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PREFACE

Smart sensors are of great interest in many fields of industry, control systems, biomed-
ical applications, etc. Most books about sensor instrumentation focus on the classical
approach to data acquisition, that is the information is in the amplitude of a voltage or a
current signal. Only a few book chapters, articles and papers consider data acquisition
from digital and quasi-digital sensors. Smart sensors and microsensors increasingly rely
on resonant phenomena and variable oscillators, where the information is embedded not
in the amplitude but in the frequency or time parameter of the output signal. As a rule,
the majority of scientific publications dedicated to smart sensors reflect only the tech-
nological achievements of microelectronics. However, modern advanced microsensor
technologies require novel advanced measuring techniques.

Because data acquisition and signal processing for smart sensors have not been
adequately covered in the literature before, this book aims to fill a significant gap.

This book is based on 40 years of the authors’ practical experience in the design and
creation of sensor instrumentation as well as the development of novel methods and
algorithms for frequency–time-domain measurement, conversion and signal processing.
Digital and quasi-digital (frequency, period, duty-cycle, time interval and pulse number
output) sensors are covered in this book.

Research results, described in this book, are relevant to the authors’ international
research in the frame of different R&D projects and International Frequency Sensor
Association (IFSA) activity.

Who Should Read this Book?

This book is aimed at PhD students, engineers, scientists and researchers in both
academia and industry. It is especially suited for professionals working in the field
of measuring instruments and sensor instrumentation as well as anyone facing new
challenges in measuring, and those involved in the design and creation of new digital
smart physical or chemical sensors and sensor systems. It should also be useful for
students wishing to gain an insight into this rapidly expanding area. Our goal is to
provide the reader with enough background to understand the novel concepts, principles
and systems associated with data acquisition, signal processing and measurement so
that they can decide how to optimize their sensor systems in order to achieve the best
technical performances at low cost.
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How this Book is Organized

This book has been organized into 10 chapters.
Chapter 1, Smart sensors for electrical and non-electrical, physical and chemical

quantities: the tendencies and perspectives, describes the main advantages of
frequency–time-domain signals as informative parameters for smart sensors. The
chapter gives an overview of industrial types of smart sensors and contains
classifications of quasi-digital sensors. Digital and quasi-digital (frequency, period,
duty-cycle, time interval and pulse number output) sensors are considered.

Chapter 2, Converters for different variables to frequency–time parameters of elec-
tric signals, deals with different voltage (current)-to-frequency and capacitance-to-
period (or duty-cycle) converters. Operational principles, technical performances and
metrological characteristics of these devices are discussed from a smart sensor point
of view in order to produce further conversion in the quasi-digital domain instead of
the analog domain. The open and loop (with impulse feedback) structures of such
converters are considered. (Figures 2.11, 2.12, 2.13, 2.14, 2.15 and some of the text
appearing in Chapter 2, section 2.1, are reproduced from New Architectures of Inte-
grated ADC, PDS ’96 Proceedings. Reproduced by permission of Maciej Nowinski.)

Chapter 3, Data acquisition methods for multichannel sensor systems, covers multi-
channel sensor systems with cyclical, accelerated and simultaneous sensor polling. Data
acquisition methods with time-division and space-division channelling are described.
The chapter contains information about how to calculate the time-polling cycle for
a sensor and how to analyse the accuracy and speed of data acquisition. Main smart
sensor architectures are considered from a data acquisition point of view. Data transmit-
ting and error protection on the basis of quasi-ternary cyclic coding is also discussed.

Chapter 4, Methods of frequency-to-code conversion for smart sensors, discusses
traditional methods for frequency (period)-to-code conversion, including direct, indi-
rect, combined, interpolation, Fourier conversion-based counting techniques as well as
methods for phase-shift-to-code conversion. Such metrological characteristics as quan-
tization error, conversion frequency range and conversion speed as well as advantages
and disadvantages for each of the methods are discussed and compared.

Chapter 5, Advanced and self-adapting methods of frequency-to-code conversion,
discusses reciprocal, ratiometric, constant elapsed time (CET), M/T, single-buffered,
double-buffered and DMA transfer advanced methods. Comparative and cost-effective
analyses are given. Frequency ranges, quantization errors, time of measurement and
other metrological performances as well as hardware and software requirements for
realization from a smart sensor point of view are described. This chapter is very
important because it also deals with the concepts, principles and nature of novel self-
adapting methods of dependent count (MDC) and the method with non-redundant
reference frequency. The chapter covers main metrological performances including
accuracy, conversion time, frequency range as well as software and hardware for MDC
realization. Advanced conversion methods for frequencies ratio, deviations and phase
shifts are also described. Finally, some practical examples and modelling results are
presented.

Chapter 6, Signal processing for quasi-digital smart sensors, deals with the main
frequency signal manipulations including multiplication, division, addition, subtraction,
derivation, integration and scaling. Particular attention has been paid to new methods
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of frequency multiplication and scaling with the aim of frequency signal unification.
Different wave shapes (sine wave, sawtooth, triangular and rectangular) of a sensor’s
output are considered. It is also shown how the weight function averaging can be used
for noise and quantization error reduction.

Chapter 7, Digital output smart sensors with software-controlled performances and
functional capabilities, discusses program-oriented methods for frequency-, period-,
duty-cycle-, time-interval-, phase-shift- and pulse-number-to-code conversion and
digital smart sensors. The design methodology for optimal program-oriented conversion
methods, correction of systematic errors and the modified method of algorithms
merging are considered. Examples are given. This chapter also describes specific errors
and features.

Chapter 8, Multichannel intelligent and virtual sensor systems, describes smart
sensor systems with time- and space-division frequency channelling. Both are based
on the method of dependent count. Comparative analysis is given. Performances and
features are illustrated by an ABS smart sensor microsystem example. Multiparame-
ters sensors are also considered. The chapter includes information about virtual sensor
instrumentation and how to estimate the total error of arranged system. Definitions and
examples (temperature, pressure, rotation speed virtual instruments) are given.

Chapter 9, Smart Sensor Design at Software level, deals with embedded microcon-
troller set instruction minimization for metering applications (to save chip area) and
low-power design techniques–optimal low-power programming (for power consump-
tion reduction). Many practical ‘hints’ (e.g. instruction selection and ordering, jump,
call and cycle optimization, etc.), recommendations and examples are given.

Chapter 10, Smart sensor buses and interface circuits, describes sensor buses and
network protocols from the smart sensor point of view. Modern sensor interface circuits
are discussed. Particular attention has been given to the Universal Transducer Inter-
face (UTI) and Time-to-Digital Converter (TDC), which allow low-cost interfacing
with different analog sensors elements such as Pt resistors, thermistors, potentiometer
resistors, capacitors, resistive bridges, etc. and convert analog sensor signals to the
quasi-digital domain (duty-cycle or time interval).

Finally, we discuss what the future might bring.
References. Apart from books, articles and papers, this section includes a large

collection of appropriate Internet links, collected from the Sensors Web Portal launched
by the authors.
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INTRODUCTION

Rapid advances in IC technologies have brought new challenges to the physical design
of integrated sensors and micro-electrical-mechanical systems (MEMS). Microsystem
technology (MST) offers new ways of combining sensing, signal processing and actu-
ation on a microscopic scale and allows both traditional and new sensors to be realized
for a wide range of applications and operational environments. The term ‘MEMS’ is
used in different ways: for some, it is equivalent to ‘MST’, for others, it comprises
only surface-micromechanical products. MEMS in the latter sense are seen as an
extension to IC technology: ‘an IC chip that provides sensing and/or actuation func-
tions in addition to the electronic ones’ [1]. The latter definition is used in this
book.

The definition of a smart sensor is based on [2] and can be formulated as: ‘a smart
sensor is one chip, without external components, including the sensing, interfacing,
signal processing and intelligence (self-testing, self-identification or self-adaptation)
functions’.

The main task of designing measuring instruments, sensors and transducers has
always been to reach high metrology performances. At different stages of measurement
technology development, this task was solved in different ways. There were technolog-
ical methods, consisting of technology perfection, as well as structural and structural-
algorithmic methods. Historically, technological methods have received prevalence
in the USA, Japan and Western Europe. The structural and structural-algorithmic
methods have received a broad development in the former USSR and continue devel-
oping in NIS countries. The improvement of metrology performances and extension
of functional capabilities are being achieved through the implementation of particular
structures designed in most cases in heuristic ways using advanced calculations and
signal processing. Digital and quasi-digital smart sensors and transducers are not the
exception.

During measurement different kinds of measurands are converted into a limited
number of output parameters. Mechanical displacement was the first historical type
of such (unified) parameters. The mercury thermometer, metal pressure gauge, pointer
voltmeter, etc. are based on such principles [3]. The amplitude of an electric current or
voltage is another type of unified parameter. Today almost all properties of substances
and energy can be converted into current or voltage with the help of different sensors.
All these sensors are based on the use of an amplitude modulation of electromagnetic
processes. They are so-called analog sensors.

Digital sensors appeared from a necessity to input results of measurement into
a computer. First, the design task of such sensors was solved by transforming an
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analog quantity into a digital code by an analog-to-digital converter (ADC). The
creation of quasi-digital sensors, in particular, frequency sensors, was another very
promising direction [3]. Quasi-digital sensors are discrete frequency–time-domain
sensors with frequency, period, duty-cycle, time interval, pulse number or phase shift
output. Today, the group of frequency output sensors is the most numerous among all
quasi-digital sensors (Figure I). Such sensors combine a simplicity and universatility
that is inherent to analog devices, with accuracy and noise immunity, proper to
sensors with digital output. Further transformation of a frequency-modulated signal was
reduced by counting periods of a signal during a reference time interval (gate). This
operation exceeds all other methods of analog-to-digital conversion in its simplicity
and accuracy [4].

Separate types of frequency transducers, for example, string tensometers or induction
tachometers, have been known for many years. For example, patents for the string
distant thermometer (Patent No. 617 27, USSR, Davydenkov and Yakutovich) and
the string distant tensometer (Patent No. 21 525, USSR, Golovachov, Davydenkov
and Yakutovich) were obtained in 1930 and 1931, respectively. However, the output
frequency of such sensors (before digital frequency counters appeared) was measured
by analog methods and consequently substantial benefit from the use of frequency
output sensors was not achieved practically.

The situation has changed dramatically since digital frequency counters and
frequency output sensors attracted increasing attention. As far back as 1961 Professor
P.V. Novitskiy wrote: ‘. . . In the future we can expect, that a class of frequency
sensors will get such development, that the number of now known frequency sensors
will exceed the number of now known amplitude sensors. . .’ [3]. Although frequency
output sensors exist practically for any variables, this prognosis has not yet been fully
justified for various reasons.

With the appearance in the last few years of sensor microsystems and the heady
development of microsystem technologies all over the world, technological and cost
factors have increased the benefits of digital and quasi-digital sensors. Modern tech-
nologies are able to solve rather complicated tasks, concerned with the creation of
different sensors. Up to now, however, there have still been some major obstacles
preventing industries from largely exploiting such sensors in their systems. These are
only some subjective reasons:

Time Interval
6% Pulse Number

2%
Duty-Cycle

12%

Frequency
35%

Digital
45%

Figure I Classification of sensors from discrete group in terms of output signals (IFSA, 2001)
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• The lack of awareness of the innovation potential of modern methods for frequency-
time conversion in many companies, as processing techniques have mainly been
developed in the former Soviet Union.

• The tendency of companies to return, first of all, major expenditures, invested in
the development of conventional ADCs.

• The lack of emphasis placed on business and market benefits, which such measuring
technologies can bring to companies etc.

Today the situation has changed dramatically. According to Intechno Consulting,
the non-military world market for sensors has exceeded expectations with US$32.5
billion in 1998. By 2003, this market is estimated to grow at an annual rate of 5.3%
to reach US$42.2 billion. Under very conservative assumptions it is expected to reach
US$50–51 billion by 2008; assuming more favourable but still realistic economic
conditions, the global sensor market volume could even reach US$54 billion by 2008.
Sensors on a semiconductor basis will increase their market share from 38.9% in 1998
to 43% in 2008. Strong growth is expected for sensors based on MEMS-technologies,
smart sensors and sensors with bus capabilities [5]. It is reasonable to expect that silicon
sensors will go on to conquer other markets, such as the appliances, telecommunications
and PC markets [6].

We hope that this book will be a useful and relevant resource for anyone involved
in the design of high performance and highly efficient digital smart sensors and data
acquisition systems.



Data Acquisition and Signal Processing for Smart Sensors
Nikolay Kirianaki, Sergey Yurish, Nestor Shpak, Vadim Deynega

Copyright  2002 John Wiley & Sons Ltd
ISBNs: 0-470-84317-9 (Hardback); 0-470-84610-0 (Electronic)

INDEX

absolute quantization error 73, 79, 100, 107
absolute temperature 12
absorption coefficient 23
acceleration-to-frequency circuits 18
Accelerometers 14, 18
Accuracy 4, 5, 91, 112
acoustic gas sensor 26
active sensor 19, 21
Active Sensor of Rotation Speed (ASRS) 20
ActiveX 204
Adaptability 19
Adaptive PCM 161–65
Adding 129
Advanced Configuration and Power Interface

(ACPI) 14
Advanced Methods 89, 120, 122, 126, 153
amplifier hysteresis 78
amplitude-frequency characteristic 138
analog-to-digital converter (ADC) 6, 12, 14,

41
angle encoders 6
angular

position sensor 21
speed 19

anti-lock braking system (ABS) 185–90,
192

Application-Specific Instruction Processor
(ASIP) 227

approximating error 116
architectural-level power estimation 229
ASIC 2, 49, 225
atomic frequency standard 115
automated software development tools 228,

241
automobile sensors network 185
automotive applications 15, 183, 245
automotive-network interface 245
averaging windows 136

Dirichlet, see Weight Functions, Dirichlet

Base Clock Accuracy 60
base

energy cost 229–33, 241, 243
estimation 230

binary position sensors 7
biomedical applications 8
biosensors 7
block codes 62
boundary scan architecture 10
bulk micromachined piezoresistive 18
bus

architecture 59, 229,
CAN 183, 246–47
controller 247
D2B 246–47
I2C 2, 13, 14, 246–47
IS2 23, 246–47
Hart 246
SPI 13, 14

CAD tools 6, 225
caesium frequency standards 115
calculating error 61, 105, 112, 114, 171–72
calibration algorithm 15
CANOpen 247
capacitance-to-period converter 49
Capacitive

cell 24
spring mass accelerometers 18

carbon steel 26
central processing unit (CPU) 225
centralized architecture 192
charge balance technique 42
Chemical

sensor 7, 24
signal domain 8

chemisorbing polymer films 24
chrominance 23
circuit state effect 232, 234



276 INDEX

circuit-breakers 211
clock oscillator 13
code 61–67

block length 61
Bose-Chaudhuri-Hocquenghem (BCH), 62
combination 61, 64–66
correcting 62, 65
cyclic 61, 62, 63, 65, 66, 68
distance 63, 65, 66
Golay 62–64,
Hamming 62
iterated 62
redundancy 62, 65, 67

coding
algorithm 61, 62
efficiency 62, 65

Combined Counting Method 79
ComponentWorks 2.0 203
condition jump instructions 235, 236, 238
conductivity 11, 199
confidence interval 221, 223
constant elapsed time (CET) method 70, 96,

123
Control Unit 81
Controller Area Network (CAN) 183
conversion

cycles 29, 32, 33, 42, 47, 94, 107, 177
speed 7, 46, 164, 174, 203

conversion
current-to-frequency 6
voltage-to-frequency 5, 35

correcting ability 62, 66
correlation dependence 167
crankshaft position sensor 20
criterion

conditional 153, 157, 158
preference 151, 153, 156, 157, 158
unconditional 153, 156, 158

crystalline quartz 17

DAQ Board 59, 67, 205
Data acquisition 1

systems 1, 3, 7, 8, 14, 51–53, 55, 59–62,
67, 197

data capturing method 6, 7
data

coding 62
logger 199
transfer instruction 230
transmission 3, 61

data-acquisition rate 86, 183, 184
decoding algorithm 62

degrees
centigrade 13
Fahrenheit 13

delta-sigma analog-to-digital converter 14
Derivation 135
digital

filtering 2
interface circuits 3
modulator 12

digital signal processing (DSP) 2, 105, 129,
183

direct counting method 52, 60, 70–73, 92,
121

Direct Memory Access (DMA) 70, 97, 124
Dirichlet window 108, 109, 117, 118, 120,

137, 141
Discrete Fourier Transform (DFT) 82, 83
discretization step 217, 220, 221
distributed

control systems 248
intelligence 183

distribution
anti-modal 221
Erlang 221
trapezium 217, 221–23
triangular 72, 75, 108, 115, 217, 221
uniform 72, 74, 75, 105, 108, 115, 173,

221–23
Division 76, 89, 122, 130, 165, 171–72
DMA transfer method 70, 97, 124
double buffered measurement method (DB)

70, 96, 97, 123
dual-slope converters 41, 43
duty cycle modulated square-wave output

11
duty factor 3, 29, 42, 46, 77
dynamic

average power 121
range 4, 23, 41, 76, 110–11,
temperature compensation 17, 30

effect
photoelectric 6
piezoresistive 6
Seebeck 6

Elbert’s converters 43, 45, 46
electrical signal domain 8, 18
Electrochemical oscillations 26
electrochemical reactions 26
electronic nose 24, 199
Embedded microcontroller 129, 143, 153,

200, 227



INDEX 277

energy domains 4
error correction 66, 67, 174
error of method 100
Error of Rounding 77, 90, 105, 164, 171
Error of Wavefront Forming 164, 175
Error of Wavetail Forming 164, 173–74
Error Protection 61, 68
external interrupt processing 239

fibre-optic pressure transducers 17
finite impulse response filter (FIR) 136
firing-pins 211–14
flow mesh 19
free-running timer 97
frequency

deviation 104
function 217–18, 220–23
multiplier 130–33
ratio 100–03

frequency instability
long-term 73, 114
short-term 73, 114

Frequency Reference Error 73, 165, 168–69
Frequency Signals Unification 132
frequency-determining element 6, 11
frequency-time domain sensors 3, 4, 7, 27
frequency-to-code converter 8, 52, 54, 55,

57, 105, 112, 136, 143, 160

gas-filled cell 26
gate time 71
Gaussian distribution law 221
generating polynomial 62–64, 66, 67
Graphical User Interface (GUI) 200–02

Harvard architecture 225
high-Q piezoelectric quartz crystal 26
hybrid technology 20
hybrid-integrated processing electronics 3
hydrogen peroxide 26

I/O interface 203, 253
IEEE 1149.1 standard 10
IEEE-488 interfaces 200, 246
impedance matching 5
indirect counting method 69, 74, 77, 79,

123
input sampler 13
input signal noise 77
instruction level power model 229, 233
instruction set 225–27, 229

instruction-level power analysis 229
integrated quality factor 157
integrated microcoil 23
Integrated Smart-Sensor Bus (IS2), see IS2

Integration 135–36
intelligent pressure standards 17
intelligent sensor, see smart sensor
Interface Circuits 245, 248
inter-instruction effects 229, 241
interpolation method 69, 79, 86, 92
Interrupt Response

Delay Error 164, 173
Shift Error 164, 173–75

inverse Fourier transform 137
Inversed VFC 41, 43

Jitter 87

Karp’s algorithm 233

LabVIEW software module 200–01
LabWindows/CVI 201
left low bound determination 153, 156
Liapunov characteristic functions (LCF) 217
Light intensity 23
light-sensing elements 23
linear block cyclic separable codes 62
linear-broken distribution 221
low-power programming style 228, 235,

237, 242, 244
luminance 23

M/T method 70, 94–96, 123
magnetic

field sensors 7
signal domain 8, 18

magnetoresistor 18
manipulation

absolute-phase 62
relative-phase 62

mass transport processes 26
MCS-51 microcontroller family 225
measurand-to-frequency conversion 5
measurand-to-parameter-to-frequency

conversion 6
measurand-to-voltage-to-frequency

conversion 6
measurement standard 165
measuring system 200
memory access cost 239–40
η-method 217



278 INDEX

method of accelerated sensors polling
53–54

method of algorithm merging 175
method of coincidence 70, 125
method of recirculation 69
method of delayed coincidences 70
Method of dependent count (MDC) 70, 98,

124
Method with Non-Redundant Reference

Frequency 121
MI-Bus 246
Michigan Parallel Standard (MPS) 246
Michigan Serial Standard (MSS) 246
microcontroller core 225
mode

idle 240, 243
power down 240, 243

Modified Method of Algorithm Merging
175

monolithic light-to-frequency converter 23
monolithic silicon diffused piezoresistors 14
monolithic temperature detectors 12
morphological

matrix 154
tensor 154

motion detectors 7
multichannel sensor interfacing 184–85
multichannel sensor systems 51, 197–98
multilayers architecture 183–84
multiparameters sensor 199

navigation sensors 7
negative feedback loop 13
Network Protocols 245–46
noise attenuation 42

immunity 3, 45, 47
noise-resistant signal transmission 61
non-contact sensors 20, 22
non-linear phase selectors 65
non-redundant reference frequency 121–23
nuclear magnetic resonance 127
numeration error 171

off-duty factor 3
offset 249, 251
on-chip reference 13
on-line time ratio 3
optical intensity 23
optimization

call 236
code 234
compiler 228, 241

cycle 237
jump 236
local 244
speed 234–35, 243–44

optimizing compilers 227–28, 242, 244
Opto Sensors 23
oven-controlled crystal oscillator 73

parallel
data transmission 59
information processing 184

parametric (modulating) sensors 6
partial matrix algorithm schemes 175
passive

sensors 6
peak detector 232
period-modulated oscillator 248
phase manipulation

digit-by-digit 62, 64, 65
Phase Shift-to-Code Conversion 85, 86, 125
phase-frequency characteristics 221
phosphoric acid 26
photo diode matrix 23
photodetectors 6, 7
photosensors 6, 7
piece-wise linear approximation 217
piezo film 18
piezoresistivity 14
polling

cyclic synchronous 52
software controlled asynchronous 52

polynomial function 17
position sensor 7, 19, 21
power consumption graph 233–34
probability distribution 217, 219, 221–23
programmable counter array 148
program-oriented conversion methods (PCM)

143
proximity switches 7
pulse width modulation (PWM) 26

quantile multiplier 217
quantization

error 60, 72, 91, 107, 109, 165
noise 13
time 52
window 98

quartz beam 17
Quasi-Ternary Code Decoding 65
quasi-pipelining data processing 203
Quasi-Ternary Coding 62–64, 66



INDEX 279

quasi-ternary cyclic code 65, 66
quaziparallel algorithms 184

rain sensors 7
ratiometric

counting technique 145, 150
encoding format 12

Rayleigh distribution 217
reciprocal counting method 70, 94, 95, 123
reference time interval 90, 92, 95, 147, 173
relaxation oscillator 42
Reliability 5
Residual Matrixes 64–65
resistance bridge 14
Resonant

pressure transducer 18
structures 6

rotation
acceleration 21
angle 19
speed 18–22

rotor-modulator
rounding error 77, 105, 171
rubidium frequency standards 115

sampling time 251
self-adaptation 2, 59
Self-Adapting Methods 89
self-checking systems 8
Self-diagnostic 2, 5
self-generating sensors 6
self-identification 2
self-testing 193
semiconductor active position sensor 19
sensing diaphragm 15
sensor bus standard 253
sensor networks 183
Sensor

analog 3, 7
digital 7
flow 7
gas 24–26
frequency 3, 4, 7
Hall 18, 21, 22, 186
humidity 24
pressure 14–18
quasi-digital 3, 5
system 183, 193, 197
temperature 8–14

sensor-driven process control 247
sensors array 27
Sensors Web Portal 27

short infra red radiation 23
Si-Al thermopiles 11
sigma-delta modulator 12
signal

conditioning 1, 15
processing 1, 2, 15, 129
redundancy 62, 65, 67

silicon diaphragms 14
silicon micromachining 2
Simpson distribution law 72, 75, 108
single buffered measurement method (SB)

96–97, 123
smart sensor 2

architecture 57–59
systems 200, 224

Smart Sensors Buses 245
software level design 225
software low-power design 225, 228, 244
solar cells 6
sound velocity 26
Space-Division Channelling 55, 57
stand-alone instrument 200
star configuration 2
static analysis 226
Steklov’s function 19
step approximation 217
straight-line segment 217, 220–21
strain measurement 15
strain-gage signal 17
Subtraction 129–30
successive-approximation converter 13
surface acoustic wave (SAW) 6, 26
surface micromachined capacitive 18
synchronized VFC 41
syndromes 66
Systematic Error 146, 173–75

Tachometer 211, 215
Temperature Data Recorder 14
Temperature-to-Digital Converter 13
thermal

compensation 18
conductivity 11
delay line 11
diffusion constant 11
management 13
monitoring 9
noise 167
watchdog 14

Thermal-Feedback Oscillator (TFO) 11
thermocouple sensors 6
thickness sensors 7



280 INDEX

three-phase differential method of
measurement 248

tilt sensors 7
time

cycle polling 52
Time-Dividing Channelling 52
time-domain oversampling 12
time-interval measurement 69
Time-to-Digital Converter (TDC) 252–53
time-window counting 69
tracking error 116
transducer,

intelligent 2
transferred polynomial 66
transmission rate 61
trigger

error 60, 77, 86, 112, 115–16
hysteresis 115

Truncation error 171–72
Tuning Algorithm 213
two-wire interface 14

ultrasound transmitter 26
unit-volume heat capacitance 11

Universal Transducer Interface (UTI)
248–52

valve photoelectric cells 6
vapour condensation 26
vibrating quartz crystal pressure transducer

17
virtual

counter 102, 147, 159
measuring channel 201–03
instruments 200–03
tachometric system 211, 214

voltage-to-frequency converter (VFC) 6, 7,
29–47

Weight Functions 136–41
Dirichlet (�-shaped) 137
graded-triangular 137, 140
optimal 137, 141
trapezoidal 137, 140–41

Wheatstone bridge 15
Wien Bridge oscillator circuit 12
window-comparator architecture 14




