gives fo � 161 Hz at 	3 dB.

EXAMPLE B.14

~
R

10 kΩ
+

−
VS

1 V

1 2

C
0.1 μF

FIGURE B.35 Low-pass RC circuit

for PSpice simulation

FIGURE B.36 Frequency response plots for

Example B.14

B.10.2 First-Order High-Pass CR Circuits

A high-pass CR circuit is shown in Fig. B.37(a). The output voltage vo is taken across resistance R. Using

the voltage divider rule, we can find the voltage gain G(s) in Laplace’s domain:

In the frequency domain, s � j�, and

G( jv) =

jvRC

1 + jvRC
=

jvt

1 + jvt

G(s) =

Vo(s)

Vs (s)
=

R

R + (1>Cs)
=

sRC

1 + sRC
   (dimensionless)
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where � � RC. Thus, the magnitude⏐G( j�)⏐of the voltage gain can be found from

(B.71)

and the phase angle � of G( j�) is given by

(B.72)

where �o � 1 ⁄ RC � 1 ⁄�.

For � �� �o,

Therefore, for a decade increase in frequency, the magnitude changes by 20 dB. The magnitude plot is a

straight line with a slope of �20 dB/decade or �6 dB/octave.

For �  �o,

f L 0

20 log10|G( jv)| = 0

|G( jv)| = 1

f =

p

2

20 log10|G( jv)| = 20 log10 a vvo
b

|G( jv)| L

v

vo

f =

p

2
-  tan -1 a v

vo
b

|G( jv)| =

vt

[1 + (vt)2]1>2 =

v>vo

[1 + (v>vo)2]1>2
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FIGURE B.37 First-order high-pass CR circuit
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Therefore, at high frequency, the magnitude plot is a straight horizontal line at 0 dB. For � � �o,

The frequency response is shown in Fig. B.37(b). This circuit passes only the high-frequency signal,

and the amplitude is low at low frequencies. This type of circuit is known as a high-pass circuit. The

gain function of a high-pass circuit has the general form

(B.73)

where K is the high-pass gain. A high-pass circuit exhibits the characteristics of (a) zero output at a very

low frequency, tending to zero, and (b) finite output at a very high frequency, tending to infinity.

G(s) =

sK

1 + s>vo

f =

p

4

20 log10 a 1

22
b = -3 dB

|G( jv)| =

1

22

Appendix B Review of Basic Circuits1248

Using PSpice/SPICE to plot the frequency response of a high-pass CR circuit Use PSpice/

SPICE to plot the frequency response of the high-pass CR circuit in Fig. B.37(a). Assume Vm � 1 V (peak AC),

R � 10 k�, and C � 0.1 �F. The frequency f varies from 1 Hz to 100 kHz.

SOLUTION

The high-pass CR circuit for PSpice simulation is shown in Fig. B.38. The PSpice plots of the magnitude and

phase angle are shown in Fig. B.39, which gives fo � 157 Hz at 	3 dB.

EXAMPLE B.15

~
VS

1 V

C
0.1 μF

R
10 kΩ

+

−

FIGURE B.38 High-pass CR circuit

for PSpice simulation

FIGURE B.39 Frequency response plots for

Example B.15
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B.10.3 Second-Order Series RLC Circuits

A series RLC circuit is shown in Fig. B.40. The output voltage vo is taken across resistance R. Using the

voltage divider rule, we can find the voltage gain (or the transfer function) in Laplace’s domain of s:

(B.74)

Defining �n � 1 ⁄ �L�C� as the natural frequency in rad/s and � � R ⁄ (2L) as the damping factor, we can

write Eq. (B.74) as

(B.75)

Let us define

as the damping ratio. Then Eq. (B.75) becomes

(B.76)

where 	 � 1. (Note that 	 is not necessarily less than 1, but has been assumed at less than 1 for this dis-

cussion.) In the frequency domain, s � j�. Thus,

(B.77)

Let us define u � � ⁄�n as the frequency ratio or the normalized frequency. Then Eq. (B.77) can be sim-

plified to

G( jv) =

j2du

1 + j2du - u2

=

j2dv>vn

1 + ( j2dv>vn) - (v>vn)2

G( jv) =

2dvn jv

( jv)2
+ 2dvn( jv) + v2

n
=

j2dv>vn

- (v>vn)2
+ ( j2dv>vn) + 1

G(s) =

2dvns

s2
+ 2dvns + v2

n
   (dimensionless)

d =

a

vn
=

R

2L
2LC =

R

2A

C

L

G(s) =

2as

s2
+ 2as + v2

n

G(s) =

Vo(s)

Vs(s)
=

R

R + sL + (1>Cs)
=

sR>L
s2

+ (sR>L) + (1>LC)
   (dimensionless)
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Vo = VR
~Vs

L

I

R

+

−

FIGURE B.40 Series RLC circuit
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The magnitude⏐G( j�)⏐can be found from

(B.78)

The phase angle � of G( j�) can be found from

(B.79)

For low frequencies u �� 1,

Therefore, at low frequencies, the magnitude plot is a straight line with a slope of �20 dB/decade or �6 dB/

octave. For u � 1,⏐G( j�)⏐� 1 only if

For u  1,

Therefore, at high frequencies, the magnitude plot is a straight line with a slope of 	20 dB/decade or 	6 dB/

octave. The actual characteristic will differ considerably from the asymptotic lines, and the error will de-

pend on the damping ratio 	. The magnitude and frequency plots of the series RLC circuit are shown in

Fig. B.41. The magnitude peaks at u � 1.

If the output voltage of the series RLC circuit falls below 70% of its maximum value, the output is

not considered the significant value. The cutoff frequency is defined as that value of frequency for which

the magnitude of the gain drops to 70.7% of its maximum value⏐G( j�)⏐max � 1. Thus, at cutoff fre-

quencies, Eq. (B.78) gives

or 22(2du) = [(1 - u2)2
+ (2du)2]1>2

|G( jv)| =

2du

[(1 - u2)2
+ (2du)2]1>2 = 0.707 =

1

22

f L -

p

2

20 log10|G( jv)| L 20 log10 (2d) - 20 log10 (u) L -20 log10 (u)

|G( jv)| L

2du

u2 =

2d
u

f = 0

20 log10|G( jv)| = 0 dB

d L 1

f L

p

2

20 log10|G( jv)| L 20 log10 (2du)

|G( jv)| L 2du

f =

p

2
- tan -1a 2du

1 - u2 b

|G( jv)| =

2du

[(1 - u2)2
+ (2du)2]1>2
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Squaring both sides yields

or (B.80)

The possible solutions of Eq. (B.80) are

(B.81)

(B.82)

Solving Eq. (B.82) yields

�

Since the frequency cannot be negative, the upper cutoff frequency ratio u2 is given by

(B.83)

and the upper cutoff frequency �2 is

(B.84)v2 = u2vn = vn(d + 21 + d2)

u2 = d + 21 + d2

u2 = d ; 21 + d2

u2
2 - 2du2 - 1 = 0

2du2 = - (1 - u2
2) = u2

2 - 1

u2
1 + 2du1 - 1 = 0

2du1 = 1 - u2
1

(2du)2
= (1 - u2)2

2(2du)2
= (1 - u2)2

+ (2du)2
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0

0

w
wn

G(jw)

d = 0.1

d = 0.1

= u

w
wn

= u
1.0

1.0

1

1

0.4

0.4

f

p
2−

p
2

FIGURE B.41 Frequency response of a series RLC circuit
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Solving Eq. (B.81) yields

which will give both positive and negative values of u1. Since the frequency cannot be negative, the lower

cutoff frequency ratio u1 is given by

(B.85)

and the lower cutoff frequency �1 is

(B.86)

The bandwidth (BW) of an amplifier, which is defined as the range of frequencies over which the

gain remains almost constant within 3 dB (29.3%) of its maximum value, is thus the difference between

the cutoff frequencies. Therefore, the bandwidth BWs of a series resonant circuit can be found from

(B.87)

(B.88)

From Eq. (B.55), R ⁄ L � 2�fn ⁄ Qs. Thus, Eq. (B.88) can be rewritten as

(B.89)

which shows that the larger the value of Qs, the smaller the value of bandwidth BWs, and vice versa. It can

be shown that Eq. (B.89) can be also applied to calculate the bandwidth BWp of a parallel resonant circuit;

that is,

(B.90)

where fp is the parallel resonant frequency in Eq. (B.63) and Qp is the quality factor of a parallel resonant

circuit in Eq. (B.64).

BWp =

fp

Qp

BWs =

1

2p
 
R

L
=

1

2p
 
2pfn
Qs

=

fn
Qs

BWs = f2 - f1 =

1

2p
 
R

L
  (in Hz)

BWs = v2 - v1 = vn(u2 - u1) = 2dvn =

R

L
  (in rad/s)

v1 = u1vn = vn(- d + 21 + d2)

u1 = -d + 21 + d2

u1 = -d ; 21 + d2
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Finding the frequency response of a series RLC circuit The series RLC circuit in Fig. B.40 has R � 50 �,

L � 4 mH, and C � 0.15 �F.

(a) Determine the series resonant frequency fn, the damping ratio 	, the quality factor Qs, the cutoff frequencies,

and the bandwidth BWs.

(b) Use PSpice/SPICE to plot the magnitude and phase angle of the output voltage for R � 50 �, 100 �, and

200 �. The frequency f varies from 100 Hz to 1 MHz. Assume Vm � 1 V peak AC.

EXAMPLE B.16
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SOLUTION

(a) R � 50 �, L � 4 mH, and C � 0.15 �F, so

The series resonant frequency is

Since � � R ⁄ (2L) � 50 ⁄ (2 � 4 � 10	3) � 6250, the damping ratio is

From Eq. (B.55),

For the lower cutoff frequency, Eqs. (B.85) and (B.86) give

Thus, For the upper cutoff frequency, Eqs. (B.83) and (B.84) give

Thus, From Eq. (B.89), the bandwidth is

BWs = f2 - f1 =

fn
Qs

=

6497.5

3.266
= 1989.4 Hz

f2 = 47,551>2p = 7568 Hz.

v2 = u2vn = 1.16475 * 40,825 = 47,551 rad>s
u2 = d + 21 + d2

= 0.1531 + 21 + 0.15312
= 1.16475

f1 = 35,050.4>2p = 5578 Hz.

v1 = u1vn = 0.85855 * 40,825 = 35,050.4 rad>s
u1 = -d + 21 + d2

= -0.1531 + 21 + 0.15312
= 0.85855

Qs = vn 
L

R
= 40,825 * 4 *

10-3

50
= 3.266

d =

a

vn
=

6250

40,825
= 0.1531

fn =

vn

2p
=

40,825

2p
= 6497.5 Hz

vn =

1

2LC
=

105

24 * 1.5
= 40,825 rad>s

~ R
{RVAL}

VS
1 V

C
0.15 μF

+

−

L
4 mH

Parameters:
RVAL    50

1 2 3

FIGURE B.42 Series RLC circuit for PSpice simulation
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B.10.4 Second-Order Parallel RLC Circuits

A parallel RLC circuit is shown in Fig. B.44. The output voltage vo is taken across the parallel combination of

R, L, and C. The transfer function G(s) � Vo(s) ⁄Is(s) in Laplace’s domain of s is the equivalent impedance Z(s).
The function

 =

s2
+ (s>RC) + (1>LC)

s>C    (in siemens, or mhos)

1

Z(s)
=

1

R
+

1

sL
+ sC =

sL + R + s2LCR

sRL

Appendix B Review of Basic Circuits1254

(b) The series RLC circuit for PSpice simulation is shown in Fig. B.42. The list of the circuit file is as follows.

Example B.16  Frequency Response of Series RLC Circuit
.PARAM RVAL = 50
.STEP PARAM RVAL LIST  50  100  200
Vm  1  0  AC  1V ; AC input of 1 V peak
L  1  2  4MH
C  2  3  0.15UF
R  3  0  {RVAL}
.AC DEC 100 100HZ 1MEGHz ; AC analysis from f = 100 Hz to 1 MHz

; with a decade change and 100 points per decade
.PROBE
.END

The PSpice plots of the magnitude and phase angle (using EXB-16.SCH) are shown in Fig. B.43. The plot for

R � 50 � gives f1 � 5578 Hz, f2 � 7568 Hz, fn � 6457 Hz, and BWs � f2 	 f1 � 1990 Hz.

FIGURE B.43 Frequency response plots for Example B.16

VoRIs

L

C

RCl = 0

−

+

FIGURE B.44 Parallel RLC circuit
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gives the transfer function G(s) as

(B.91)

Defining �n � 1 ⁄ �L�C� as the resonant frequency in rad/s and � � 1 ⁄ (2RC) as the damping factor, we can

write Eq. (B.91) as

(B.92)

Let us define

(B.93)

as the damping ratio. Then Eq. (B.92) becomes

(B.94)

where 	 � 1. (Note that 	 is not necessarily less than 1, but has been assumed less than 1 for this discus-

sion.) The right-hand side of Eq. (B.94) is R ⁄ 2 multiplied by Eq. (B.76). Following the development

of Eqs. (B.78) and (B.79), we find the magnitude⏐G( j�)⏐as

(B.95)

and the phase angle � of G( j�) as

(B.96)

The magnitude and frequency plots of a parallel RLC circuit are shown in Fig. B.45. The maxi-

mum value⏐G( j�)⏐max �⏐Z( j�)⏐max � 1. At the cutoff frequencies, the magnitude of the gain drops to

70.7% of its maximum value R. Thus, Eq. (B.95) gives

or

Squaring both sides yields

or (B.97)(2du)2
= (1 - u2)2

2(2du)2
= (1 - u2)2

+ (2du)2

22(2du) = [(1 - u2)2
+ (2du)2]1>2

|G( jv)| =

2duR

[(1 - u2)2
+ (2du)2]1>2  = 0.707R =

R

22

f =

p

2
-  tan -1 a 2du

1 - u2 b

|G( jv)| =

2duR

[(1 - u2)2
+ (2du)2]1>2  (in ohms)

G(s) = R 
dvns

s2
+ 2dvns + v2

n
  (in ohms)

d =

a

vn
=

1

2RC
* 2LC =

1

2R
 
A

L

C

G(s) = R 
2as

s2
+ 2as + v2

n
  (in ohms)

 = R 
s>RC

s2
+ (s>RC) + (1>LC)

   (in ohms)

G(s) =

Vo(s)

Is(s)
= Z(s) =

s>C
s2

+ (s>RC) + (1>LC)
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which is the same as Eq. (B.80). Equations (B.81) to (B.86) can be applied to find �1 and �2. Then the

bandwidth BWp of the parallel resonant circuit can be found from

(B.98)

� NOTE For a parallel circuit, BWp � 1 ⁄ RC only; for a series circuit, BWs � R ⁄ L.

= 2 
1

2R
 
A

L

C
*

1

2LC
=

1

RC
 (in rad>s)

BWp = v2 - v1 = vn(u2 - u1) = 2dvn
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FIGURE B.45 Frequency response of parallel

RLC circuit

0

−10

−20

−30

0

d = 0.1

d = 0.1

= u

1.0

10

100.1

0.1 1

1 1.0

0.4

0.4

f

−

w
wn

p
2

 

= u
w
wn

 

20 log G(jw) (in dB)

p
2

Finding the frequency response of a parallel RLC circuit The parallel RLC circuit in Fig. B.44 has

R � 50 �, L � 4 mH, and C � 0.15 �F.

(a) Determine the parallel resonant frequency fp, the damping ratio 	, the cutoff frequencies, the bandwidth

BWp, and the quality factor Qp of the circuit.

(b) Use PSpice/SPICE to plot the magnitude and phase angle of the output voltage for R � 50 �, 100 �, and

200 �. The frequency f varies from 100 Hz to 100 kHz. Assume Im � 1 A peak AC.

SOLUTION

(a) R � 50 �, L � 4 mH, C � 0.15 �F, and Im � 1 A peak AC, so

vn =

1

2LC
=

105

24 * 1.5
= 40,825 rad>s

EXAMPLE B.17
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The parallel resonant frequency is

Since � � 1 ⁄ (2RC) � 1 ⁄ (2 � 50 � 0.15 � 10	6) � 66.667 � 103, the damping ratio is

For the lower cutoff frequency, Eqs. (B.85) and (B.86) give

Thus, For the upper cutoff frequency, Eqs. (B.83) and (B.84) give

Thus, From Eq. (B.98), the bandwidth is

Using Eq. (B.90), we can find the quality factor:

Qp =

fp

BWp
=

6497.5

21,220
= 0.3062

BWp = f2 - f1 =

1

RC
=

1

50 * 0.15 * 10-6
= 133,333.3 rad>s, or 21,220 Hz

f2 = 144,841>2p = 23,052 Hz.

v2 = u2vn = 3.54786 * 40,825 = 144,841 rad>s
u2 = d + 21 + d2

= 1.633 + 21 + 1.6332
= 3.54786

f1 = 11,507>2p = 1831 Hz.

v1 = u1vn = 0.28186 * 40,825 = 11,507 rad>s
u1 = -d + 21 + d2

= -1.633 + 21 + 1.6332
= 0.28186

d =

a

vn
= 66.667 *

103

40,825
= 1.633

fp =

vn

2p
=

40,825

2p
= 6497.5 Hz

~ R
{RVAL}

Im
1 A
IAC

L
4 mH

C
0.15 μF

Parameters:
RVAL    50

1

+

−

FIGURE B.46 Parallel RLC circuit for PSpice simulation
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B.11 Time Constants of First-Order Circuits

We have seen that the transient and frequency responses of first-order circuits depend on their time

constants. The time constant of an RC network is � � RC, and that of an RL circuit is � � L ⁄ R. Many

circuits have more than two components. The effective time constant can be determined by finding the

effective resistance and capacitance of the circuit. The steps in finding the effective time constant are

as follows:

Step 1. Set the voltage source(s) to zero and the current source(s) as an open circuit.

Step 2. If there is more than one capacitor (or inductor) and only one resistor, find the effective

capacitance or inductance seen by the resistor.

Step 3. If there is more than one resistor and only one capacitive (or inductive) element, find the

effective resistance seen by the capacitor (or inductor).

Appendix B Review of Basic Circuits1258

(b) The parallel RLC circuit for PSpice simulation is shown in Fig. B.46. The list of the circuit file is as

follows.

Example B.17 Frequency Response of a Parallel RLC Circuit

.PARAM RVAL = 50

.STEP PARAM RVAL LIST  50  100  200

IM  0  1  AC  1A  ; ac input of 1 V peak

L  1  0  4MH

C  1  0  0.15UF

R  1  0  {RVAL}

.AC  DEC  100  100HZ  1MEGHZ

.PROBE

.END

The PSpice plots of the magnitude and phase angle (using EXB-17.SCH) are shown in Fig. B.47. The plot for

R � 50 � gives f1 � 1834 Hz, f2 � 22.56 kHz, fp � 6457 Hz, and BWp � f2 	 f1 � 20,726 Hz.

FIGURE B.47 Frequency response plots for Example B.17
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Finding the effective time constant The circuit in Fig. B.48 has R1 � R2 � R3 � 6 k� and C � 0.1 �F.

Determine (a) the effective time constant �, (b) the cutoff frequency �o, and (c) the bandwidth BW.

SOLUTION

If the source is shorted, the effective resistance seen by capacitor C is the parallel combination of R1, R2, and R3.

The effective resistance R is given by

(a) The effective time constant is

(b) The cutoff frequency is

(c) At � � 0, capacitor C is open-circuited, and the output voltage has a finite value. At a high frequency, tend-

ing to infinity (� � �), capacitor C is short-circuited, and the output voltage becomes zero. This is a low-

pass circuit with f1 � 0 and f2 � fo � 795.8 Hz. Thus, the bandwidth is

BW = f2 - f1 = 795.8 Hz

vo =

1
t

=

1

0.2 ms
= 5000 rad>s, or 795.8 Hz

t = CR = 2 kÆ * 0.1 �F = 0.2 ms

1

R
=

1

R1
+

1

R2
+

1

R3
 or R =

R1

3
=

6 k
3

= 2 kÆ

EXAMPLE B.18

Finding the effective time constant The circuit in Fig. B.49 has R1 � R2 � R3 � 10 k� and C1 � 0.1 �F.

Determine (a) the effective time constant � and (b) the cutoff frequency �o.

SOLUTION

If the source is shorted, the effective resistance is the sum of R1 and (R2 � R3); that is,

R = R1 + (R2 7  R3) = 10 k + 10 k 7  10 k = 15 kÆ

EXAMPLE B.19

vo

R1

~vs R2 R3C

+

−

+

−

FIGURE B.48 Circuit for Example B.18
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(a) The effective time constant is

(b) The cutoff frequency is

vo =

1
t

=

1

1.5 ms
= 667 rad>s, or 106 Hz

t = CR = 15 kÆ * 0.1 �F = 1.5 ms

R3 vo

R1

~vs R2

C1

+

−

+

−

FIGURE B.49 Circuit for Example B.19

67722_18_Appendix B.qxd  2/19/10  7:49 PM  Page 1260

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



APPENDIX C
LOW-FREQUENCY

HYBRID BJT MODEL 
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A bipolar transistor can be represented by hybrid (h) parameters. If ib, vbe, ic, and vce are the small-signal

variables of a transistor, as shown in Fig. C.1(a), they are related to the hybrid parameters as follows:

(C.1)

(C.2)

where hie is the short-circuit input resistance (or simply the input resistance), defined by

(C.3)

hre is the open-circuit reverse voltage ratio (or the voltage-feedback ratio), defined by

(C.4)

hfe is the short-circuit forward-transfer current ratio (or the small-signal current gain), defined by

(C.5)

and hoe is the open-circuit output admittance (or simply the output admittance), defined by

(C.6)

The low-frequency hybrid model is shown in Fig. C.1(b). The input has a voltage-controlled voltage

source in which the controlling voltage is the output voltage. The output circuit has a current-controlled

current source in which the controlling current is the input current. The subscript e on the h parameters

indicates that these hybrid parameters are derived for a common-emitter configuration. It is also possible

to have common-base and common-collector configurations.

BJT manufacturers specify the common-emitter hybrid parameters. The parameter hre, which takes

into account the effect of vCE on iB, is very small, with a typical value of 0.5 � 10�4. The parameter

hoe, which represents the admittance of the CE junction, is also very small; its value is typically 10�6 S.

The parameters hre and hoe can often be omitted from the circuit model without significant loss of ac-

curacy, especially for hand calculations.

hoe =

ic

vce
`
ib =0

 (in siemens)

hfe =

ic

ib
`
vce =0

 (dimensionless)

hre =

vbe

vce
`
ib =0

 (dimensionless)

hie =

vbe

ib
`
vce =0

 (in ohms)

 ic = hfeib + hoevce

 vbc = hieib + hrevce

Appendix C Low-Frequency Hybrid BJT Model1262

FIGURE C.1 Low-frequency hybrid model

vcevbe vbe
1

hoe

ic
B

E

B

E

C

E

vce

ic
C

E

hie, hfe
hre, hoe

ib ib

hrevce hfeib

(b)  Hybrid model(a)  Transistor variables

hie

+

−

+

−

+

−

+

−

+

−
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The �-model parameters of Fig. 8.12(a) can be related to the h parameters by applying short-circuit

and open-circuit tests. The parameters hie and hfe, which are short-circuit parameters, can be derived in

terms of �-model parameters from Fig. C.2(a) by shorting the collector-to-emitter terminals.

(C.7)

(C.8)

As shown in Fig. C.2(b), hoe and hre can be determined by open-circuiting the base-to-emitter terminals

and then applying the voltage divider rule.

(C.9)

Summing the currents at the collector node in Fig. C.2(b), we get

which gives

(C.10)

Using Eq. (C.8), we get

(C.11)

Using Eq. (C.7) and hfe � gmr� from Eq. (C.8), we get

(C.12)r� =

r� + r�

r�
hie =

hie

hre

r� =

hfe

gm

hoe =

ix

vx
=

1
ro

+

gmr� + 1

r� + r�

ix =

vx

ro
+ gm

r�vx

r� + r�
+

vx

r� + r�
= vx c 1ro

+

gmr� + 1

r� + r�
d

hre =

vbe

vx
`
ib =0

=

r�

r� + r�

hfe =

ic

ib
`
vce =0

=

gmvbe

vbe>r�
= gmr�

hie =

vbe

ib
`
vce =0

= r� 7 r� =

r�r�

r� + r�
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FIGURE C.2 Equivalent circuits for deriving h parameters

rμ rμ

rπ rπ ~ vx~vbe
vbe

ib ic

ro vce = 0

B

EE

C

gmvbe

Node C

ib = 0 ix

rogmvbe

Node C

(b)  Input open-circuit test(a)  Output short-circuit test

−

+

−

+
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Appendix C Low-Frequency Hybrid BJT Model1264

From Eqs. (C.10) and (C.8) we find

(C.13)

If hfe �� 1 and r� �� r�, which is usually the case, Eq. (C.13) can be approximated by

which gives

(C.14)

r� is very large, and hre is negligibly small. The � model in Fig. 8.12(b) becomes similar to the h model

in Fig. C.2(b) such that r� � hie, �f � hfe, and ro � 1 ⁄hoe. Being open-circuited, r� has a high value and

can often be neglected.

 =

VA

IC

 ro = choe -

hfe

r�
d-1

1
ro

L hoe -

hfe

r�

1
ro

= hoe -

gmr� + 1

r� + r�
= hoe -

hfe + 1

r� + r�

Converting hybrid parameters to �-model parameters The h parameters of a transistor are hie � 1 k�,

hfe � 100, hre � 0.5 � 10�4, and hoe � 10 � 10�6 S. The collector biasing current is IC � 11.62 mA. Calcu-

late the small-signal �-model parameters of the transistor. Assume VT � 25.8 mV at 25°C.

SOLUTION

From Eq. (8.42),

From Eq. (C.11),

From Eq. (C.12),

From Eq. (C.14),

ro = choe -

hfe

r�
d-1

= c10 * 10-6
-

100

20 * 106
d-1

= 200 kÆ

r� =

hie

hre
=

1 kÆ

0.5 * 10-4
= 20 MÆ

r� =

hfe

gm
=

100

0.4504
= 222 Æ

gm =

IC

VT
=

11.62 mA

25.8 mV
= 0.4504 A>V

EXAMPLE C.1
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Appendix C Low-Frequency Hybrid BJT Model 1265

Finding the hybrid-model parameters of the circuit shown in Fig. C.3 The circuit values are

, , and . Determine the hybrid parameters , , , and .

SOLUTION

, , and . Using Eq. (C.3) and the equivalent circuit as shown in Fig. C.4(a),

can be determined from

Using Eq. (C.4) and the equivalent circuit shown in Fig. C.4(b), can be determined from 

Using Eq. (C.5) and the equivalent circuit shown in Fig. C.4(c), can be determined from 

Using Eq. (C.6) and the equivalent circuit shown in Fig. C.4(d), can be determined from 

hoe =

iO

vO
`
iS =0

=

1

R1 7  (R1 + Rf)
=

1

4 k 7 (4 k + 16 k)
= 1.5 * 10-4 O

hoe

hre =

iO

iS
`
vO =0

=

-R1

R1 + Rf
=

-4 k

4 k + 16 k
= -0.2 A>A

hfe

hre =

vS

vO
`
iS =0

=

R1

R1 + Rf
=

4 k

4 k + 16 k
= 0.2 V>V

hre

hie =

vS

iS
`
vO =0

= R1 7 Rf = 4 k 7 16 k = 3.2 kÆ

hie

Rf = 20 kÆR2 = 6 kÆR1 = 4 kÆ

hoehfehrehieRf = 16 kÆR2 = 10 kÆR1 = 4 kÆ

EXAMPLE C.2

Rf

R1 R2~ vS

iS iO

vO

−

+

−

+

Rf

R1 R2vS

iS iO

(a)

−

+
vO

−

+

Rf

R1 R2

(b)

Rf

R1 R2vS

iS iO iO

(c)

−

+

vS

−

+

vO
−

+

Rf

R1 R2

(d)

FIGURE C.4 Equivalent circuits for determining hybrid

parameters for Example C.2FIGURE C.3 Circuit for Example C.2
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A transistor is a nonlinear device that can be modeled using the nonlinear characteristics of diodes. The

Ebers–Moll model is a large-signal model commonly used for modeling BJTs. One version of the model

is based on the assumption of one forward-biased diode and one reverse-biased diode. This arrangement is

shown in Fig. D.1 for an npn transistor. This model, referred to as the injection version of the Ebers–Moll

model, is valid for active, saturation, and cutoff regions. Under normal operation in the active region, one

junction of the BJT is forward biased and the other is reverse biased.

The emitter–base and collector–base diodes can be described using the Shockley diode characteris-

tic of Eq. (4.1):

(D.1)

(D.2)

where VT � kT ⁄q � 25.8 mV at 25°C

IES � reverse saturation current of base–emitter diode

ICS � reverse saturation current of base–collector diode

Both IES and ICS are temperature dependent. If VBE � 0, diode DF is forward biased and its current IF

causes a corresponding current �FIF. If VBC � 0, diode DR is reverse biased. The subscripts F and R are

used to designate forward and reverse conditions, respectively. Using Kirchhoff’s current law (KCL) at the

emitter and collector terminals, we can write the emitter current IE as

(D.3)

and the collector current IC as

(D.4) = aFIESaexp
VBE

VT
- 1b - ICSaexp

VBC

VT
- 1b

 IC = aFIF - IR

 = - IES aexp
VBE

VT
- 1b + aRICS aexp

VBC

VT
- 1b

 IE = - IF + aRIR

 IR = ICS aexp
VBC

VT
- 1b

 IF = IES aexp
VBE

VT
- 1b

Appendix D Ebers–Moll Model of Bipolar Junction Transistors1268

IE IC IC

VBE VBC

DF

DF

DR

+

− −

+
(a)  Injection version model

aRIR aFIF

aFIF

IF

IF

IB

IB

IR

(b)  Approximate injection version model 

E

IE

EC C

B

B

FIGURE D.1 Ebers–Moll injection version model for npn transistor
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If VBE � 0, �RICS � IS represents the reverse saturation leakage current of diode DR. Similarly, if VBE �
0, �FIES � IS represents the reverse saturation leakage current of diode DF. If we assume ideal diodes, the

forward and reverse saturation leakage currents are related by

(D.5)

where IS is known as the transistor saturation current.
The current from the collector to the base with the emitter open-circuited can be found by letting IC �

ICBO and IE � 0. Since the collector–base junction is normally reverse biased, VBC � 0 and �VBC� �� VT,

exp (VBC ⁄ VT) �� 1. With these conditions in Eqs. (D.3) and (D.4), we get

Solving these two equations for ICBO yields

(D.6)

The current from the emitter to the base with the collector open-circuited can be found by letting IE � IEBO

and IC � 0. Since the emitter junction is reverse biased, VBE � 0 (i.e., VEB � 0) and �VBE� �� VT, exp

(VBE ⁄ VT) �� 1. Equations (D.3) and (D.4) give

Solving these two equations for IEBO gives

(D.7)

From Eqs. (D.5), (D.6), and (D.7), we get

(D.8)

Since diode DF is forward biased and diode DR is reverse biased, VEB � VBC. Thus, IEBO is less than ICBO,

and �F is greater than �R. In the active region, diode DR is reverse biased, and IR � 0; that is, IE � �IF,

and IC � �FIF � ��FIE. Thus, Fig. D.1(a) can be approximated by Fig. D.1(b).

The circuit model of Fig. D.1(a) relates the dependent sources to the diode currents. In circuit analy-

sis, it is convenient to express the current source in a form that is controlled by the terminal currents.

Eliminating [exp (VBE ⁄ VT) � 1] from Eqs. (D.3) and (D.4) and then using Eq. (D.6), we get 

(D.9) = -aFIE - ICBOaexp
VBC

VT
- 1b

 IC = -aFIE - (1 - aFaR)ICSaexp
VBC

VT
- 1b

aFIEBO = IES(1 - aRaF)aF = aRICS(1 - aRaF) = aRICBO

IEBO = IES - aRaFIES = (1 - aRaF)IES

0 = -aFIES - ICS aexp
VBC

VT
- 1b

IEBO = IES + aRICS aexp
VBC

VT
- 1b

ICBO = -aFaRICS + ICS = (1 - aRaF)ICS = ICS - aFIS

ICBO = aFIES aexp
VBE

VT
- 1b + ICS

0 = - IESaexp
VBE

VT
- 1b - aRICS

aRICS = aFIES = IS

Appendix D Ebers–Moll Model of Bipolar Junction Transistors 1269
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Similarly, eliminating [exp (VBC ⁄ VT) � 1] from Eqs. (D.3) and (D.4) and then using Eq. (D.7) gives

(D.10)

The circuit model corresponding to Eqs. (D.9) and (D.10) is shown in Fig. D.2(a). The current

sources are controlled by collector current IC and emitter current IE. This model, referred to as the

transport version of the Ebers–Moll model, is normally used in computer simulations with PSpice/

SPICE. In fact, the linear models of Fig. 8.12 are the approximate versions of the Ebers–Moll model in

Fig. D.2(a).

Assuming that VBC � 0 and IR � 0, IC � ��FIE and Fig. D.2(a) can be approximated by Fig. D.2(b).

If we substitute IC � ��FIE, Eq. (D.10) becomes

which relates IE to �R, �F, and VBE by

(D.11)

IES and ICS are also known as the short-circuit saturation currents, whereas ICBO and IEBO are

known as the open-circuit saturation currents. Note that the injection and transport versions of the

Ebers–Moll model are interchangeable. Once the parameters of one version are known, the parameters

of the other version can be found.

IE =

IEBO exp (VBE>VT - 1)

1 - aRaF

IE = aRaFIE - IEBOaexp
VBE

VT
- 1b

 = -aRIC - IEBOaexp
VBE

VT
- 1b

 IE = -aRIC - (1 - aRaF)IESaexp
VBE

VT
- 1b

Appendix D Ebers–Moll Model of Bipolar Junction Transistors1270

IE IC IC

VBE VBC

DF

DF

DR

(a)  Transport version model

aRIC aFIE

aFIEaRIC

IB
IB

(b)  Approximate transport version model

E

IE

EC C

B B

 
VBE
VT

expIF = IEBO − 1  
VBC
VT

expIR = ICBO − 1

+ +

−−

FIGURE D.2 Ebers–Moll transport version model
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Appendix D Ebers–Moll Model of Bipolar Junction Transistors 1271

Finding the currents for the Ebers–Moll model of an npn transistor An npn transistor is biased so

that VBE � 0.3 V and VCE � 6 V. If �F � 0.99, �R � 0.90, and ICBO � 5 nA, find all the currents for the in-

jection version of the Ebers–Moll model of Fig. D.1(a). Assume thermal voltage VT � 25.8 mV.

SOLUTION

VT � 25.8 mV � 0.0258 V. Since VBE is positive, the base–emitter junction is forward biased. The voltage at

the collector–base junction is

or VBC � �5.7 V

Since VCB is positive, the collector–base junction is reverse biased, and the transistor operates in the active re-

gion. From Eq. (D.8),

From Eq. (D.6),

From Eq. (D.7),

From Eq. (D.1), the forward diode current is

From Eq. (D.2), the reverse diode current is

and �RIR � �0.9 � 45.87 nA � �41.28 nA

IB = - (IE + IC) = - ( - 4.719 * 10-3
+ 4.63 * 10-3) = 89 �A

IC = aFIF - IR = 4.63 * 10-3
+ 45.87 * 10-9

L 4.63 mA

IE = - IF + aRIR = -4.678 * 10-3
- 41.28 * 10-6

L -4.719 mA

aFIF L 0.99 * 4.678 mA = 4.63 mA

IR = 45.87 * 10-9
* aexp

-5.7

0.0258
- 1b L - 45.87 nA

IF = 41.697 * 10-9
* aexp

0.3

0.0258
- 1b L 4.678 mA

IES =

IEBO

1 - aRaF
=

4.545 nA

1 - 0.9 * 0.99
= 41.697 nA

ICS =

ICBO

1 - aRaF
=

5 nA

1 - 0.9 * 0.99
= 45.87 nA

IEBO =

aRICBO

aF
= 0.9 *

5 nA

0.99
= 4.545 nA

VCB = VCE + VEB = VCE - VBE = 6 - 0.3 = 5.7 V

EXAMPLE D.1
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Appendix D Ebers–Moll Model of Bipolar Junction Transistors1272

Finding the currents for the Ebers–Moll model of a pnp transistor The model parameters of the pnp
transistor in Fig. 8.8(b) are �R � 0.9, �F � 0.99, IES � ICS � 45 nA, VEB � 0.4 V, and VCB � 0.3 V. Determine

(a) the currents for the transport version of the Ebers–Moll model in Fig. D.2(a) and (b) �F � �forced. Assume

thermal voltage VT � 25.8 mV.

SOLUTION

For VEB � 0.4 V and VCB � 0.3 V, the collector–base and emitter–base junctions are forward biased. Therefore,

the transistor is operated in the saturation region.

(a) For a pnp transistor, all the polarities of voltages and currents are reversed; thus, Eqs. (D.3) and (D.4) become

(D.12)

and (D.13)

Thus,

(b) Since the transistor is operated in the saturation region, the value of the forward current gain becomes less

than that of the active region. The forward current gain is known as the forced current gain �forced:

bforced =

IC

IB
=

235.99 mA

2.95 mA
= 80

IB = - (IE + IC) = - (238.94 - 235.99) = -2.95 mA

= -241.04 mA + 5.05 mA = -235.99 mA

= -0.99 * 45 * 10-9 aexp 
0.4

25.8 m - 1b + 45 * 10-9 aexp 
0.3

25.8 m - 1b

IC = - aFIESaexp 
VEB

VT
- 1b + ICS aexp 

VCB

VT
- 1b

= 243.48 mA - 4.54 mA = 238.94 mA

= 45 * 10-9 aexp 
0.4

25.8 m - 1b - 0.9 * 45 * 10-9 aexp 
0.3

25.8 m - 1b

IE = IES aexp 
VEB

VT
- 1b - aRICS aexp 

VCB

VT
- 1b

EXAMPLE D.2

Finding the collector–emitter saturation voltage of a BJT An npn transistor is operated in the satu-

ration region, and its parameters are �R � 0.9, �F � 0.989, �F � 89.91, and VT � 25.8 mV. Calculate the

collector–emitter saturation voltage VCE(sat).

SOLUTION

From Eq. (8.6),

bF =

aF

1 - aF
=

0.989

1 - 0.989
= 89.91

EXAMPLE D.3
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Appendix D Ebers–Moll Model of Bipolar Junction Transistors 1273

We know that

In the saturation region, VBE � 0 and VBC � 0; that is,

Using Eqs. (D.3) and (D.5), we get

But IE � IC � IB � 0, so �IE � (IC � IB); that is,

(D.14)

Similarly, using Eqs. (D.4) and (D.5), we get

(D.15)

Dividing Eq. (D.14) by Eq. (D.15) yields

which, after simplification, becomes

(D.16)

In the active region, the base current IB is related to the collector current IC by IB � IC ⁄ �F. The saturation re-

gion is considered to begin at the point where the forward current gain �F is 90% of the value in the active re-

gion. That is, �sat � �forced � 0.9�F and IC � 0.9IB�F. Equation (D.16) gives the collector–emitter saturation

voltage as

VCE(sat) = VT ln e aF[1 + 0.9bF(1 - aR)]

aR[aF + 0.9bF(aF - 1)]
f

VCE = VT ln e aF[1 + IC>IB (1 - aR)]

aR [aF + IC>IB (aF - 1)]
f

IC + IB

IC
= 1 +

IB

IC
=

1 - aFe-VCE>VT

aF [1 - (e-VCE>VT)aR]

= aFIESeVBE>VT c1 -

1
aR

 e-VCE>VT d

IC = aFIESaexp 
VBE

VT
- 1b - ICSaexp 

VBC

VT
- 1b

IC + IB = IESeVBE>VT[1 - aFe-VCE>VT]

L -IESeVBE>VT[1 - aFe-VCE>VT]

L -IESeVBE>VT
+ aFIESe(VBE -VCE)>VT

IE = - IESeVBE>VT
+ aFIESeVBC>VT

exp aVBE

VT
b 7 7 1 and exp aVBC

VT
b 7 7 1

VBC = VBE + VEC = VBE - VCE
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Appendix D Ebers–Moll Model of Bipolar Junction Transistors1274

Substituting �F � �F ⁄ (1 � �F) in the denominator gives

(D.17)

For VT � 0.0258 V, �R � 0.9, and �F � 89.91, we get

VCE(sat) = 0.0258 *  ln c1 + 0.9 * 89.91 * (1 - 0.9)

0.9 * (1 - 0.9)
d = 0.119 V

VCE(sat) = VT ln C 1 + 0.9bF(1 - aR)

aR(1 - 0.9)
S
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E.1 Resistors

Appendix E Passive Components1276

TABLE E.1 Standard values (in ohms) for metal film resistors (tolerance

�1%) and carbon resistors (tolerance �5% and �10%)

1% 5% 10% 1% 5% 10% 1% 5% 10% 1% 5% 10%

10.0 10 10 20.0 20 40.2 61.9 62

10.2 20.5 41.2 63.4

10.5 21.0 42.2 64.9

10.7 21.5 43.2 43 66.5

11.0 11 22.1 22 22 44.2 68.1 68 68

11.3 22.6 45.3 69.8

11.5 23.2 46.4 71.5

11.8 12 12 23.7 47.5 47 47 73.2

12.1 24.3 24 48.7 75.0 75

12.4 24.9 49.9 76.8

12.7 25.5 51.1 51 78.7

13.0 13 26.1 52.3 80.6

13.3 26.7 27 27 53.6 82.5 82 82

13.7 27.4 54.9 84.5

14.0 28.0 56.2 56 56 86.6

14.3 28.7 57.6 88.7

14.7 29.4 59.0 90.9 91

15.0 15 15 30.1 30 60.4 93.1

15.4 30.9 95.3

15.8 31.6 97.6

16.2 16 32.4 33 33

16.5 33.2

16.9 34.0

17.4 34.8

17.8 35.7 36

18.2 18 18 36.5

18.7 37.4

19.1 38.3

19.6 39.2 39 39
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� NOTE The available values for carbon are 1 � � R � 100 M� and for metal film are 10 � � R � 10 M�. 

The available values are obtained by multiplying the sequence number by a power of 10 (i.e., 10�1, 100, 101, 102, 103,

and so on).

Appendix E Passive Components 1277

TABLE E.2 Standard values (in ohms) for wire-wound

resistors (tolerance �5%)

0.008 0.75 7.5 27 62 180 450 1 k 4 k

0.01 1.0 8 30 70 200 470 1.2 k 5 k

0.02 1.5 10 33 75 220 500 1.3 k 10 k

0.03 2.0 12 35 80 250 560 1.5 k 15 k

0.05 2.5 15 40 82 270 600 1.8 k 20 k

0.1 3.0 16 45 100 300 680 2 k 25 k

0.15 3.3 20 47 110 330 700 2.2 k 40 k

0.2 4.0 22 50 120 390 750 2.5 k 50 k

0.26 5.0 22.5 56 150 400 910 3 k 100 k

0.3 6 25 60 160 430 3.5 k 150 k

0.5 7

TABLE E.3 Power ratings for resistors

Type Tolerance Power Rating

Carbon resistors 5% and 10% �
1

8
� W

�
1

4
� W

�
1

2
� W

1 W

2 W

Metal film resistors 1% �
1

8
� W

�
1

4
� W

�
1

2
� W

Wire-wound resistors 5% 5 W

12 W

25 W

50 W

100 W

225 W
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Appendix E Passive Components1278

TABLE E.4 Color code for resistors

1st 2nd 1st 2nd 3rd

Digit Digit Multiplier Tolerance Color Digit Digit Digit Multiplier Tolerance

0 0 100 � 1 — Black 0 0 0 100 � 1 —

1 1 101 � 10 — Brown 1 1 1 101 � 10 �1%

2 2 102 � 100 — Red 2 2 2 102 � 100 —

3 3 103 � 1 k — Orange 3 3 3 103 � 1 k —

4 4 104 � 10 k — Yellow 4 4 4 104 � 10 k —

5 5 105 � 100 k — Green 5 5 5 105 � 100 k —

6 6 106 � 1 M — Blue 6 6 6 106 � 1 M —

7 7 107 � 10 M — Violet 7 7 7 107 � 10 M —

8 8 — Gray 8 8 8 —

9 9 — White 9 9 9 —

— — �5% Gold — — — —

— — �10% Silver — — — —

— — �20% No band — — — —

Carbon resistors Metal film resistors

))) ) ))) ))

E.2 Potentiometers

TABLE E.6 Standard values

(in ohms) for conductive plastic

potentiometers (tolerance �10%;

power rating �
1

2
� W)

250

1 k 10 k 100 k 1 M

2.5 k 25 k 250 k 2.5 M

5 k 50 k 500 k 5 M

TABLE E.7 Standard values (in ohms)

for CERMET potentiometers (tolerance

�10%; power rating �
1

2
� W)

50

100 1 k 10 k 100 k 1 M

200 2 k 20 k 200 k 2 M

500 5 k 50 k 500 k 

TABLE E.5 Standard values (in ohms)

for carbon composition, linear taper

potentiometers (tolerance �10%; power

rating 2.25 W)

50 1 k 10 k 100 k 1 M

150 1.5 k 15 k 150 k 1.5 M

200 2 k 20 k 200 k 2 M

250 2.5 k 25 k 250 k 2.5 M

350 3.5 k 35 k 350 k 3.5 M

500 5 k 50 k 500 k 5 M

750 7.5 k 75 k 750 k
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Appendix E Passive Components 1279

E.3 Capacitors

TABLE E.9 Standard values for ceramic
disc capacitors (tolerance �10%)

Voltage (V) Capacitance (pF)

200 10
15
22
33
47
68

100
150
220
330
470
680

1000
1500
2200
3300
4700
6800

10,000
15,000

TABLE E.8 Standard values for polarized aluminum electrolytic

capacitors (tolerance �10% to �50%)

Voltage Capacitance Voltage Capacitance Voltage Capacitance
(V) (	F) (V) (	F) (V) (	F)

10 22 25 10 50 0.1
33 22 0.22
47 33 0.33

100 47 0.47
220 100 1.0
330 220 2.2
470 330 3.3

1000 470 4.7
2200 1000 10
3300 2200 22
4700 3300 33
6800 4700 47

10,000 100
220
330
470

1000
2200
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Appendix E Passive Components1280

TABLE E.10 Standard values

for mylar polyester capacitors

(tolerance �10%)

Voltage (V) Capacitance (	F)

100 0.001

0.0015

0.0022

0.0033

0.0047

0.0068

0.0082

0.01

0.015

0.022

0.027

0.033

0.039

0.047

0.056

0.068

0.082

0.1

0.12

0.15

0.18

0.22

0.27

0.33

0.39

0.47

0.56

0.68

0.82

1

TABLE E.11 Standard

values for ceramic variable

capacitors (tolerance �10%)

Capacitance

(pF)

Voltage (V) Min Max

250 1 4.5

2.5 10

4 18

6 35

7 40

8 50
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Mini Design Projects

F.1 Design a circuit that will sum the sensing signals generated by the probes of an electrocardiogram. The out-

put can be expressed in terms of the input signals (VA, VB, VC, and VD) as follows:

The accuracy should be better than 2%. The DC power supplies are �15 V.

F.2 Design a BJT buffer amplifier to give a midfrequency voltage gain of ⏐Av⏐ � vL ⁄ vs � 1 and an input

resistance of Rin � vs ⁄ is � 50 k�. The load resistance is RL � 10 k�. Assume a source resistance of

RS � 500 � and VCC � 15 V.

F.3 Design an NMOS buffer amplifier to give a midfrequency voltage gain of ⏐Av⏐ � vL ⁄ vs � 1 and an input

resistance of Rin � vs ⁄ is � 500 k�. The load resistance is RL � 10 k�. Assume a source resistance of

RS � 500 � and VDD � 15 V.

F.4 Design a BJT buffer amplifier with an active load to give a midfrequency voltage gain of ⏐Av⏐ � vL ⁄ vs � 1

and an output resistance of Rin � vs ⁄ is � 50 k�. The load resistance is RL � 10 k�. Assume a source re-

sistance of RS � 500 � and VCC � VEE � 15 V.

Medium Design Projects

F.5 Design a DC power supply to electronic equipment from an AC supply of 120 V (rms) � 10%, 60 Hz. The

load requires �12 V � 5% at 0.5 A. Use discrete devices only and design for minimum expense.

F.6 a. Design a BJT amplifier to give a midfrequency voltage gain of ⏐Av⏐ � vL ⁄ vs � 20 � 5% at a load

resistance of RL � 10 k�. Assume a source resistance of RS � 500 � and VDD � 15 V.

b. Modify the design so that the amplifier operates in the frequency range from 10 Hz to 100 kHz.

F.7 a. Design a depletion NMOS amplifier to give a midfrequency voltage gain of ⏐Av⏐ � vL ⁄ vs � 20 � 5%

at a load resistance of RL � 10 k�. Assume a source resistance of RS � 1.5 k� and VDD � 15 V.

b. Modify the design so that the amplifier operates in the frequency range from 5 Hz to 50 kHz.

F.8 a. Design a MOSFET amplifier to give a midfrequency voltage gain of ⏐Av⏐ � vL ⁄ vs � 10 � 5% at a load

resistance of RL � 10 k�. Assume a source resistance of RS � 1.5 k� and VDD � 12 V.

b. Modify the design so that the amplifier operates in the frequency range from 10 Hz to 50 kHz.

F.9 a. Design an NMOS amplifier with an active load to give a midfrequency voltage gain of ⏐Av⏐ � vL ⁄ vs �
250 � 5% at a load resistance of RL � 20 k�. Assume a source resistance of RS � 1.5 k� and VDD � 15 V.

b. Modify the design so that the amplifier operates in the frequency range from 10 Hz to 50 kHz.

Large Design Projects

F.10 The input signal to an amplifier is vs � 2 mV, and the amplifier has a source resistance of RS � 1 k�.

a. Design a BJT amplifier to give a midfrequency voltage gain Av (�vL ⁄ vs with a load resistance RL � 10 k�)

of greater than 650. The input resistance Rin of the amplifier should be greater than 70 k�, and the out-

put resistance Rout should be less than 250 �. The DC supply voltage is VCC � 12 V.

b. Modify the design so that the amplifier operates in the frequency range from 10 kHz to 80 kHz.

c. Apply feedback and modify the design. The input resistance must be increased by 20 (i.e., Rif � 20 Rin),

and the output resistance must be decreased by 20 (i.e., Rof � Ro ⁄ 20).

d. Apply feedback and modify the design so that the amplifier oscillates at a frequency of fo � 20 kHz.

VO = 1.4VA + 5VB + 3VC + 0.6VD
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F.11 The input signal to an amplifier is vs � 2 mV, and the amplifier has a source resistance of RS � 1 k�.

a. Design an NMOS amplifier to give a midfrequency voltage gain Av (�vL ⁄ vs with a load resistance

RL � 10 k�) of greater than 450. The input resistance Rin of the amplifier should be greater than 500 k�,

and the output resistance Rout should be less than 250 �. The DC supply voltage is VDD � 12 V.

b. Modify the design so that the amplifier operates in the frequency range from 20 kHz to 60 kHz.

c. Apply feedback and modify the design. The input resistance must be increased by 10 (i.e., Rif � 10 Rin),

and the output resistance must be decreased by 10 (i.e., Rof � Ro ⁄ 10).

d. Apply feedback and modify the design so that the amplifier oscillates at a frequency of fo � 20 kHz.

F.12 Design a BJT operational amplifier to give a large-signal differential gain of 103 � 10%. The input resis-

tance should be higher than 100 k� � 5%, and the output resistance should be less than 210 � � 5%. The

op-amp should have a common-mode rejection ratio of CMRR � 104 � 10%. The unity-gain bandwidth

must be better than 104 � 10%.

F.13 Design a multistage BJT amplifier to meet the following specifications: voltage gain, ⏐Av⏐ � vL ⁄ vs � 600

± 5% (with load); input resistance, ; output resistance, ; load resistance, Ro …  300 ÆRi =  vs>is Ú  25 kÆ

Appendix F Design Problems 1283

; source resistance, ; DC supply, VCC � 15 V; input signal, vs � 1 mV to 2 mV

(peak sinusoidal), 1 kHz. The amplifier should operate in the frequency range from 10 Hz to 30 kHz.

F.14 Design a multistage MOS amplifier to meet the following specifications: voltage gain, ⏐Av⏐ � vL ⁄ vs � 400

± 5% (with load); input resistance, ; output resistance, ; load resistance, Ro …  300 ÆRi = vs>is Ú 25 kÆ

Rs = 1 kÆRL =  25 kÆ

; source resistance, ; DC supply, VDD � 15 V; input signal, vs � 1 mV to 2 mV

(peak sinusoidal), 1 kHz. The amplifier should operate in the frequency range from 100 Hz to 25 kHz.

F.15 Design a differential amplifier to satisfy the following conditions: a differential voltage gain of ;

common-mode rejection ratio of ; load of coupling capacitor of . Use

all BJTs and only one resistance. Use PSpice to verify your design with and . Supply

voltages are The amplifier should operate in the frequency range up to 25 kHz.

F.16 Design a differential amplifier to satisfy the following conditions: a differential voltage gain of ;

common-mode rejection ratio of ; load of coupling capacitor of . Use

all MOSFETs. Use PSpice to verify your design with and . Supply voltages are

The amplifier should operate in the frequency range up to 25 kHz.VDD = VSS = 15 V.
vc = 10 mVvd = 5 �V

CL = �RL = 50 kÆ;CMRR Ú 4500
Ao Ú 2500

VCC = VEE = 15 V.
vc = 10 mVvd = 5 �V

CL = �RL = 50 kÆ;CMRR Ú 4500
Ao Ú 2500

Rs = 1 kÆRL = 25 kÆ
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Chapter 1

1.5 80, 60°

1.7 6.66 mS

1.9 (a) vCE � (6 � 0.1 sin 2000�t) V, 

vBE � (700 � 1 sin 2000�t) mV

(b) 100

1.10 (a) vDS � (6 � 0.05 sin 1000�t) V, 

vGS � (3 � 0.002 sin 1000�t) V

(b) 25

Chapter 2

2.1 (a) 42.28 dB, 62.28 dB, 104.56 dB, 50 k�
(b) 0.94% (c) 115.4 mV

2.4 (a) 133.6, 56.84, 7594

2.6 225 �

2.13 (a) 191.7, 3333, 639 � 103

2.14 2.33 A

2.16 Ro � 47.5 k�, Ri � 112 �

2.21 12.25 k�

2.34 (a) 62.72 dB, 100.89 dB, 163.6 dB

2.35 (a) 94.77 dB, 97.62 dB, 192.39 dB

2.37 (a) �3.96

2.38 (a) Ri � 1 M�, C1 � 15.9 pF, C2 � 637 pF

2.43 (a) �1 � 20.48 rad ⁄s, �2 � 1.02 � 106

rad ⁄s

(b)

2.44 (a) 20.1 �F (b) 0.2 �F

2.45 (a) Av��19.63

Chapter 3

3.1 (a) �75 �V (b) �37.5 pA

3.4 �14 V

3.5 �14 V

3.6 (a) 40 �V (b) 80 �V (c) 6.32

(d) (8 � 50 � 10�6) V

3.10 (a) 250 � 1012 �, 0.2 �
(b) 5 � 1015 �, 0.01 �

3.15 1012 �, 1.7 � 10�4 �

3.17 2 � 106 Hz, 1.99 � �5.7°, 1 MHz

3.21 �14 V

3.23 (a) 2 MHz, �3.257 � �12.22°, 461.53 kHz

3.28 (a) 4.95 V (b) 5 V

3.30 �0.2 V

3.39 3.18 � 10�3 Hz

3.42 (a) 20 �s (b) 7958 Hz (c) 5

3.45 �3 V

3.51 20 �A

Chapter 4

4.12 (b) 2.14 � 10�14 A

4.16 3.56 mA

4.22 (a) 3.58 V (b) 6.42 mA

4.25 (a) 0.613 V, 18.8 mA (b) 16.3 �

(c) 0.3 V (d) 2.36 � 79.2° mV rms

4.29 (a) 6.73 V (b) 6.715 V, 6.707 V

(c) 2.5 V

4.31 (a) 1317 �, 131.7 mW

4.34 (a) R1 � 1398 k�, R2 � 66.7 k�

4.37 (a) vD2 � VZ, vD1 � VS � vD2

(b) VD1 � 0.8 V, VD2 � 6.7 V

(c) 115.3 mA

Chapter 5

5.2

5.4 (a) 5 ⁄4 V (b) 2.04 V (c) 0.577

-

2 * 169.7

35p
cos 1884t +

Á

+

2 * 169.7

15p
cos 1256t

-

2 * 169.7
p

cos 62t

vO(t) =

169.7
p

+

169.7

2
sin 314t

-

956.48

(1 + jv>20.48)[1 + jv>(1.02 * 106)]
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5.6 (a)

5.8 (a) 566.5 V (b) 1.0396

5.9 (a) Rs � 3485 �

5.13 (a) 14.9 H

5.15 (a) 64 �F

5.16 (a) 126 �F (b) Vo(av) � 169.7 V,

Vo(no load) � 158.7 V

5.19 (a) 6.47 H

5.22 (a) 150 V, 0.4714

5.31 (a) Rs � 70 �, 100 k�, 0.1 �F

5.32 (a) Rs � 50 �, 100 k�, 0.1 �F

Chapter 7

7.16 1.94 V

7.18 (a) 3.4 mA (b) �5.5 V (c) �2.0 V

(d) 3.33

7.21 (a) 2.9 mA, 3.98 V, �3.34 V (b) 1447 �

7.24 (a) �0.67 V (b) 89.3 �, 1244 �

7.28 11.04 mA, 6.96 V, 0.52 V

7.31 9.05 V, 0.905 mA, 2.95 V

7.34 (a) 100.5 k� (b) �4.9 (c) 4.63 k�
(d) �3.35

7.37 (a) 10 M� (b) �68.3 (c) 3.13 k�
(d) �42

7.44 (a) 10 M� (b) 0.78 (d) 0.64

7.47 (a) 4.58 mA ⁄ V, 58.36 k�
(b) 60 M�, 0.813, 0.714

7.63 (a) Cgs � 2.3 pF, Cgd � 2.87 pF

(b) 9.6 � 1010 rad ⁄s
7.65 (a) Csb � 0.3 pF, Cgd � 1.5 pF

(b) 0.91 � 10�9 rad ⁄s

Chapter 8

8.12 (a) 150.5 (b) 3.76 mA

(c) 3.787 mA

fo = 50 Hz, Vm = 31.1 V

* c1 + 2a
	

n=1
  

1

(1 - 4n2)
 cos nvot d , 

vO(t) =

2Vm

p

8.21 (a) � � 50� 158.7 �A, 7.935 mA, 

8.09 mA, 2.29 V

� � 250� 36.3 �A, 9.11 mA, 

9.146 mA, 2.53 V

(b) � � 50� 185.2 �A, 9.26 mA, 

9.445 mA, 2.55 V

� � 250� 43.29 �A, 10.82 mA, 

10.86 mA, 1.13 V

8.23 5.66 k�, 3.19 V

8.26 (a) 22.9 �A, 2.29 mA, 1.22 V

(b) 88.76 mA ⁄ V, 1131 �, 87.3 k�

(c) 1090 �, �4.95, �86.5, �22.33

8.32 (a) 2.26 mA, 88.5 k�

(b) 101.1 k�, 11.3 �

8.50 (a) Cje � 16 pF, C� � 2.16 pF, 

C
 � 415 pF (b) 507 ps

8.52 (a) C� � 2.29 pF, C
 � 1538 pF

(b) 786 ps

8.60 0.22 Hz, 1.59 MHz

Chapter 9

9.13 W ⁄L � 39, Vt � 5.06 V

9.19 (a) ID1,2 � 0.168 mA 

(b) Ad � �1.832, Ac � 9.945 � 10�3,

CMRR � 184.2, vO � �54.96 mV

9.21 (a) 96.46 �A, 103.54 �A

9.22 (a) 0.715 mA (b) 139.8 k�
(c) 100 V (d) 1.2909

9.24 (a) 1.36 mA (b) 73.53 k�
(c) 100 V (d) 1.282

9.26 (a) 4.152 mA (b) 24 k�
(c) 100 V (d) 1.142

9.28 R2 � 11.88 k�, Ro � 55.69 M�

9.30 (a) R1 � 2.86 M� (b) Ro � 760 M�

9.31 1.231 mA, 9.26 M�

9.35 For VA � 100 and �F � 100, ro � 100 k�;

for VCC � 15 V, R1 � 13.6 k�

9.37 (a) 2.955 mA, 2.011 mA (b) �961.5,

�0.25, 38.44 � 106, 20.8 �, 

6.04 M�

9.41 769.2, 2.08 M�, 8 M�, 587.9

9.45 �28.57, 0, 0
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9.47 �60.14, 0, 0

9.49 Ado � �961, �H � 51.1 krad ⁄s

Chapter 10

10.1 (a) �9.5 � 10�3

(b) �101.26

10.4 (a) 22.173, 10.4% (b) 9.99, 4%

10.5 9

10.6 (a) 2 (b) 106 Hz (c) 2 � 106

10.9 (a) 3.17 � 1011 � (b) 0.475 m�
(c) 1.25

10.11 (a) 804 k� (b) 7.29 �
(c) 1.31

10.17 5,355,006 �, 0.3 �, 7.43

10.20 (a) 14.06 k� (b) 30.2 �
(c) 1427.7

10.24 (a) 28.5 k� (c) 3.96 � 10�4 A ⁄ V
10.25 (a) 3.15 M� (b) 6.3 M�

(c) 0.4 � 10�3 A ⁄ V
10.28 Rif � 1,321,326 �, Af � 93.6 mA ⁄ V
10.32 (a) 3.5 k� (b) 49 �

(c) �97.67 �

10.35 26.26 �, 13.72 �, �3973 V⁄A
10.38 (a) 30.5 � (b) 342 �

(c) 225,077 V⁄A
10.45 (a) 17,029 � (b) 37,072 �

(c) 1.88

10.47 (a) 12.86 � (b) 5 k�
(c) 19.61

10.51 ��
1

4
� � �

2

3

0
�e�4t � �

3

3

0
�e6t

10.52 e0.5t[2 sin 10t]

10.56 50 ⁄ (0.234 � j 0.643)

10.58 44.44 Hz

10.60 (a) 401.9 kHz (b) 127 pF

10.61 10.47 �F

10.64 (a) 3.32 nF, 4.8 k�
(b) 79.7 pF, 199.8 k�

Chapter 11

11.2 RL � 1.43 k�, 29 V

11.6 (a) vO � 14.5 V, R1 � 493 �
(b) 525.5 mW (c) 60.4%

11.8 (a) IC � 3.75 A (b) 28.125 W

(c) 50%

11.11 Vp � 14.8 V, PL � 10.952 W, 77.5%, 

R1 � 47 �

11.14 (a) 7.5 A, Vp(max) � 9.55 V

(b) PL(max) � 56.25 W (c) 78.55%

11.16 (a) Rref � 255 �

11.32 76.48 W

Chapter 13

13.1 14.29, 135°

13.5 27 �

13.7 318 �

13.10 For C � 0.1 �F, 318 �, 20 k�

13.14 58.1 kHz, 2.5 �

13.16 For C � 0.01 �F, 25.3 mH, 133 �

13.19 435.8 kHz, RL ⁄ 2R1

13.24 0.046 pF

Chapter 14

14.3 26 mV

14.5 1 pV

14.9 (a) �2.7 mV (b) �0.5 V � 2.7 mV

14.12 (a) 0.6 mV (b) 2.6 mV

14.17 (a) 835.96 k� (b) 7.75 mA ⁄ V
(c) 6480 (d) 125 k�

14.20 (a) 0.2 �A (b) 258 k�
(c) 6.16 MHz

14.21 (a) 0.1 �A (b) 516 k�

14.23 521,963
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14.24 347,104

14.28 (a) �66.66 V⁄�s (b) 205.6 MHz

Chapter 15

15.1 (a) 2 k�, 3.28 k� (b) 94

15.2 (a) 89.25 ps (b) 4.635 mW

15.4 27.38 mA ⁄ V2

15.7 (a) 3 V (b) 0.4 V, 3.04 mA

15.9 (a) 3.5 V, 0.39 V (b) 1.5 V, 3.37 mA,

8.438 mW, 0 W

15.11 4.2 V

15.16 (a) 2.5 V, 4 V, 1 V (b) 0

15.17 (a) 4.914 V, 1.914 V

15.18 (a) 2.5 V, 3.5 V, 1.5 V

15.19 0.464

15.22 (a) 2.5 V, 3.5 V, 1.5 V (b) 4.95 V,

0.25 mA, 0.05 V, 0.25 mA

15.23 (a) 1 ⁄1.5 (b) 2.1 V, 2.276 V

(c) 1.02 ns (d) 0.51 pJ

15.28 (a) 17.55 k� (b) 2

(c) 0.049 mW

15.30 (a) 1175 �, 3384 � (b) 1.006, 1.63 V

(c) 42

15.32 (a) 4.8 k�, 14.4 k� (b) N � 1

15.36 0.2 V, IB � 2.102 mA, I3 � 1.92 mA, 

N � 58

15.37 I1 � 0.58 mA, I2 � 1.64 mA, 

IB3 � 2.102 mA, N � 64

15.38 R1 � 4 k�, IB1 � 725 �A, 

IL0 � 410 �A

15.41 21.15 mA, 1.15 mA, 0.846 mA

15.43 (a) vO1 � �0.8 V, RC1 � 400 �, 

R4 � 4.5 k�

15.44 (a) vA � 2.1 V, RE � 2.3 k�, vO1 � 2.2 V,

R4 � 3.7 k�, VB6 � 0.2 V

15.45 R3 � 1.75 k�, RE � 1.75 k�, R4 � 1250 �

15.47 (a) 0.106 ns

Chapter 16

16.4 (a) 3.32 V, 0.57 V (b) �2.66 V, 0.456 V

(c) �3.1 V

16.10 For R1 � 10 k�, RF � 14 k�, 

Rx � 5833 �

16.14 For R1 � 10 k�, RF � 50 k�, 

Vref � 4.8 V

16.18 2127.6 Hz

16.21 (a) 16 kHz (b) 12.8 kHz

16.26 (c) 196 Hz

16.31 (a) 2.5 kHz (b) �200 ⁄ 3 kHz

(c) 543 Hz

16.37 0.747 V

16.38 8
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ABET. See Accreditation Board for
Engineering and Technology

Absolute noise margin, 988
Absolute position encoders, 5
Absolute stability/instability, 699
AC-coupled amplifiers, 62–63,

72–73
AC-coupled bootstrapped voltage

followers, 162–163
Accreditation Board for

Engineering and Technology
(ABET), 20

Accuracy, 1169
AC-DC converter, 238
AC linear model, 112–113
AC output power, 240–241, 250
AC resistance, 200
AC sweep analysis, 1191
Acquisition time, 1156
Active-biased common-emitter

amplifier, 468–471
Active-biased emitter follower,

476–479
Active-biased source follower,

376–378
Active current-source biasing,

458–459
Active filters

passive filters v., 804–805
types of, 805–807

Active-filter tuned oscillators,
899–901

Active load, 613
Actuators, 5–6
A/D converters. See Analog-to-

digital converters
Addition-subtraction amplifier,

149–151
Adjustable negative voltage limiter,

1087, 1089
Adjustable-voltage limiters,

1086–1092
AF amplifier, 16
AF oscillators. See Audio-frequency

oscillators
All-pass filters, 848–949
Amplifier(s), 15–16. See also

specific type of amplifier
AC-coupled, 62–63, 72–73
addition-subtraction, 149–151

AF, 16
audio, 16
averaging, 148
band-pass characteristic, 68–69
BiCMOS differential, 620–626
BJT, 497–532, 508–528,

620–621, 656, 921
BJT differential, 602–619
bootstrapped, circuit, 163
bridge, 791–792
capacitive-coupled, 62–63
capacitor-coupled cascaded,

383–384, 488–489
cascaded current, 60–62
cascaded voltage, 59–60
cascode BiCMOS, 622–625
cascoded, 384–386, 489–491
cascode differential, 617–619
class A, 745–755
class AB, 766–777
class B, 756–766
class C, 777–780
class D, 781–783
class E, 784–786
CMOS, 620–621, 921–922
common-base, 483–487,

518–522
common-collector BJT, 514–518
common-drain, 375–380,

401–403
common-emitter, 749–755
common-emitter BJT, 467–476,

508–514
common-gate, 380–383,

403–408
common-source, 364–375,

396–401
complementary push-pull,

756–761
current, 16, 53–54, 87
DC, 16
DC-coupled, 62–63
depletion MOS differential,

580–585
design, 88–91
design of, 88–91
differential, 143–145, 554–558,

566–585, 626–628
direct-coupled, 16, 62–63, 

384, 489

double-cascode BiCMOS,
623–625

feedback, 642, 656–657,
698–710

frequency types of, 16
functional types of, 16
high-pass characteristic, 66–68
IC power, 789–792
impedance, 16
instrumentation, 145–147
interstage coupling types, 16
inverting, 121–128
inverting summing, 148–149
LC-coupled, 16
level-shifted DC, 497–501
level-shifted MOS, 388–392
linear, 16, 40
load types, 16
low-pass characteristic, 63–66
MOS differential, 566–580
MOSFET, 353–356, 

393–413, 656
multistage, 86, 383–386,

488–491, 522–528
noninverting, 114–121
noninverting summing,

147–148
nonlinearity, 46–47
operational, 642, 643, 656,

788–791
power, 16, 53, 740–743,

789–796
PSpice/SPICE, 87–88
quasi-complementary class AB,

775–776
RC-coupled, 16
RF, 16
saturation, 43–44
scaling, 148
servo, 16
signal types, 15–16
summing, 148
transconductance, 15, 55–56, 88
transformer-coupled, 16
transformer-coupled class AB,

776–777
transformer-coupled load

common-emitter, 753–755
transformer-coupled load 

push-pull, 761–765
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Amplifier(s) (continued)
transimpedance, 57–58, 88
tuned, 16, 68
types of, 50–58
UHF, 16
video, 16
voltage, 15, 51–52, 87
wideband, 16

Amplifier characteristics, 40–50
current gain, 42
input and output resistances, 43
logarithmic gain, 42–43
nonlinearity, 46–47
power gain, 42
rise time, 46–47
saturation, 43–44
SR, 48–49
voltage gain, 41–42

Amplifier frequency response,
62–71

band-pass characteristic, 68–69
gain and bandwidth relation,

69–70
high-pass characteristic, 66–67
low-pass characteristic, 63–66

Amplitude modulated 
waveform, 273

Amplitude stability, 866
Analog electronics, 10
Analog filters, 804
Analog-to-digital (A/D) converters,

7–8
IC, 1167–1169
successive-approximation,

1165–1167
Analog integrated circuits, 1169
Analysis, v. design, 20
AND, 983, 984
Aperture time, 1156
Approximate method, of 

analysis, 193
Astable multivibrator, 1110, 1113,

1131–1139
applications of, 1134–1138
in 555 timer, 1131–1134

Audio amplifier, 16
Audio-frequency (AF) oscillators,

867–881
phase-shift, 866–870
quadrature, 871–872
ring, 878–880
three-phase, 873–874
Wien-bridge, 874–877

Avalanche breakdown, 316
Average static power 

dissipation, 993
Averaging amplifier, 148

Background music decoder,
1145–1146

Band-elimination filters, 843
Band-pass characteristic amplifier,

68–69
Band-pass (BP) filters, 807,

837–843
narrow-band-pass, 840–843
wide-band-pass, 837–840

Band-reject filters, 843–848
narrow-band-reject, 846–848
wide-band-reject, 844–846

Band-stop filters, 807, 843
Bandwidth (BW), 13–14, 66, 804,

806, 1252. See also Gain-
bandwidth product

unity-gain, 68
Base-charging capacitance, 501
Base narrowing, 441–443
Base recovery circuit, 1043
Base terminal, 28
Base-to-emitter junction 

(BEJ), 1028
Base transit time, 501
Base-width modulation, 441
Basic circuits

first-order high-pass CR
circuits, 1246–1248

frequency response of first- 
and second-order circuits,
1243–1244

KCL, 1214–1216
KVL, 1216–1219
maximum power transfer

theorem, 1227–1228
Norton’s theorem, 1226
resonant circuits, 1238–1242
second-order parallel RLC

circuits, 1254–1258
second-order series RLC

circuits, 1249–1254
superposition theorem,

1219–1221
Thevenin’s theorem, 1221–1226
time constants of first-order

circuits, 1258–1259
transient response of first-order

circuits, 1228–1238
Basic CMOS op-amp, 933
Basic common-emitter amplifier,

749–752
Basic MOSFET current source,

559–561
B-E depletion capacitance, 502
B-E input capacitance, 503
BEJ. See Base-to-emitter junction
Bell Telephone Laboratories, 2

Biasing
active current-source, 458–459
with VBE multiplier circuit,

772–774
of BJTs, 457–467
of cascoded amplifier, 

384–386, 489
circuit design for, 463–467
of class AB amplifier, 767–774
of class B amplifier, 764
with diodes, 767–771
emitter resistance-feedback,

460–461
of MOSFET, 357–364
single-base resistor, 459–460
substrate, 345–346
thermal runaway and, 768
two-base resistor, 461–462
voltages, 436

Biasing circuit
of BiCMOS op-amp 

LH0022, 967
of LM741 op-amp, 945–946

BiCMOS amplifiers, 621–622
analyzing, 624–625
cascode, 622–623
differential, 620–626
double-cascode, 623–624

BiCMOS inverters, 1057
propagation delay, 1058–1059

BiCMOS op-amps, 962–974
CA3130, 962–963
CA3140, 964–965
LF411, 969–971
LH0022, 965–968
LH0032, 973–974
LH0062, 971–973

Bioelectronics, 34–35
Biofuel cells, 35
Biomaterial, 34
Bioreporters, 35
Biosensors, 35
Biotechnology, 34
Bipolar junction transistor (BJT),

28, 106, 162, 434–436, 
533, 984

base narrowing in, 441–443
biasing of, 457–467
circuit models for, 449–455
cutoff/saturation/inverse-active

modes of, 440–441
forward-active mode of, 436–440
frequency response of, 501–508
high-frequency model of,

501–503
input/output characteristics of,

447–449
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model parameters for, 1205
MOSFETs v., 528
operation of, 436–447
PSpice model for, 503–504
saturation current in, 444–446

Bipolar transistors, 1203–1204
Biquadratic equation, 810–813
Bistable multivibrator, 1101, 1109
BJT. See Bipolar junction transistor
BJT amplifiers, 921

CMOS amplifier v., 620–621
design of, 528–532
feedback in, 656
frequency response of, 508–528
with level shifting, 497–501
thermal voltage drift in, 921

BJT current sources, 558–559,
586–602

basic, 586–588
cascode, 595–596
modified basic, 589–591
Widlar current source, 591–595
Wilson current source, 596–601

BJT differential amplifiers,
602–619

with basic current mirror active
load, 613–615

cascode, 617–619
with modified current mirror,

615–617
pair with resistive load,

602–612
BJT inverters, 1026–1033

designing, 1030–1033
switching characteristics of,

1028–1029
voltage transfer characteristics

of, 1027–1028
BJT op-amps, 940–944

LM124, 940–942
LM741, 942–944

BJT switch, 455–457
Bode plots, 707–710, 712, 807
Body effect

of NMOS inverter with
depletion load, 1008

of NMOS inverter with
enhancement load, 1001

Bootstrapped amplifier circuit, 163
Bootstrapped voltage followers,

AC-coupled, 162–163
BP filters. See Band-pass filters
Breakdown condition, 315–316
Breakdown region, of practical

diodes, 187
Breakdown voltage, 208
Break frequency, 65, 67, 1245

Bridge amplifier, 791–792
Buffer stage, 116
Built-in junction potential, 308–310
Built-in potential, 307, 327, 503
Bulk resistance, 205
Butterworth filters, 814–818
Butterworth functions

for high-order filters, 816–817
for n�1, 815
for n�2, 815–816
for n�3, 816

Butterworth high-pass filters,
834–836

Butterworth low-pass filters,
826–829

Butterworth response, 814
BW. See Bandwidth

CA3130 BiCMOS op-amp, 962
differential stage of, 963–964
gain stage of, 964
output stage of, 964
parameters of, 963
schematic for, 963

CA3140 BiCMOS op-amp
output stage of, 965
parameters of, 965
schematic for, 964

Capacitance
depletion, 326–327
diffusion, 327–328
junction, 317–318
Miller, 78
parasitic, 393
transition, 327

Capacitive-coupled amplifiers,
62–63

Capacitor-coupled cascaded
amplifiers, 383–384,
488–489

Capacitors, 1202, 1279
Capture mode, 1139
Capture program, 1180
Capture range, 1140
Carrier concentrations, 305–307
Carriers, 301
Cascaded amplifiers, 59–62
Cascaded current amplifiers, 60–62
Cascaded voltage amplifiers, 59–60
Cascode BiCMOS amplifiers,

622–625
Cascode current source, 563–564,

595–596
Cascoded amplifiers, 489–491

BiCMOS, 622–625
DC biasing of, 384–386, 489
differential, 617–619

Double-cascode BiCMOS,
623–625

Cascode differential amplifier,
617–619

Cascoded MOS differential
amplifier, 578–580

CB amplifier. See Common-base
amplifiers

C-B junction capacitance, 503
C-B resistance, 451
CCCS. See Current-controlled

current source
CCVS. See Current-controlled

voltage source
Center frequency, 68, 1139
C filters, 264–269
Channel length modulation,

343–345
Channel modulation length, 352
Channel modulation voltage, 352
Characteristic equation, 699
Charging mode, of VCO, 1120
Circuit design, using analog

integrated circuits, 1169
Circuit implementation, of VCO,

1121–123
Circuit-level design process, 21–24
Circuits

historical levels of integration, 3
with op-amps and diodes,

1081–1097
pulse response of, 12

Clamp diodes, 1101
Clamping circuits, 279–284

fixed-shift clampers, 280–281
precision, 1085–1086
variable-shift clampers,

281–282
Class A amplifiers, 745–755

basic common-emitter, 749–752
common-emitter amplifiers with

active load, 752–753
emitter followers, 745–749
transformer-coupled load

common-emitter, 753–755
Class AB push-pull amplifiers,

766–777
biasing with diodes, 767–768
biasing with diodes and active

current source, 769–770
biasing with VBE multiplier

circuit, 772–774
output power/efficiency of, 767
quasi-complementary, 775–776
transfer characteristic of, 

767, 770
transformer-coupled, 776–777
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Class B push-pull amplifiers,
756–766

complementary, 756–761
DC biasing of, 764
transformer-coupled load,

761–765
Class C amplifiers, 777–780
Class D amplifiers, 781–783
Class E amplifiers, 784–786
Clippers, 276–279
Clock-tunable resistor, 850
Closed-loop gain, 644–651

frequency of, 698–699
low-frequency, 648
poles of, 699, 700–702
sensitivity of, 646–647
stability of, 698–702

CMOS. See Complementary metal
oxide semiconductor

CMOS amplifiers, 921–922
BJT amplifier v., 620–621
designing, 576–578
differential, 575–578
thermal voltage drift in,

921–922
CMOS driving TTL, 1062–1063
CMOS families, 1025
CMOS inverters, 1016–1022
CMOS logic circuits, 1022–1026

NMOS gates v., 1026
NOR/NAND gates, 1024–1025
transmission gates, 1022–1024
TTL driven by, 1062–1063
TTL driving, 1060–1062

CMOS NAND gates, 1024–1025
CMOS NOR gates, 1024–1025
CMOS op-amps, 933–940

basic, 933
MC14573, 937
TLC1078, 937–940

CMOS technology, 576
CMOS transmission gates,

1022–1023, 1026
CMRR. See Common-mode

rejection ratio
Collector saturation current, 445
Collector terminal, 28
Color television, 2
Colpitts oscillators, 881–888
Common-base amplifiers (CB

amplifier), 483–487
frequency response of, 518–522

Common-collector BJT amplifiers,
514–518

Common-drain amplifiers, 375–380
active-biased source follower,

376–378

frequency response of, 401–403
resistive-biased source follower,

378–380
Common-emitter amplifiers

with active load, 752–753
basic, 749–752
transformer-coupled load,

753–755
Common-emitter BJT amplifiers,

467–476
frequency response of, 508–514

Common-gate amplifiers, 380–383
frequency response of, 403–408

Common ground, 40
Common-mode rejection ratio

(CMRR), 108–111, 556,
606, 609–610, 925

of differential amplifier,
144–145

of instrumentation amplifier,
146–147

of inverting amplifiers, 122–123
of noninverting amplifiers,

116–117
in op-amps, 925

Common-source amplifiers (CS
amplifier), 364–375

with current source load,
364–367

with depletion MOSFET load,
369

with enhancement load,
368–369

frequency response of, 396–401
with resistive load, 370–374

Comparators, 1097–1100
op-amps v., 1098
output-side connection, 1098
threshold, 1098–1100
transfer characteristics of, 1097

Compensation techniques, 711–720
adding dominant pole, 711–712
changing dominant pole,

713–714
Miller compensation/pole

splitting, 715–716
modifying feedback path,

717–720
Complementary metal oxide

semiconductor (CMOS), 346
Complementary push-pull amplifiers,

756–761
dead-zone minimization 

for, 759
output power/efficiency of,

757–758
Constant current sources, 159

Constant-drop DC model, 
196–197

Conversion speed, 1169
Converters

AC-DC, 238
analog-to-digital, 7–8,

1165–1169
digital-to-analog, 8, 1158–1164
frequency-to-voltage,

1151–1155
IC A/D, 1167–1169
IC D/A, 1162
MC1408 D/A, 1163
negative impedance, 158
NE/SE-5018 D/A, 1163–1164
R-2R ladder network D/A,

1160–1162
successive-approximation A/D,

1165–1167
TelCom 9400 series, 1147,

1150, 1154, 1155
voltage-current, 155–156
voltage-to-frequency, 1120,

1147–1151, 1155
weighted-resistor D/A,

1159–1160
Corner frequency, 65, 67, 1245
Coupling capacitors, 62, 467, 479
Crossover distortion, 756–757,

762, 766
Crystal oscillators, 895–899
CS amplifier. See Common-source

amplifiers
Current amplifiers, 16, 53–54, 87
Current boosters, 788
Current-controlled current source

(CCCS), 53–54, 87
Current-controlled voltage source

(CCVS), 88
Current gain, 42, 53
Current mirror source, 388–390,

497–498
Current-sensing/current-comparing

feedback, 653–655. See also
Shunt-series feedback

Current-sensing/voltage comparing
feedback, 653. See also
Series-series feedback

Current sink, 559
Current sinking source, 458
Current source

biasing with active, 458–459
BJT, 586–602
level shifting with, 387–388, 497

Current switch, 1122
Cut-in voltage, 186
Cutoff frequency, 65, 67, 806, 1250
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Cutoff region
of depletion MOSFETs, 349
of enhancement MOSFETs, 338

D/A converters. See Digital-to-
analog converters

Damping factor, 1255
Damping ratio, 1255
Darlington emitter follower, 965
Darlington pair transistor,

491–495, 615, 925–926
DC amplifier, 16
DC analysis

of LM741 BJT op-amp,
944–951

of LM741 op-amp, 944–945
DC and small-signal specifications,

14–15
DC biasing

of BiCMOS op-amp LF411, 970
of BJTs, 457–467
of cascoded amplifier, 384–386,

489
of class B amplifier, 764
of CMOS op-amp MC14573,

935
of CMOS op-amp TLC1078,

939
of MOSFET, 357–364

DC-coupled amplifiers, 62–63
DC filters, 260
DC level shifting, 386–388,

495–501
DC linear model, 111–112
DC millivoltmeters, 157
DC sweep analysis, 1191
DC transfer characteristics, of BJT

differential amplifier,
603–605

DC voltmeters, 156
Deadband, 1103, 1107, 1109
Dead zones, 756, 759, 766
Decade, 1245
Decade increase, 65
Degenerative feedback, 642. See

also Negative feedback
Delay equalizer, 848
Delay-power product (DP), 995
Delay time, 12, 1028
Demodulators, 272–275
Depletion capacitance, 326–327
Depletion load, of NMOS 

inverter, 1005
Depletion MOS differential

amplifiers, 580–585
Depletion MOS differential pair

with active load, 585

Depletion MOS differential pair
with resistive load, 581–585

Depletion MOSFETs, 30–31, 
352, 369

operation, 346–348
output/transfer characteristics

of, 348–349
Depletion ratio, 315
Depletion region, 307, 315
Depletion region width, 316–317,

320
Design constraints, 22
Design criteria, 22
Design perspective, 25
Design problems

large design projects, 1282–1283
medium design projects, 1282
mini-design projects, 1282

Design projects, 25–26
Design report, 26–27
Design statement, 22
Detectors

diode peak, 272–275
edge-triggered phase, 1140–1141
missing-pulse, 1129–1130
most positive signal, 1081
phase, 1140–1141
photo, 154–155
precision peak voltage,

1081–1082
zero-crossing, 1100–1101

Differential amplifiers, 143–145
cascoded MOS, 578–580
characteristics of, 554–556
CMOS, 575–578
depletion MOS, 580–585
design of, 628
frequency response of, 626–628
internal structure of, 554–558
MOS, 566–580

Differential-mode half circuit, 606
Differential stage

of BiCMOS op-amp CA3130,
963–964

of BiCMOS op-amp LH0022,
965–967

of BiCMOS op-amp 
LH0062, 971

of BJT op-amps LM124, 940
of CMOS op-amp 

MC14573, 935
of CMOS op-amp 

TLC1078, 938
Differentiating, 201
Differentiators, 137–143
Differentiator time constant, 138
Diffusion capacitance, 327–328

Digital electronics, 10–11, 982
Digital filters, 804
Digital integrated circuits, 984–985
Digital logic circuits, 982
Digital-to-analog (D/A) converters,

8, 1158–1164
IC, 1162–1164
R-2R ladder network,

1160–1162
weighted-resistor, 1159–1160

Diode(s), 1203. See also Light-
emitting diodes; Organic
light-emitting diodes;
Practical diodes; Superdiode

biasing with, 767–771
breakdown region of 

practical, 187
circuits with op-amps and,

1081–1097
clippers, 276–279
determination of constants,

187–189
forward biased, 180
forward-biased region of

practical, 186
ideal, 180–183
model parameters for, 1204
op-amp circuits with,

1081–1097
operation point of, 193
power rating, 220–222
PSpice/SPICE model, 205–207
as rectifiers, 238–260
reverse biased, 180
reverse-biased region of

practical, 186–187
semiconductor, 27, 180
Shockley, equation, 185
simple circuit, 192
small-signal, transconductance,

200
solid-state point-contact, 2
zener, 208–219, 224–225

Diode applications
clamping circuits, 279–284
clippers, 276–279
diode rectifier, 238–260
function generators, 287–290
output filters for rectifiers,

260–272
peak detectors and

demodulators, 272–275
voltage multipliers, 284–287

Diode circuits
simple, 192
transfer characteristics of,

183–184
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Diode clamping circuits, 279–284
Diode clippers, 276–279

parallel clippers, 276–277
series clippers, 277–278

Diode data sheets, 222–225
Diode function generators,

287–290
Diode peak detectors and

demodulators, 272–275
Diode rectifier, 238–260

single-phase full-wave bridge
rectifiers, 254–260

single-phase full-wave center-
tapped rectifiers, 247–254

single-phase half-wave
rectifiers, 238–247

Diode-transistor logic (DTL), 1026
Diode voltage multipliers, 284–287
Direct-coupled amplifiers, 16,

62–63, 384, 489
Discharging mode, of VCO, 1121
Distortion, 13, 40, 649–651, 804

crossover, 756–757
measurement of, 740
total harmonic, 740

Dominant pole
adding, 711–712
changing, 713–714

Donor impurity, 302
Doping, 301
Double-cascode BiCMOS

amplifiers, 623–625
DP. See Delay-power product
Drain terminal, 29
Drop decay rate, 1156
DTL. See Diode-transistor logic
Dynamic power, 993–994
Dynamic resistance, 200

Early effect, 441
Early voltage, 442, 451
Ebers-Moll model

of bipolar junction transistors,
1267–1274

for npn transistor, 1268
transport version model, 1270

ECL. See Emitter-coupled logic
Edge-triggered phase detector,

1140–1141
Effective density states function

in the conduction band, 306
in the valence band, 306

Electrical Engineering Design
Compendium, 25

Electric field distribution, 310–311
Electron-hole generation and

recombination, 303–304

Electronic circuits design, 20–27
analysis v. design, 20
circuit-level design process,

21–22
design report, 26–27
engineering design defined, 20
large design projects, 26
medium design projects, 26
mini design projects, 26
perspective for study 

benefits, 25
project types, 25
short design projects, 25

Electronic devices, 27–31
bipolar junction transistors, 28
field-effect transistors, 29
semiconductor diodes, 27

Electronic signals and notation,
6–7

analog-to-digital converters, 7–8
digital-to-analog converters, 8
notation, 8–10

Electronic systems, 4–5
actuators, 5–6
classifications of, 10–11
DC and small-signal

specifications, 14–15
design of, 17–19
history of, 2–4
introduction, 2
sensors, 5
specifications of systems, 12–15
transient specifications, 12

Electrons, 301
Electron systems

distortion, 13
frequency specifications, 13–14

Emerging electronics, 32–33
bioelectronics, 34–35
memristor, 32–33
organic electronics, 33–34

Emission coefficient, 185
Emitter-coupled logic (ECL), 

1027, 1162
OR/NOR gates, 1049–1057

Emitter-coupled pair, 1049
Emitter-follower biasing, 461
Emitter followers, 476–483,

745–749
active-biased, 476–479
biasing with, 461
class A amplifiers and, 745–749
Darlington, 965
level shifting with, 496
resistive-biased, 479–483

Emitter resistance-feedback
biasing, 460–461

Emitter scaling, 445
Emitter terminal, 28
Encoders, absolute position, 5
Engineering design, 20–21
Enhancement load, 996–997
Enhancement MOSFETs, 29–30,

337–338, 352, 368–369
channel length modulation,

343–344
operation of, 338–341
output/transfer characteristics

of, 342
substrate biasing effects,

345–346
Equilibrium electrostatic 

potential, 1001
Error

gain, 1163
linearity, 1163
nonlinearity, 1163
offset, 1163
quantizing, 1169
signal, 642
voltage, 1139

Excluded region, 982
Extrinsic, 301

Fabrication process constant, 1001
Fairchild Semiconductor, 2
Falloff rate, 807
Fall time, 12, 991, 1029
Fan-in, 988–989
Fan-out, 988–989
Feedback

in BJT amplifiers, 656
characteristics of, 644–651
compensation techniques for,

711–720
configurations of, 652–655
frequency response of, 648–649
modifying path of, 717–720
in MOSFET amplifiers, 656
negative, 642, 648, 649–650
in op-amps, 656
oscillators and, 699, 863
positive, 642, 645, 768
series-series, 652, 653,

656–657, 667–676
series-shunt, 643, 652, 653,

656–667, 692–693
shunt-series, 652, 653–655,

656–657, 686–691, 694–697
shunt-shunt, 644, 652, 653, 654,

656–657, 677–686
thermal runaway and, 768
topologies of, 652–655, 721
types of, 642, 721
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Feedback amplifier
analysis of, 656–657
stability analysis of, 698–710

Feedback circuit design, 692–698
Feedback current signal, 643
Feedback factor, 644, 646–647, 698
Feedback impedance, 71
Feedback ratio, 644

voltage-, 1262
Feedback relationships, 655
Feedback signal, 642, 643
Fermi function, 304–305
FETs. See Field-effect transistors
Field-effect device, 2
Field-effect transistors (FETs), 29,

106, 336. See also Metal
oxide semiconductor field-
effect transistors

Figure of merit, 866
Filtering circuit, 805
Filters. See also Active filters;

High-pass filters; Low-pass
filters

all-pass, 848–849
analog, 804
band-elimination, 843
band-stop, 807, 843
BP, 807, 837–843
Butterworth, 814–818
Butterworth functions for 

high-order, 816–817
Butterworth high-pass, 

834–836
Butterworth low-pass, 826–829
C, 264–269
DC, 260
design guidelines, 854
digital, 804
first-order, 808–810
first-order high-pass, 829–831
first-order low-pass, 819–822
ideal characteristics of, 806
L, 261–263
LC, 269–272, 781
low-pass, 819–829
MF5 universal monolithic

switched-capacitor, 852
multiple feedback, 840
narrow-band-pass, 840–843
narrow-band-reject, 846–848
notch, 844, 846
output, 260–272
passive, 804–805
realistic characteristics of, 807
second-order, 813
second-order Butterworth,

852–853

second-order high-pass,
831–833

second-order low-pass,
822–826

switched-capacitor, 849–854
universal, 851
universal switched-capacitor,

851–852
wide-band-pass, 837–840
wide-band-reject, 844–846

First-order filters, 808–810
First-order high-pass CR circuits,

1246–1249
First-order high-pass filters,

829–831
First-order low-pass filters,

819–822
First-order low-pass RC circuits,

1244–1246
555 timer, 1126

astable multivibrators in,
1131–1134

functional block diagram of,
1126–1127

monostable multivibrators,
1127–1128

Fixed-shift clampers, 280–281
Fixed-voltage limiters, 1086
FM. See Frequency modulation
Forward base transit time, 502
Forward biased diode, 180
Forward-biased model, 328
Forward-biased pn junction,

319–323
depletion region width,

320–321
minority carrier charge

distribution, 321–323
Forward-biased region, of practical

diodes, 186
Forward-current amplification

factor, 449
Forward current gain, of 

transistor, 28
Forward diffusion current, 308
Free-running frequency, 1139
Free-running mode, 1139
Free-running multivibrator, 1110,

1113, 1131
Frequency amplifiers, 16
Frequency divider, 1129
Frequency modulation (FM), 

2, 1120
Frequency multiplier, 1143–1144
Frequency ratio, 1249
Frequency response, 927–930

with active load, 627–628

of amplifiers, 62–71
of BJT amplifiers, 508–528
of BJTs, 501–508
of differential amplifiers,

626–628
of feedback, 648–649
of first- and second-order

circuits, 1243–1244
of LM741 op-amp, 958–961
of MOSFET amplifiers,

393–408
of op-amp differentiators,

141–143
of op-amp integrators, 

134–137
of practical op-amps, 927–930
with resistive load, 626–627

Frequency-response analysis, 961,
1198–1199

Frequency response methods,
72–73

high-frequency transfer function
method, 75–77

high-frequency zero-value
method, 82–84

low-frequency short-circuit
method, 80–82

low-frequency transfer function
method, 73–75

midband voltage gain, 84
Miller’s capacitor method,

77–78
multistage amplifiers, 86

Frequency response sweep
analysis, 1191

Frequency scaling, 854
Frequency-shift keying (FSK)

modulator, 1137–1139, 1145
Frequency specifications, 13–14
Frequency stability, 866
Frequency-to-voltage (F/V)

converters, 1151–1155
FSK demodulator, 1145
FSK modulator. See Frequency-

shift keying modulator
Full-wave voltage doubler circuit,

286
Functional amplifiers, 16
Functional block diagram,

1126–1127
Function generators, 287–290
F/V converters. See Frequency-to-

voltage converters

Gain
active filters and, 804
bandwidth relation and, 69–71
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Gain-bandwidth product (GBW),
648–649, 692, 712, 721

Gain crossover frequency, 705
Gain margin, 704–705
Gain parameter, 40
Gain sensitivity, 646

loop, 645
Gain stage

of BiCMOS op-amp CA3130,
964

of BiCMOS op-amp LH0022,
967

of BiCMOS op-amp LH0062,
972

of BJT op-amps LM124, 941
of CMOS op-amp MC14573,

935
of CMOS op-amp TLC1078,

938
of LM741 op-amp, 948–949
of small-signal AC analysis,

957–958
Gate terminal, 29
GBW. See Gain-bandwidth product
General Electric Company, 2
Graphical method, of analysis,

192–193

Half-power frequency, 65, 67
Half-wave rectifier, single phase,

238–247
Half-wave voltage doubler 

circuit, 285
Hard limiters, 1094–1097
Harmonics, 260
Hartley oscillators, 888–891
Heat flow, 793–794
Heat sinks, 793–794
High cutoff frequencies

of common-base BJT
amplifiers, 520–521

of common-collector BJT
amplifiers, 516–517

of common-drain amplifiers,
402

of common-emitter BJT
amplifiers, 510–511

of common-gate amplifiers,
404–405

of common-source amplifiers,
398–399

High-frequency AC model,
326–329

depletion capacitance, 326–327
diffusion capacitance, 327–328
forward-biased model, 328
reverse-biased model, 329

High-frequency BJT model,
501–503

High-frequency MOSFET models,
393–395

High-frequency transfer function
method, 75–77

High-frequency zero-value method,
82–84

High noise margin, 987
High-pass characteristic amplifier,

66–68
High-pass circuit, 1248
High-pass (HP) filters, 806,

829–837
Butterworth, 834–836
first-order, 829–831
second-order, 831–833

High-pass gain, 1248
High-speed TTL NAND gates,

1042–1047
Hole, 301
HP filters. See High-pass filters
Hybrids, 33
Hysteresis, 1103, 1109

output voltage and, 1107–1108

IC. See Integrated circuits
IC operational amplifier, 2
IC power amplifiers, 789–792
Ideal diodes, 27–28, 180–183
Ideality factor, 185
Ideal series-series feedback

network, 669–670
Ideal series-shunt feedback

network, 658–660
Ideal shunt-series feedback

network, 688
Ideal shunt-shunt feedback

network, 678–680
Impedance amplifier, 16
Impurities, 301
Inductance simulators, 161–162
Inductors, 1202–1203
Injection version, of Ebers-Moll

model, 1268–1269
Input biasing current, 912–914
Input offset current, 914–917
Input offset voltage, 919, 920
Input resistance, 43, 925–926,

1262
Input signal, 1168
Input stage

of LM741 op-amp, 946–948
of small-signal AC analysis,

952–957
Instrumentation amplifiers,

145–147

Integrated circuits (IC), 2, 336
A/D converters, 1167–1169
D/A converters, 1162
digital, 984–985
PLL, 1141–1146
SAH, 1157–1158

Integration time constant, 129
Integrators, 128–137

practical inverting, 130
switched-capacitor, 851

Intel, 2
Interstage coupling amplifiers, 16
Intrinsic Fermi energy, 306
Intrinsic material, 300
Inverse-active mode, 1036
Inverter, 983
Inverting amplifiers, 121–128
Inverting Schmitt trigger,

1102–1105
Inverting summing amplifiers,

148–149
Inverting threshold comparator,

1099, 1100
Iterative method, of analysis,

193–194

JFETs. See Junction field-effect
transistors

Junction capacitance, 317–318
Junction current density, 323–325
Junction field-effect transistors

(JFETs), 29, 31, 1204, 1205
Junction potential distribution,

311–312

KCL. See Kirchhoff’s current law
Kirchhoff’s current law (KCL),

458, 1214–1216
Kirchhoff’s voltage law (KVL),

349, 1216–1219
KVL. See Kirchhoff’s voltage law

Large design projects, 26,
1282–1283

Large-signal characteristics, 15
Large-signal voltage gain, 15
LC-coupled amplifier, 16
LC filter, 781
LC filters, 269–272, 781
LEDs. See Light-emitting diodes
Level-shifted DC amplifier,

497–501
Level-shifted MOS amplifier,

388–392
Level shifter, 279
Level shifting, 386–388, 495–501

methods for, 387–388, 496–497
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LF411 BiCMOS op-amp
DC biasing of, 970
parameters of, 971
schematic for, 969, 970
thermal protection in, 971

L filters, 261–263
LH0022 BiCMOS op-amp

biasing circuitry in, 967
differential stage of, 965–967
gain stage of, 967
output stage of, 967
parameters of, 966
protection circuitry in, 967
schematic for, 966, 968

LH0032 BiCMOS op-amp
parameters of, 974
schematic for, 973

LH0062 BiCMOS op-amp
differential stage of, 971
gain stage of, 972
parameters of, 973
schematic for, 972

Library files, 1208–1211
Light-emitting diodes (LEDs), 220
Limiter, unsymmetrical, 215
Limiters

adjustable-voltage, 1086–1089
fixed-voltage, 1086
hard, 1094–1096
zener voltage, 1093–1094

Linear amplifier, 16, 40
Linear DC models, 450
Linearity error, 1163
Linear ohmic region, 339–340
Line regulation, 209
LM124 BJT op-amp

differential stage of, 940
gain stage of, 941
output stage of, 942
parameters of, 941
schematic of, 941

LM741 BJT op-amp
analysis, 944–962
biasing circuit in, 945–946
DC analysis of, 944–951
differential stage of, 942
frequency-response analysis 

of, 961
gain stage of, 944, 948–949,

957–958
input stage of, 946–948, 952–957
output stage of, 944, 958–961
overload protection in, 951
protection circuitry in, 944
schematic of, 943
small-signal AC analysis of,

951–961

small-signal equivalent circuit
analysis of, 961–962

Load
active, 613
amplifiers, 16
amplifier transformer-coupled,

common-emitter, 753–755
amplifier transformer-coupled,

push-pull, 761–765
BJT differential amplifiers with

basic current mirror active,
613–615

BJT differential pair with
resistive, 602–612

body effect of NMOS inverter
with depletion, 1008

body effect of NMOS inverter
with enhancement, 1001

common-emitter amplifiers
transformer-coupled,
753–755

common-emitter amplifiers with
active, 752–753

CS amplifier with current
source, 364–367

CS amplifier with depletion
MOSFET, 369

CS amplifier with enhancement,
368–369

CS amplifier with resistive,
370–374

Depletion, 1005
depletion MOS differential pair

with active, 585
depletion MOS differential pair

with resistive, 581–585
enhancement, 996–997
line, 192
push-pull amplifiers

transformer-coupled,
761–765

regulation, 209
resistive, 370–373
transformer-coupled, 761–765
transformer-coupled, common-

emitter amplifiers, 753–755
Lock range, 1140
Logarithmic gain, 42–43
Logic 0 noise margin, 988
Logic 1 noise margin, 987
Logic circuits, design of,

1064–1067
Logic gates, 982, 983–985

CMOS v. NMOS, 1026
comparison of, 1063–1064
delay-power product, 995
fan-in/fan-out in, 988–989

interfacing of, 1060–1063
noise margins in, 987–988
performance parameters of,

985–995
power dissipation of, 992–995
propagation delay, 991–992
voltage transfer characteristic

of, 986–987
Logic states, 982
Loop gain, 645, 698

low-frequency, 648
phase margin and, 705–707

Loop transmission, 645
Low cutoff frequencies

of common-base BJT
amplifiers, 518–520

of common-collector BJT
amplifiers, 515–516

of common-drain amplifiers,
401

of common-emitter BJT
amplifiers, 508–510

of common-gate amplifiers,
403–404

of common-source amplifiers,
397–398

Lower threshold voltage, 1103
Low-frequency hybrid BJT model,

1262–1265
Low-frequency loop gain, 648
Low-frequency short-circuit

method, 80–82
Low-frequency small-signal model,

199–205
Low-frequency transfer function

method, 73–75
Low noise margin, 988
Low-pass characteristic amplifier,

63–66
Low-pass circuit, 1245
Low-pass (LP) filters, 806,

819–829
Butterworth, 826–829
first-order, 819–822
second-order, 822–826

Low-pass gain, 1246
LP. See Low-pass filters

Majority carriers, 303–304
Mark frequencies, 1137
Mark states, 1137
Mathematical method, of analysis,

194–196
Maximally flat response, 814
Maximum power transfer theorem,

1227–1228
MC1408 D/A converter, 1163
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MC14573 CMOS op-amp
analyzing, 935–937
DC biasing for, 935
parameters of, 934
schematic for, 934
stages of, 935

Medical telesensors, 35
Medium design projects, 26, 1282
MESFETs. See Metal-Schottky

barrier FETs
Metal oxide semiconductor 

field-effect transistors
(MOSFET), 29, 336–337,
984, 1162, 1204, 1206. See
also Depletion MOSFETs;
Enhancement MOSFETs; n-
channel depletion MOSFET;
p-channel enhancement
MOSFET

BJTs v., 528
DC biasing of, 357–364
depletion, 346–349, 352, 369
enhancement, 337–346, 352,

368–369
high-frequency models of,

393–395
model parameters for, 1206
models of, 349–356
small-signal analysis models of,

351–352, 395–396
Metal-Schottky barrier FETs

(MESFETs), 984
MF5 universal monolithic

switched-capacitor 
filter, 852

Microbial fuel cells, 35
Microcantilevers, 35
Microchip implants, 35
Midband voltage gain, 84–86
Miller capacitance, 78
Miller compensation, 715–716
Miller’s capacitor method, 77–80
Miller’s effect, 77–78, 503, 928
Miller’s theorem, 71–72
Mimristor, 32–33
Mini design projects, 26, 1282
Minority carrier charge

distribution, 321–323
Minority carrier life, 323
Minority carrier lifetime, 446
Minority carriers, 303–304
Missing-pulse detector, 1129–1130
Model, AC linear, 112–113
Models

AC linear, 112–113
BJT circuit, 449–455
BJT circuits, 449–455

constant-drop DC, 196–197
DC linear, 111–112
Ebers-Moll, 1267–1274
forward-biased, 328
high-frequency AC, 326–329
high-frequency BJT, 501–503
high-frequency MOSFET,

393–395
linear DC, 450
low-frequency hybrid BJT,

1262–1265
low-frequency small-signal,

199–205
MOSFET, 349–356
nonlinear macro, 113–114
op-amp circuit, 105–107
piecewise linear, of zener

diodes, 215
piecewise linear DC, 197–199
practical diodes, 196–207
PSpice devices and elements

for, 1200–1206
PSpice/SPICE amplifier, 87–88
PSpice/SPICE diode, 205–207
PSpice/SPICE operation

amplifier, 111–114
reverse-biased, 329
small-signal AC, 450–452
small-signal hybrid, 452

Model statement, of PSpice/
SPICE, 205

Modem, 1137
Modification of feedback path,

717–720
Modified basic MOSFET current

source, 561
Modulation index, 781
Monostable multivibrators

applications of, 1129–1130
in 555 timer, 1127–1128

MOS differential amplifiers,
566–580

MOSFET. See Metal oxide
semiconductor field-effect
transistors

MOSFET amplifier, 353–356
design of, 408–413
feedback in, 656
frequency response of, 393–408

MOSFET biasing circuit, 357–364
MOSFET current sources, 558–566
MOSFET models, 349–353
MOSFET switch, 356–357
MOS oscillators, two-stage, 891–894
Most positive signal detectors, 1081
Multiemitter bipolar transistor,

1034

Multiple feedback filter, 840
Multistage amplifiers, 86, 383–386,

488–491, 522–528

NAND, 983, 984
Nanobiotechnology, 35
Nanofabrication, 35
Nanomedicine, 35
Nanotechnology, 34
Narrowbanding, 712
Narrow-band-pass filters, 

840–843
Narrow-band-reject filters,

846–848
National Semiconductor, 789
Natural frequency, 1249
n-channel depletion MOSFET, 346
n-channel enhancement MOSFET

(NMOS), 337–340,
342–343, 346, 349–350,
353, 781, 996

NE5034, 1167–1168
Negative feedback, 642, 649–650
Negative impedance converters, 158
Negative logic, 982
Negative threshold voltage, 1103
Negative voltage limiter, 1086

adjustable, 1087, 1089
NE/SE-565 PLL

applications of, 1143–1146
center frequency of, 1141
diagrams of, 1142
as frequency multiplier,

1143–1144
as FSK demodulator, 1145
as SCA background music

decoder, 1145–1146
NE/SE-566 VCO, 1123–1124, 1126
NE/SE-5018 D/A converter,

1163–1164
Netlists, 1206–1208
NMOS. See n-channel

enhancement MOSFET; 
n-channel enhancement
MOSFET

NMOS differential pair, 566–575
NMOS inverters, 996–1014

comparison of, 1013–1014
with depletion load, 

1005–1013
with enhancement load,

996–1005
NMOS logic circuits, 1014–1016

CMOS gates v., 1026
NAND gates, 1016
NOR gates, 1015
transmission gates, 1014–1015
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NMOS NAND gates, 1016
NMOS NOR gates, 1015
NMOS transition gates, 1014, 1026
Noise, 11
Noise immunity, 987
Noise margins, 987–988
Noninverting, integrators, 159–160
Noninverting amplifiers, 114–121

CMRR of, 116–117
Noninverting integrators, 159–160
Noninverting Schmitt triggers,

1105–1106
Noninverting summing amplifiers,

147–148
Noninverting threshold 

comparator, 1099
Nonlinearity error, 1163
Nonlinear macromodel, 113–114
Nonlinear ohmic region, 340–341
NOR, 983, 984
Normalized frequency, 1249
Norton’s theorem, 1226–1227
Notation, 8–10
Notch filter, 844, 846
Notch-out frequency, 847
NOT gate, 983
npn transistor, 28, 434–436, 442,

444, 448, 533, 756, 761,
775–776, 1268

n-type materials, 301–302
Nyquist plot, 703–704
Nyquist stability criterion, 703–704

Octave increase, 65
Offset error, 1163
Offset-minimizing resistance, 913
Offset voltage adjustment, 922–925
Off time, 12
Ohmic region

of depletion MOSFETs, 349
of enhancement MOSFETs,

339–341
linear, 339–340
nonlinear, 340–341

Ohm’s law, 339
OLEDs. See Organic light-emitting

diodes
One-shot pulse-generating 

circuit, 1127
On time, 12
Op-amp. See Operational

amplifiers
Op-amp applications, 128–163

AC-coupled bootstrapped
voltage followers, 162–163

addition-subtraction amplifiers,
149–153

constant current sources, 159
DC millivoltmeters, 157
DC voltmeters, 156
differential amplifiers, 143–145
differentiators, 137–143
inductance simulators, 161
instrumentation amplifiers,

145–147
integrators, 128–137
inverting summing amplifiers,

148–149
negative impedance 

converters, 158
noninverting integrators,

159–160
noninverting summing

amplifiers, 147–148
optocoupler drivers, 153–154
photodetectors, 154–155
voltage-current converters,

155–156
Op-amp circuits, 1081–1097

design, 164–165
SAH, 1157

Op-amp ideal circuits analysis,
114–128

inverting amplifiers, 120–127
noninverting amplifiers,

114–120
Op-amp PSpice/SPICE models,

111–114
AC linear model, 112–113
DC linear model, 111–112
nonlinear macromodel,

113–114
Open-circuit reverse voltage 

ratio, 1262
Open-circuit saturation 

currents, 1270
Open-circuit transimpendance, 57
Open-circuit voltage gain, 51, 351
Open-loop gain, 645, 646, 648,

656, 698
Open-loop transfer function, 649
Operational amplifiers (op-amps),

16, 656, 1098
BiCMOS, 962–974
characteristics of, 104–110
circuit design, 164–165
circuit model, 105–107
common-mode rejection ratio,

108–111, 925
comparators v., 1098
design of, 974–975
feedback in, 642, 643
frequency response, 107–108,

927–930

input biasing current for,
912–914

input offset current for,
914–917

input offset voltage for,
917–918

input resistance, 925–926
internal structure of, 910–911
offset voltage adjustment,

922–925
op-amp circuit model, 105–107
op-amp frequency response,

107–108
output resistance, 927
parameters/characteristics of

practical, 911–932
power, 788–791
power supply rejection ratio,

918–919
SAH circuits with, 1157
slew rate of, 930–932
thermal voltage drift, 919–922

Operation point, of diode, 193
Optical isolators, 153
Optocoupler drivers, 153–154
OR, 983, 984
OrCad

adding text in, 1187–1188
analysis type selection,

1191–1193
beginning new project with,

1182–1183
circuit analysis process, 1181
creating netlists, 1206–1208
drawing circuit, 1182–1191
frequency response analysis,

1198–1199
getting/placing components in,

1183–1185
introduction, 1178
labeling components in,

1187–1188
library files, 1208–1211
menu commands for, 1190
modeling devices and elements,

1200–1206
overview, 1180–1181
PSpice simulation in, 1193
rotating components in,

1185–1186
saving circuit file in,

1190–1191
schematic copying and

capturing, 1195–1196
setting attributes in, 1188–1190
simulation results display,

1194–1195
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OrCAD (continued)
software installation,

1178–1180
varying parameters, 1196–1198
viewing schematic in, 1190
wiring components in, 1187

Organic electronics, 33–34
Organic light-emitting diodes

(OLEDs), 33
Organic thin-film transistors

(OTFTs), 33
Oscillations, conditions for, 863
Oscillators, 699

active-filter tuned, 899–901
AF, 867–881
amplitude stability of, 866
classification of, 863
Colpitts, 881–888
crystal, 895–899
design of, 902
feedback and, 699, 863
frequency stability of, 866
Hartley, 888–891
phase-shift, 867–870
principles of, 862–866
quadrature, 871–872
radio frequency, 881–895
ring, 878–880
three-phase, 873–874
two-stage MOS, 891–894
voltage-controlled, 1120–1126
Wien-bridge, 874–877

OTFTs. See Organic thin-film
transistors

Output admittance, 1262
Output characteristics

of depletion MOSFETs,
348–349

of enhancement MOSFETs, 342
Output decay rate, 1156
Output filters, for rectifiers,

260–272
C filters, 263–269
LC filters, 263–269
L filters, 261–263

Output offset voltage, 917
Output power

AC, 240–241, 250
DC, 241, 250
/efficiency of class AB push-

pull amplifiers, 767
/efficiency of complementary

push-pull amplifiers,
757–758

/efficiency of transformer-
coupled load push-pull
amplifiers, 762–764

Output resistance, 43, 927
Output-side connection, 1098
Output stage

of BiCMOS op-amp CA3130,
964

of BiCMOS op-amp CA3140,
965

of BiCMOS op-amp LH0022,
967

of BJT op-amps LM124, 942
of CMOS op-amp TLC1078,

938
of LM741 op-amp, 949–951
of small-signal AC analysis,

958–961
Output voltage, hysteresis effects

of, 1107–1108
Overdrive factor, 1028
Overlap capacitance, 393
Overload protection, of LM741 

op-amp, 951

Parallel clippers, 276–277
Parallel resonant RLC circuits,

1240–1242
Parasitic capacitance, 393
Parasitic resistance, 205
Passband, 806
Pass-band gain, 84
Passive components

capacitors, 1279
potentiometers, 1278
resistors, 1276–1278

Passive filters, active filters v.,
804–805

p-channel enhancement MOSFET
(PMOS), 337–338, 560, 781

Peak detectors and demodulators,
272–275

Piezoelectric crystal, 895, 896
Performance requirements, 22
Phase corrector, 848
Phase crossover frequency, 709–710
Phase detector, 1140–1141
Phase-lock loops (PLL),

1139–1146
565 IC PLL, 1141–1146
IC, 1141–1143
phase detector in, 1140–1141

Phase-lock mode, 1139
Phase margin, 704–707, 709–710
Phase-shift oscillators, 867–870
Photodetectors, 154–155
Piecewise linear DC model,

197–199
Piecewise linear model of zener

diodes, 215

Pinch-down voltage, 347
Plastic electronics, 33
PLL. See Phase-lock loops
PMOS. See p-channel

enhancement MOSFET
pn junction, 436, 439

forward-biased, 319–323
reverse-biased, 314–318
zero-biased, 307–314

pn junction diodes, 300
pnpn triggering transistor, 2
pnp transistor, 28
pnp transistors, 434–436, 442, 448,

468, 533, 756, 775–776
Pole quality factor, 810
Pole splitting, 715–716
Positive feedback, 642, 645, 768
Positive feedback effects, 1103
Positive logic, 982
Positive threshold voltage, 1103
Positive voltage limiter, 1086, 1087
Potential divider level shifting,

387, 496
Potentiometers, 1278
Power amplifiers, 16, 53

classification of, 740–743
design of, 796
IC, 789–792
short-circuit/thermal protection

for, 786–788
thermal considerations for,

792–796
Power dissipation, 794–796,

992–995
dynamic power, 993–994
static power, 993

Power electronics, 2, 10–11
Power gain, 42
Power op-amp LH0021, 789–790
Power op-amp LM380, 790–791
Power op-amps, 788–791

bridge amplifier, 791–792
IC power amplifiers, 789–791

Power rating, 220–222
Power supply rejection ratio

(PSRR), 918–919
Power supply sensitivity (PSS), 919
Power transistors, 743–745, 792

heat flow in, 793–794
thermal considerations for,

792–796
thermal resistance in, 793

Practical diodes, 185–192
breakdown region, 187
characteristics of, 185–187
diode constants determination,

187–189
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forward-biased region, 186
reverse-biased region, 186–187
temperature effects, 189–192
voltage-versus-current

characteristic of, 185
Practical diodes circuits, 192–196

approximate method, 193
graphical method, 192–193
iterative method, 193–194
mathematical method, 194–196

Practical diodes modeling, 196–207
constant-drop DC model,

196–197
low-frequency small-signal

model, 199–202
piecewise linear DC model,

197–199
PSpice/SPICE diode model,

205–207
Practical inverting integrator, 130
Practical op-amps

common-mode rejection ratio,
925

frequency response, 927–930
input biasing current, 912–914
input offset current, 914–917
input offset voltage, 917–918
input resistance, 925–926
offset voltage adjustment,

922–925
output resistance, 927
parameters/characteristics of,

911–932
power supply rejection ratio,

918–919
slew rate of, 930–932
thermal voltage drift, 919–922

Practical series-series feedback
network, 670–671

Practical series-shunt feedback
network, 661

Practical shunt-series feedback
network, 688–689

Practical shunt-shunt feedback
network, 680

Precision clamping circuits,
1085–1086

Precision full-wave rectifiers, 1084
Precision half-wave rectifiers,

1082–1083
Precision peak voltage detectors,

1081–1082
Probe program, 1180, 1194
Propagation delay, 991–992

of BiCMOS, 1058–1059
CMOS transmission gates,

1023–1024

Protection circuitry
of BiCMOS op-amp 

LH0022, 967
of LM741 op-amp, 944

PSpice
BJTs in, 452–453, 503–504
commands for, 1209
modeling devices and elements

in, 1200–1206
MOSFETs in, 353, 395–396
OrCAD and, 1193
varying parameters for,

1196–1198
PSpice A/D, 1180
PSpice/SPICE amplifier models,

87–88
current amplifier, 87
operation, 111–114
transconductance amplifier, 88
transimpedance amplifier, 88
voltage amplifier, 87

PSpice/SPICE diode model,
205–207

model statement, 205–206
tabular representation, 206

PSRR. See Power supply rejection
ratio

PSS. See Power supply sensitivity
p-type materials, 302–303
Pull-up resistance, 984
Pulse response

of series CR circuits,
1234–1237

of series RC circuits,
1231–1234

Pulse stretcher, 1130
Pulse widener, 1130
Pulse-width modulation (PWM),

742, 781
Push-pull amplifiers. See also

Class AB push-pull amplifiers;
Class B push-pull amplifiers

complementary, 756–761
DC biasing of, 764
transformer-coupled load,

761–765
PWM. See Pulse-width 

modulation

Q-point, 46, 193, 336, 434, 450,
529–530

Quadrature oscillators, 871–872
Quality factor, 837, 866, 895
Quantizing error, 1169
Quasi-complementary class AB

amplifiers, 775–776
Quiescent diode current, 193

Quiescent diode voltage, 193
Quiescent point, of diode, 193
Quiescent power, 993

R-2R ladder network D/A
converter, 1160–1162

Radar, 2
Radio circuits, 2
Radio frequency (RF) amplifiers, 16
Radio frequency identification

(RFID) tags, 34
Radio frequency oscillators,

881–895
Colpitts, 881–888
Hartley, 888–891

Ramp generator, 1135–1137
RC-coupled amplifier, 16
Rectifiers

diodes as, 238–260
output filters for, 260–272
precision full-wave, 1084
precision half-wave, 1082–1083
single-phase full-wave bridge,

254–260
single-phase half-wave,

238–247
Recycling, of design process, 18
Reference voltage, 208, 1097

Schmitt triggers with,
1106–1107

Regenerative feedback, 642. See
also Positive feedback

Relative stability, 704–705
Resistance

AC, 200
bulk, 205
C-B, 451
dynamic, 200
input, 43, 925–926, 1262
offset-minimizing, 913
output, 43, 927
parasitic, 205
pull-up, 984
short-circuit input, 1262
small-signal, 200
thermal, 793
zener, 209

Resistive-biased common-emitter
amplifier, 471–475

Resistive-biased emitter follower,
479–483

Resistive-biased source follower,
378–380

Resistive load, 370–373
Resistors, 1201, 1276–1278
Resistor-transistor logic (RTL),

1026
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Resolution, 1163
Resonant circuits, 1238–1239
Resonant frequency, 1255
Reverse-biased diode, 180
Reverse-biased model, 329
Reverse-biased pn junction,

314–318
breakdown condition, 315–316
depletion region width,

316–317
junction capacitance, 317–318

Reverse-biased region, of practical
diodes, 186–187

Reverse drift current, 308
Reverse saturation current, 324
RF amplifiers. See Radio frequency

amplifiers
RFID tags. See Radio frequency

identification tags
Ring oscillators, 878–880
Ripple elimination, 1153
Rise time, 12, 46–47, 48, 

991, 1028
RLC circuit, 1181
Roll-off rate, 807
Root locus, 701
RTL. See Resistor-transistor logic

SAH. See Sample-and-hold circuits
Sallen-Key circuit, 822, 829, 831

modified, 824
Sample-and-hold circuits (SAH),

1155–1158
integrated circuits, 1157–1158
op-amp circuits, 1157

Sampling time, 7
SAR. See Successive-approximation

register
Saturating charge, 1029
Saturation current, 444–447
Saturation-logic families, 1027
Saturation region, 347

of depletion MOSFETs, 
347, 349

of enhancement MOSFETs, 341
Sawtooth-wave generators,

1117–1119
SCA. See Subsidiary carrier

authorization decoder
Scaling amplifier, 148
Scaling summer circuit, 149
Schmitt triggers, 1101–1109

hysteresis and, 1107–1109
inverting, 1102–1105
noninverting, 1105–1106
with reference voltage,

1106–1107

Schottky TTL NAND gates,
1047–1049

SCR. See Silicon-controlled rectifier
Second-order Butterworth filter,

852–853
Second-order filters, 813
Second-order high-pass filters,

831–833
Second-order low-pass filters,

822–826
Second-order parallel RLC circuits,

1254–1258
Second-order series RLC circuits,

1249–1254
See Basic circuits

first-order law-pass RC circuits,
1244–1246

frequency response of first- and
second-order circuits,
1243–1244

Semiconductor, 33
Semiconductor diodes, 27, 180

diode data sheets, 222–225
ideal diodes, 180–183
light-emitting diodes, 220
power rating, 220–222
practical diodes, 184–192
transfer characteristics of diode

circuits, 183–184
zener diodes, 208–219

Semiconductor materials, 300–307
carrier concentrations, 305–307
Fermi function, 304–305
forward-biased pn junction,

319–323
high-frequency AC model,

326–329
junction current density,

323–325
majority and minority carriers,

303–304
n-type, 301–302
p-type, 302–303
reverse-biased pn junction,

314–318
temperature dependence,

325–326
zero-biased pn junction,

307–314
Sensors, 5
Series clippers, 277–278
Series resonant circuits, 1239–1240
Series-series feedback, 652, 653,

656–657, 667–668
analysis of, 669–676
ideal, 669–670
practical, 670–671

Series-shunt feedback, 643, 652,
653, 656–657

analysis of, 658–667
designing circuit for, 692–693
ideal, 658–660
practical, 661

Servo amplifier, 16
Settling time, 1156, 1163
Shockley diode equation, 185
Short-circuit current gain, 53
Short-circuit forward-transfer

current ratio, 1262
Short-circuit input resistance, 1262
Short-circuit method, 80

low-frequency, 80–82
Short-circuit protection, 786–787
Short-circuit saturation 

currents, 1270
Short design projects, 25
Shunt regulator, 209
Shunt-series feedback, 652,

653–655, 656–657, 
686–688

analysis of, 688–691
designing circuit for, 694–697
ideal, 688
practical, 688–689

Shunt-shunt feedback, 644, 652,
653, 654, 656–657, 677

analysis of, 678–686
ideal, 678–680
practical, 680

Signal amplification types, 15–16
Signal waveforms, 746, 761–762
Signetics Corporation, 1126
Silicon-controlled rectifier (SCR), 2
Silicon transistor, 2
Simple diode circuit, 192
Simulated resistor, 850
Single-base resistor biasing,

459–460
Single-phase bridge rectifier, with

L filter, 261
Single-phase full-wave bridge

rectifier, 254–260
Single-phase full-wave center-

tapped rectifier, 247–254
Single-phase half-wave rectifiers,

238–247
Slew rate (SR), 48–49, 930–932
Small common-mode signal,

607–609
Small differential signal, 606–607,

614–615
Small-signal AC models, 450–452
Small-signal analysis

of BJT circuits, 453–455
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of BJT differential amplifier,
606–612, 614–615

of LM741 op-amp, 951–961
of MOSFET amplifiers,

353–355
MOSFET models for, 351–352,

395–396
Small-signal common-mode

rejection ratio (CMRR),
609–610

Small-signal current gain, 1262
Small-signal diode

transconductance, 200
Small-signal equivalent circuit,

961–962
Small-signal hybrid models, 452
Small-signal resistance, 200
Small-signal specifications, 14–15
Small-signal voltage gain, 15, 47,

390–391, 500–501
Soft limiter, 1089
Solid-state point-contact diode, 2
Source follower, 375

active-biased, 376–378
resistive-biased, 378–380

Source terminal, 29
Sourcing current source, 458
Space charge density and electric

field, 310
Space charge depletion width,

312–313
Space charge region, 307, 315
Space frequencies, 1137
Space states, 1137
SPICE. See PSpice
Square-wave generators,

1110–1113, 1134–1135
Squaring circuit, 1101
SR. See Slew rate
Stability, 1163
Stability analysis, 698–710

with Bode plots, 707–709
closed-loop frequency/stability,

698–699
closed-loop poles in, 700–701
Nyquist criterion in, 703–704
phase margin effects, 705–707
poles and instability, 699
relative stability, 704
transient response in, 699–700

Standard TTL gates, 1034–1038
Static characteristics

of NMOS inverter with
depletion load, 1005–1008

of NMOS inverter with
enhancement load,
997–1000

Static power, 993
Step response

of series CR circuits,
1230–1231

of series RC circuits,
1229–1230

of series RL circuits,
1237–1238

Stop band, 806
Storage time, 1029
Storecast music. See Subsidiary

carrier authorization (SCA)
decoder

Subsidiary carrier authorization
(SCA) decoder, 1145–1146

Substrate biasing effects, 345–346
Successive-approximation A/D

converter, 1165–1167
Successive-approximation register

(SAR), 1165
Summing amplifier, 148
Superdiode, 1080–1081
Super heterodyne receiver, 2
Superposition theorem, 1219–1221
Supply voltage rejection ratio

(SVRR), 919
SVRR. See Supply voltage

rejection ratio
Sweep analysis

AC, 1191
DC, 1191
frequency response, 1191

Switched-capacitor filters, 849–854
switched-capacitor integrators,

851
switched-capacitor resistors,

850–851
universal, 851–853

Switched-capacitor integrators, 851
Switched-capacitor resistors,

850–851
Switching characteristics,

1028–1029
Switching voltage, 1106
Symmetrical zener limiter, 216
System-level design, 17–18

Tabular representation, 206
Taylor series expansion, 201–202
TelCom 9400 series converter,

1147, 1150, 1154, 1155
Temperature dependence, 

325–326
Texas Instruments, 2
THD. See Total harmonic

distortion
Thermal-biasing current drift, 919

Thermal considerations
heat sinks/heat flow, 793–794
in power amplifiers, 792–796
power dissipation v.

temperature, 794–795
thermal resistance, 793

Thermal drift, 919
Thermal input offset current drift, 919
Thermal protection, 786–788

of BiCMOS op-amp LF411, 971
Thermal resistance, 793
Thermal runaway, 768
Thermal voltage, 186
Thermal voltage drift, 919–922
Thevenin’s theorem, 1221–1226
3-dB frequency, 65, 67, 1245
Three-phase oscillators, 873–874
Threshold comparators, 1098–1100
Threshold voltage, 186, 339, 1001
Thyristor, 2
Time

on, 12
acquisition, 1156
aperture, 1156
base transit, 501
delay, 12, 1028
differentiator, constant, 138
fall, 12, 991, 1029
forward base transit, 502
integration, constant, 129
off, 12
rise, 12, 48, 991, 1028
sampling, 7
settling, 1156, 1163
storage, 1029

Time constants, of first-order
circuits, 1258–1260

TLC1078 CMOS op-amp
analyzing, 939–940
DC biasing of, 939
parameters of, 937
schematic for, 938
stages of, 938

Total harmonic distortion (THD),
13, 740

Totem-pole output stage, 1034
Trace variables, 1194
Transconductance, 352
Transconductance amplifiers, 15,

55–56, 88
Transducers, 5
Transfer characteristics

of BJT differential amplifier,
603–605

of class AB amplifiers, 767, 770
of depletion MOSFETs,

348–349
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Transfer characteristics (continued)
of diode circuits, 183–184
of emitter followers, 746
of enhancement MOSFETs, 342
with negative feedback, 650–651
of Schmitt trigger, 1103, 1106

Transfer function realization,
818–819

Transformer-coupled amplifier, 16
Transformer-coupled class AB

amplifiers, 776–777
Transformer-coupled load

common-emitter amplifiers,
753–755

Transformer-coupled load push-pull
amplifiers, 761–765

DC biasing for, 764
output power/efficiency of,

762–764
signal waveforms of, 761–762

Transient analysis, 1191
Transient response, of first-order

circuits, 1228–1238
pulse response of series CR

circuits, 1233–1237
pulse response of series RC

circuits, 1231–1233
step response of series CR

circuits, 1230–1231
step response of series RC

circuits, 1229–1230
step response of series RL

circuits, 1237–1238
Transient response, stability

analysis and, 699–700
Transient specifications, 12–13
Transimpedance amplifiers, 

57–58, 88
Transistors, 3. See also Bipolar

junction transistor; Diode-
transistor logic; Junction
field-effect transistors;
Resistor-transistor logic

BJT, 434–455, 457–467,
501–508, 528, 533

Darlington pair, 491–495
depletion metal oxide

semiconductor field-effect,
30–31

field-effect, 29, 106, 336
forward current gain of, 28
MOSFET, 336–337, 357–364,

528, 1162
multiemitter bipolar, 1034
npn, 28, 434–436, 442, 444,

448, 533, 756, 761,
775–776,1268

organic thin-film, 33
pnp, 28, 434–436, 442, 448,

468, 533, 756, 775–776
pnpn triggering, 2
power, 743–745, 792
silicon, 2
unipolar field-effect, 2

Transistor saturation current, 1269
Transistor-transistor logic (TTL)

gates, 1026, 1033–1034
CMOS driven by, 1060–1062
CMOS driving, 1062–1063
high-speed, 1042–1047
Schottky, 1047–1049
standard, 1034–1042

Transition capacitance, 327
Transition frequency, 505
Transition region, 982, 986
Transition voltage, 604
Triangular-wave generators,

1113–1117
Triode vacuum tube, 2
Truth table, 984
TTL. See Transistor-transistor logic
TTL driving CMOS, 1060–1062
TTL NAND gate, 1034–1039
Tuned amplifier, 16, 68
Tuned oscillators, active-filter,

899–901
Tunneling effect, 315
Turn-on voltage, 186
Turns ratio, 241
Twin-T network, 846
Two-base resistor biasing, 461–462
Two-stage MOS oscillators,

891–894

UHF amplifier. See Ultra-high-
frequency amplifier

Ultra-high-frequency (UHF)
amplifier, 16

Undefined region, 982
Unipolar field-effect transistor, 2
Unity-gain bandwidth, 68, 108,

505, 927–929, 931
Unity-gain inverter, 123
Universal filter, 851–853
Universal switched-capacitor

filters, 851–852
Unsymmetrical limiter, 215
Upper threshold voltage, 1103

VA. See Video amplifier
Vacuum tubes, 2
Varactors, 327
Variable-shift clampers, 281–282
Varicaps, 327

VBE multiplier circuit, 772–774
VCBS. See Voltage-controlled

voltage source
VCCS. See Voltage-controlled

current source
VCO. See Voltage-controlled

oscillator
Very-large-scale integrated circuits

(VLSI), 336
V/F converter. See Voltage-to-

frequency converters
Video amplifier (VA), 16
VLSI. See Very-large-scale

integrated circuits
Voltage

AC-coupled bootstrapped,
followers, 162–163

adjustable-, limiters, 1086–1092
adjustable negative, limiter,

1087, 1089
adjusting offset, 922–925
amplifiers, 15, 51–52, 87
biasing, 436
breakdown, 208
cascaded, amplifiers, 59–60
channel modulation, 352
current-controlled, source, 88
cut-in, 186
diode, multipliers, 284–287
Early, 442, 451
error, 1139
fixed-, limiters, 1086
frequency-to-, converters,

1151–1155
full-wave, doubler circuit, 286
half-wave, doubler circuit, 285
large-signal, gain, 15
lower threshold, 1103
midband, gain, 84–86
negative, limiter, 1086
negative threshold, 1103
offset, adjustment, 922–925
open-circuit, gain, 51
open-circuit reverse, ratio, 1262
output, 1107–1108
output offset, 917
pinch-down, 347
positive, limiter, 1086, 1087
positive threshold, 1103
precision peak, detectors,

1081–1082
quiescent diode, 193
reference, 208, 1097
Schmitt triggers with reference,

1106–1107
small-signal, gain, 15, 47
switching, 1106
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thermal, 186
thermal, drift, 919–922
threshold, 186, 339, 1001
transition, 604
turn-on, 186
upper threshold, 1103
zener, 208
zener, limiter, 1093–1094

Voltage-controlled current source
(VCCS), 88, 1122–1123

Voltage-controlled oscillator
(VCO), 1120–1126

charging mode of, 1120
circuit implementation of,

1121–1122
discharging mode of, 1121
NE/SE-566, 1123–1125

Voltage-controlled voltage source
(VCVS), 51–52, 87

Voltage-current converters,
155–156

Voltage doublers, 284–286
Voltage-feedback ratio, 1262
Voltage follower, 116
Voltage gain, 41–42, 47
Voltage multipliers, 284–287

voltage doublers, 284–286
voltage triplers and quadruplers,

286–287

Voltage reference diode, 20
Voltage regulator, 209
Voltage-sensing/current-comparing

feedback, 644. See also
Shunt-shunt feedback

Voltage-sensing/voltage-comparing
feedback, 653. See also
Series-shunt feedback

Voltage-to-frequency (V/F)
converters, 1120,
1147–1151, 1155

Voltage transfer characteristic
(VTC), 986–987, 1027

Voltage transfer function, 805
Voltage triplers and quadruplers,

286–287
VTC. See Voltage transfer

characteristic

Weighted-resistor D/A converter,
1159–1160

Weighted summer circuit, 149
Wideband amplifier, 16
Wide-band-pass filters, 837–840
Wide-band-reject filters, 844–846
Widlar current source, 591–595
Wien-bridge oscillators, 874–877
Wilson current source, 564–565,

596–601

Zener breakdown, 315
Zener diodes, 208–219, 787

data sheet for, 224–225
temperature effects 

of, 218–219
zener limiters, 214–218
zener regulator, 209–211

Zener effect, 315
Zener hard limiter, 1094, 1096
Zener level shifting, 388, 497
Zener limiters, 214–218
Zener regulator, 209–211

design of, 211–214
Zener resistance, 209
Zener voltage, 208
Zener voltage limiter, 1093–1094
Zero-biased pn junction, 307–314

built-in junction potential,
308–310

electric field distribution,
310–311

junction potential distribution,
311–312

space charge depletion width,
312–314

Zero-crossing detectors, 1100–1101
Zero quality factor, 810
Zero-value method, high-frequency,

82–84
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