Il. Bias circuit

Outline

CMOS current mirrors

« Definitions

 Basic stage for current mirrors

e Simple current mirror

¢ Wilson current mirror

« Improved Wilson current mirror

« Cascode current mirror

* Modified cascode current mirror

» High-compliance current mirrors (I - 1)
* Regulated cascode current mirror

» Low-voltage current mirrors

Current references

* Introduction

» Simple current reference

e Current references based on a built-in voltage

¢ Current references based on a reference voltage

Voltage references

* Introduction

e Supply dividers

« Voltage references based on a built-in voltage

» Voltage references based on the band-gap voltage
« Voltage references based on MOS VTH difference
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Il. Bias circuit

Introduction

« Active devices (transistors) have to be properly biased to
process the signal

e In an analog signal processing circuit there are two
fundamental parts:

Processing part
Bias circuit

e The processing part is devoted to elaborate the signal
Dynamic requirement

e The bias circuit is devoted to supply currents and/or
voltages to the processing one in order to allow it to
properly operate

Static requirement (Low-frequency, immunity to VDD noise,
temperature, and technology spread)
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CMOS current mirrors

Definitions
A current mirror reads a current entering in a read-node and
mirror this current (with a suitable gain factor) to an
output node (nodes)
VDD

I
| RL

Iref\| lout = K-lret
‘ |lout

T ™ k current gain
Current Mirror

M1% M2

T

Current mirror non-idealities

« Current gain error Voo

. 1
» Output impedance (rout) ; RL
=> reduces the output current lout hefl.
RL

— lout
_k.|RefA RL + rout lou

T T
+ Saturation voltage (Vcm) Current Mirror

=> for Vo<Vcm the current mirror fout
doesn't operate correctly

=> reduces the output voltage J_-
dynamic range

Basic trade-off: dynamic range <=> precision

» Frequency behaviour
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CMOS current mirrors

Applications
e Bias
o | S || sy
Read ) .
section Ibias Ibias
ol %l
1
Current mirror
« Signal path

Current mirror

Read < > (%) lout
sectio
L/‘

v Isignal
—» 2:Isignal
Isignal —O

T Isignal
Vi-

Vit Q1 Q2

- Differential-to-Single Ended transformation
- Frequency behaviour
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Simple Current Mirror

Current gain
VDD
Iref\ llout M1 M2
M1 M2
Iref\ llout

NMOS PMOS
* M1 operates in saturation

k' oW
IRef=l1=7% Ef% (Vest - Vri)® (1 + A Vost)

Vps1 = Vgs1 = Ves2

 |f M2 operates in saturation

k' oW
lout=12=5 o % (Vasz - Vri)® (1 + A Vos2)

Wo
DED
=5 (1 + A VDSZ)
W

TE (1 + A VD51)

DLD_L

lout = IRef
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Simple Current Mirror
Output impedance (rout)

Irefl l lout

M1 M2
¢ Insert Vtest
* Evaluate Itest
Vtest
+ Calculate fout = |1est

Itest
-

G p G D
Ol Dl —o Vtest
s TVgS gm-vgs rds s thS (i) gm-vgs % rds

M1 M2

lFout = 'ds2 = I
2

« Use of long device (large L) to increase rou

+ Use of large (Ves— Vn) for good matching (small
importance of V4 mismatch)
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Simple Current Mirror
Frequency behaviour

Irefl l lout
M1 M2

Small signalequivalent circuit

lin
Iout¢
G D G D
vgsl Cgsl Cgs2
sT gmlvgsl =rdsl VOS2 g T gm2.vgs2 = rds2

M1 M2

iqut _ Om2/0m1
lin - 1+S'(Cgsl+CgSZ)/gml

K = Om2/gm1 = Cgszlcgsl

lout _ k
iin - 1+S'(1+k)'Cgsllgm1

fr= gmllcgsl

pole = (gm1/Cgys1)/(1+K) = fr/(1+K)
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Simple Current Mirror
Output swing

|refl llout
M1 M2

VDSsat2

e The output swing in the Simple current mirror is limited to

Voutmin = VDssat,2
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Simple Current Mirror

Factors affecting the mirror accuracy

Channel length modulation (A)

Threshold offset

» Parasitic resistances

« Imperfect geometrical matching and current mobility
variation
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Simple Current Mirror

Factors affecting the mirror accuracy

¢ Channel length modulation (A)

Wo
HLE
lowt _7-8 1+ A Vps2
lret "WoO 1 + A Vps:
DL O
o
Id
A
B R — - | VGS1=VGS2
\
\
\
\
|
\
\
n \
\
\ | \
\ | \
[ | | _
! ! ‘ VDS

It can be improved by increasing the output resistance.

- use of large L (typically current mirrors are not realized with
th eminimum technological L. This can results in a large
capacitance at the output node)
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Simple Current Mirror
Factors affecting the mirror accuracy

Irefl l lout
M1 M2

* Threshold offset

Threshold of MOS transistors in close proximity can differ by
4 mV. For transistors hundred of um apart, the threshold
difference AV, can be 40 mV

v AVmy {
IOUt_lOUtgl * 2 Ves - VThH

Use large (Vas — V1) to improve matching

» Parasitic resistances

A parasitic resistance in series with the source determines a
voltage drop

The metal resistance is of the order of 20-50 pQ/q, with 10

squares it results 0.2-0.5 Q. If the current is 10 mA it
results an equivalent offset of 2-5 mV.
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Simple Current Mirror
Factors affecting the mirror accuracy

¢ Imperfect geometrical matching and current mobility
variation

B2 _[BK2 | Co, W2 [BLE
HIE "Bk'H HCoxH HBWH HLH
ok’ oC,

e and COXX are minimized with closed and centroid
common structures

W2 BLE2
gﬁw E + g_ E depends on the lithographyc process

¢ For large W a good strategy is to have W not much larger
than L and to put equal transistors in parallel

T M2 Mo e
T T M2
=
DI _ 1w BLEd
grg = TnEwg FoaLgd
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Simple Current Mirror

variation

Example:

Circuit scheme

Irefl Nlout
TRITLEEL

Factors affecting the mirror accuracy

* Imperfect geometrical matching and current mobility

Layout solution
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Simple Current Mirror
Design example

With the following technological parameter design a simple

current mirror in order that it drives to the output node
1mA and it requires 400mV

Lmin = 0.5um; ; pn-Cox = 60UA/N2; pp-Cox = 30pA/NV2Z ;
An=0.1V-1;Ap=0.2V-1;y=0; VTHN=-VTHN= 0.7V

Which is the expected output impedance ?
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Wilson current mirror

Increases the output resistance

Irefl J lout

M3
M1 M2
Ves1 = Ves2

|1=|2

Wao

DLD
lout _° Dllil-‘*)\VDsz
IRef _[WS 1+ A Vpsa

g
w
lout _DLDl 1+ A Vbse
2 = .
Ref EIWLE 1+ A (Vps2 + Vass)
o=5

¢ There is a sistematic error since Vps: = Vpsz + Ves3

A. Baschirotto - Bias circuit
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Wilson current mirror
Output swing

Irefl l lout

M3 VDSsat3

VGSs2
M1 M2

* The output swing in the Wilson current mirror is limited to

Voutmin = Ves2 + Vpssat,3 > V1h + 2-Vpssat

A. Baschirotto - Bias circuit
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Wilson current mirror
Output impedance

|refl l lout

M3
M1 M2
Small signal equivalent circuit
gm3V953
R
R gmlvgz rdsS v

Vg2 = Vs3 = ix/Qm2
Vga=-Omi Vg It (T = RL/lras1)
Vx = ix/Om2 + (ix - Oma Vgs3) lds3

Vx 1 0 gm3 , Oms o
fout=+ = +rgs3 0l + + rto
out =i, Om2 ds3 O Om2 Om2 Ym1 TD

gm3
Fout LIrds3 Om2 OmilT

* R (i.e. Iref current generator impedance) must be large
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Improved Wilson current mirror
Current gain

Irefl llout
Ma M3

M1 M2

Vbs1 = Vps2 + Vess - Vess

Vbs1=Vps2 if  Ves3=Vess
Wao Wo
HLEH HLE
lowt _7"4% 1+ AVpsz_ -0

lRet “OND 1+ A Vosi T Wo

DLDZ DLDZ

< Higher voltage for the sensing branch (M1-M4)
« No sistematic error in the current gain
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Improved Wilson current mirror

Irefl l lout

M4 M3

M1 M2

Small signal equivalent circuit

gmavgss
v/ < i
Ima G3 G2 <+
34—\
gm1v92 rds3 v
RL r ?1/9 X
dsl m2
Same equations with:
_ . RL Oma
Vg3 =-0Om1Vg2 't 1 4 RL Om4

I'jl. = Igs1 //(RL + 1/gm4)

gm3 . Rigma
lout O ras3 Om2 OmilTq 4 RL Oma4

* The output swing in the Wilson and improved Wilson
schemes is limited to

Voutmin = Ves2 + Vbssat,z > V1h + 2-Vpssat
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Cascode Current Mirror

Current gain

Irefl llout
M4:| M3
M1 M2

Vbs1 = Vbs2 + Vess - Vess

Vbs1=Vps2 if  Ves3=Vess
Wo Wo
98 BLH
lou _"~4 1+ A Vpsy -0
lret “OND 1 + A Vpsy ONO
o HLH
0=5 0-5

e The current gain is accurate

« For large current (i.e. with (W/L)mz2 large) it allows to
decrease the output capacitance using (W/L)mz small.
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Cascode Current Mirror

Output swing

IrefJ llout

/N
VGsa  VGs3
VGSI] M1 M2

Ves3 = Vesa

» The output swing is limited to:

Voutmin = Ves1 + Vesa — Vess + Vpssat,3

Vout,min =Vgs2 + VDSsat,3 > Vry + 2-Vpssat
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Cascode Current Mirror
Output impedance

» The output resistance is increased without feedback.

Small signal equivalent circuit

G3 gm3vgss
4— .
i
Y94 | s3 <
R, W —

iy ; M ds3 v
X
gm 1 ds2

ix= Om3 Vst (Vx— Vs3)/Tas3

ix= Vsallds2

ix= Om3 (— Vs3) + (Vx— Vs3)/rds3

ix= Vsallds2

Fout = Fds2 + ds3 + l'ds3 Om3 Fds2 [ rds3 Oma las2
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Multiple-Cascode Current Mirror

» More cascode stage can be stacked to increase output
impedance.

« For n stages
+ Output impedance
rout [J(rds *gm )n-1-rds
BUT:

- The saturation voltage increses to:

Voutmin = (N-1)-VTH +n-Vbssat

+ The current gain is accurate (Vbsi= Vbs2)
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Modified Cascode Current Mirror

 Increase the output swing with the cascode output

impedance
I |
y| Ref v Out
M3
AV
M1 I M2

* M4 shifts the voltage Vps: of the amount enough to bias the
gate of M3 without operating M2 out of saturation.
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Modified Cascode Current Mirror
Possible implementation

* I Ref v Out

M4 I I M5 | [m3

] |4 L

* M4 is matched with M3 to get Vps1 = Vps2 (at the cost of the
output swing limitation).

» The output swing is improved by the use of a level shift Vsa
<AV < V14

L L
AV =Voss-Voss=~ [ ¢ %N%lmef - Q%N%Js =

LooL

£
oL o m] od
A W

AV is fixed by he geometrical dimensions of M1, Mg, M4, Ms
and by Vo 4.

* The output swing is:

Voutmin = Vps2 + Vpsz = 2-Vpssat

» Sistematic error in the current gain (Vps1# Vpsz)
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High-compliance current mirrors

(1)

|
+ Ref | I
; Ref * Out
M4 I ‘i\MB
VTH+2.8V VTH+AV
U et
VTH+AV

All transistors operate in saturation
I =11 = I = 13 =14 (current scaling is possible)

81:82:53:8 => VOVl = V0v2 :Vov3 :Vov
ls = B4-(Vou)?; l2 = B-(Vov)?; I3 = B-(Vou)?
Vo,=AV =>  Vps2 = Voy

Vesz = VT + Vou

Vess = Vi +2-Voy

Vous =VBI4 : vov=?/£'5

Vova = 2:-Voy b — | —7
R _\/,
-\/B4 B
B=4-s
Wo _Wo _oWo _, dANo
O 0 =00 =go = 4. O O
M1 U=fvz2 U-0Gus 0= ta
A. Baschirotto - Bias circuit 1-26
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High-compliance current mirrors

(1)

|
+ Ref I I
y| Ref y| Out
M4 | M3
I w
VTH+2.8V VTHAY

M1 | | MZT
; | , AV
VTH+AV

Sistematic error due to Vps1#Vps2

e Current gain

Sistematic error due to body effect on M3

» Output swing

Voutmin = 2-Vpssat

e Output impedance

lout = lds4 * Om2 * lds2

» The scheme can be stacked for multiple cascode

A. Baschirotto - Bias circuit =27

High-compliance current mirrors

(11

+ IBias IRef I
v Out
M4
M5 | ! M3
| ]
I M2
"lMl

e M1=M2; M3=M4 => lout=Iref

* Vpssau>VrH to properly work
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High-compliance current mirrors

(11

* IBias I Ref

ﬂl\zél ' L out

M5| {MS

]

qu

M2

* ltis also possible to enter at the drain of M1

* IBias IBiasZ I
* + Out
M4
M5 | | M3
| r—
<_Ref
I M2

lout = Igias2 + IRef

A. Baschirotto - Bias circuit I-29
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Regulated-cascode current mirror

v IRef

Ml}—<
|

Output impedance

Fout = (Om3-To3)-To2"A

Possible implementation

v lout
Ibias

M3
v IRef

Mil }—’—{ MZ\—( MA

¢ Output impedance

Fout = (Om3°T03) To2*(GmAToa)
» Output swing
Vout,min = Vesat Vpssata
Voutmin = VTH + 2-Vpssat

« Sistematic error since Irefzlbias
(Solution proposed by Zeki, et al., IEE El. Letters, 5th June 1997, pp. 1042)

A. Baschirotto - Bias circuit 11-30

Il - Bias circuit

Output swing
for different current mirrors

Comparison

Cascode & Wilson

High-compliance_ _ — - Regulated Cascode

/ Triple Cascode

4

VDSsat
2-VDSsat
VTH+2-VDSsat
2-VTH+3-VDSsat

* The slope (1, 2, or 3) indicates the output impedance (rout)
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Low-voltage current mirror

For low-voltage application the dc voltage drops must be
minimized in order to:

- give the maximum room for the signal swing
- not to limit the supply minimization with bias circuits

This valid both for the input stage (reading the current) and for
the output stage (sinking the current)

For the simple current mirror

|
¥| Ref v lout

M1 |_4 M2 TVDSsatZ

¢ The output stage (M2) requires

Voutmin = VDssat
¢ This is minimum, thus staked-device topologies are avoided
« Output impedance is increased with large L
* The input stage (M1) requires
Voutmin = VTH+ Vov + V(IRrer)
This value can be reduced
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Low-voltage current mirror

Il — Bias circuit

The input stage voltage requirement can be reduced by using
the low-voltage current mirror

VDD

Il - Bias circuit

Low-voltage current mirror
Application

» Operational amplifier

] i ]

I I |

© }F | | \
’% Vi- Vi+ Vo
oi? Mo 5|

Low-voltage  m1| |

) o current mirror <

* The drain of M1 is fixed to be Vob - Vess

* This is fixed to be equal to Vbssat

* The current mirror requires one Vbssat to operate.

lout = IM3 + lref

A. Baschirotto - Bias circuit n-33 A. Baschirotto - Bias circuit n-34

Il - Bias circuit Il - Bias circuit
CMOS current mirrors Exercise

Comparison Table

Configuration Current gain | Output swing Fout

Simple 1+ A Vbs2 Vbssat Fas
-1+ A Vpsa

Wilson 1+ A Vpsz  Vi+2Vossa | g .2
-1+ X Vopsi

Improved Wilson 1 Vh+ 2-Vpssat gm,rgs

Cascode 1 Vit 2-Vossat | g .r2

Triple Cascode 1 2:V1H+ 3-Vpssat g2 1o

Triple Cascode 1 2:VTH+ 3Vbssat| g2 .13

High-compliance | 1+ A Vps2 2-Vpssat OnTis

1+ A Vbs:
High-compliance | 1 2-Vpssat O Tas
Regulated-cascode | 1 + A\ Vpg, VTH* 2:Vbssat g2

1+ A Vps:

A. Baschirotto - Bias circuit
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1-
2 -

DC analysis of Simple CM

AC analysis of Simple CM

- Transfer function

- Output impedance (for different L, with same W/L)
Check the sistematic error in Wilson CM (different VDS)
- Improve by using large L (with same WI/L)

- Check the signal swing (DC sim.)

Cascode CM

- Evaluate the output impedance (AC)

- Evaluate the signal swing (DC)

Multiple Cascode CM

- Evaluate the output impedance (AC)

- Evaluate the signal swing (DC)

Large dynamic Cascode CM

- Evaluate the output impedance (AC)

- Evaluate the signal swing (DC)

Low-voltage CM operation

A. Baschirotto - Bias circuit I1-36
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Current references

Introduction

« It allows to generte on-chip (no external components) a
current reference

» Necessary for biasing analog subcircuits.

» The generated current reference is mirrored where
required, with a suitable scaling factor.

Typically the reference current in the reference current
generator is much smaller than the current level in the
main circuit (i.e. the scale factor is larger than one) in
order to reduce power consumption in the current
reference generator

» Possible current reference generators
Simple current reference (supply depedent)

Current references based on a built-in voltage (supply
indepedent)

Current references based on a reference voltage (supply
indepedent)

 Features for a reference current
Supply dependence
Temperature dependence
Technology dependence

A. Baschirotto - Bias circuit I-37
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Simple current reference
(supply depedent)

NMOS PMOS
VDD VDD
IREF R M1
VB B
M1 IREF RL

« Voltage VB is used to bias a current mirror
¢ For the NMOS case:

_ Vob — Vbs1
IREF = H»—

RL

_— 72— IREF
Vovil =1/ - (WIL),

Vpp — |VTH1| — [Vovi|
RL

IREF =

IREF = RL

Supply dependence
IREF depends on supply voltage Vpp

Temperature dependence
* Ry positive temperature coefficient (TC)

» |VTH|: negative temperature coefficient
* |Vov|: positive temperature coefficient

A. Baschirotto - Bias circuit 11-38

Il - Bias circuit

e Typically the sum (VGs1=|VTH| + |Vov|) has a negative TC

A. Baschirotto - Bias circuit II-39
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Current references
based on a built-in voltage

Basic principle

e The current is obtained by "extracting" a built-in voltage
(Vi) to be applied to a given resistor

VDD
Built-in
Voltage
(Vi)
generator
e = Vb
REF = R,

¢ The dependence of the built-in voltage on temperature and
other parameters will affect the generated reference
current.

e The generated current is substantially independent from
supply voltage.

» Micropower current reference based on this principle are
also available.

A. Baschirotto - Bias circuit II-40
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Self-biased current reference
(VTH + Vov)-based

VDD

4 \ IREF ¢ Built-in voltage:

M1 Vbi = VGS1 = VTH + Vov

_Wno . .
=0 o (i.e. current mirror)

o

o

] %

=12 :% -%E ‘(Ves1 — VTH)2
=5

R-2 = R-l1 = Vas1 = ; 7 —zkll %LNE +VTH
el

» Typically Vov is designed to be much smaller than VTH in
order to have:

"W
L

Il - Bias circuit

Self-biased current reference
(VTH + Vov)-based

Start-up circuit

Vop VGsy,

VTH

11 = 12 (for M3-M4 mirror)

Vgil :% .é‘lj_—vé-(VG31 - VTH)2

« Two operating points are possible (A, B) : only one (A) is the
desired one

¢ It is necessary to use a start—up circuitry to set the desired
operating point (i.e. to ensure | # 0 at the start-up)

VTH
l1= R1 . . . .
) ) Possible start-up circuit solution
* Low currents can be generated using large resistor VDD
(VTH+Vov in the range of 1 V) = 5 v Vo . At start-up, MS is turned
M —o° on, thus forcing M4 in
Temperature dependence 3'1 I the saturation region.
* R1: ositive TC . Then it is definitively
. . P ; M Sonal turned off.
VTH: negative TC M 2 }OJ_L
* Vov:  positive TC (J(VTH) + [Vov|: negative TC) 1 VR R
1
« Complementary structure is always possible -
A. Baschirotto - Bias circuit I-41 A. Baschirotto - Bias circuit n-42
Il - Bias circuit Il - Bias circuit
Self-biased Self-biased
low-current reference generator low-current reference generator
AVov-based AVov-based
VDD
| VDD
M3 Ma4 \ REF |
v M3 Ma | REF Temperature dependence:
B v * R1: positive TC
M1 M2 B e AVoy: positive TC.
M
R 1 M2
R

Built-in voltage: AVov = Vov1 — Vov2

DLE _DLE . DLE _m_DLg Cm>1

BVE, T8V, vy T VG,
. M3-Ma4 is an ideal current mirror => I3 =la=l1 = |2 = |rer
. VTHL = VTH2

V_TEEF %}l\/g = .kR-EF %%E + R:IRer
3 %
1 1 1o
V'_REF:mV? (W/L)1El " Jmi

AVoy generally ranges from tens to hundreds mVv
Small currents can be obtained with not very large R

For m=10, Vr 060 mV ifitis required | =1 pA
=> R = 60kQ

A. Baschirotto - Bias circuit Il -43

 Also for this circuit a start-
up circuit is necessary

I12=l4

Complementary structure also available:

M3, M4 n-channel transistors (source connected to Vss);

* M1, M2 p-channel transistors (source of M1 connected to
VbD);

* R1 connected between source of M2 and Vpp;

* in n-well processes, M1 and M2 in the same well.

A. Baschirotto - Bias circuit 11— 44
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Vse-based current reference

VDD

Q1 is a substrate BJT

M1 to M4 operate in saturation region (improved Wilson
current mirror)

(W/L)3 = (W/L)4, (W/L)1 = (WIL)2

l1=12 =IREF = |
VGs1 = VGs2 => Vs1=Vs2 => VREF = VEB
| = VEB
“R1

» To generate low currents, a large R1 is needed (Vgg in the
range of 0.6 V)

 Start-up circuitry is needed
» Use the complementary structure for p-well processes

Temperature dependence:
e Ri: positive TC
e VEB: negative TC

A. Baschirotto - Bias circuit 145
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VT1-based current reference
(AVBE-based current reference)

Built-in voltage:
VDD AVEB = VEB1 - VEB2 = VT In(n)

* Q1, Q2: substrate BJT with
different emitter areas:

AQ2=nAQ1 n>1
DLEzﬂLg_DngﬂLE
BVE, T OVE " g, T BV,

l1=1l2=Irer; Va=VB

I1
VeB1 = V7 In Iss

_ I2
Veg2 = VT 1In nlss
Ri-IrRer = VEB1 — VEB2 = VT-R1 - In(N)

\'Al
Irer =g, - In(n)

« Small currents can be obtained with small R1

Temperature dependence:
* Ru: positive TC
e V7! positive TC

 Start-up circuitry is needed

« Complementary structure available only in a p-well
processes
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Current references
based on areference voltage

VDD

VREF

» Useful when a reference voltage is available.

e This circuit has to operate at low-frequency (dc). The
opamp gain can be extremely large.
| _ VREF
REF = "R

* M1 in saturation region, for current mirror
Temperature dependence:
* Ru: positive TC
» VREF: depends on the kind of voltage reference used

* Itis difficult to obtain a stable VRer with a small value.
=> Low reference currents need large R1

A. Baschirotto - Bias circuit Il —47
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Voltage references

Introduction

« Voltage references are required in a number of analog
applications (e.g. signal processing, A/D converters, D/A
converters, ...).

« Different voltage references
Supply voltage dividers
Voltage references based on a built-in voltage
Voltage references based on the band-gap voltage

Voltage references based on MOS threshold voltage
difference

(the last two types are actually special kinds of voltage
references based on a built-in voltage).

« In the following, all voltages will be referred to GND

 Features for a reference current
Supply dependence
Temperature dependence
Technology dependence
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Il - Bias circuit

Supply voltage divider
Resistive dividers

« Analog circuits normally have only two dc voltage supplies
(Voo and ground)

 In order to obtain dc-bias voltages, voltage dividers can be

used
VDD
R1
VREF
R2
R
VREF = R1 +2R2 -Vpp =0 - Vpp
witha <1

* Large power dissipation (small resistors) or large silicon
area occupation (large resistors).

* VRer depends on supply voltage.

* To obtain good matching, R1 and/or Rz area realized by
means of a suitable number of unity resistors
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Il - Bias circuit

Supply voltage divider
Diode-connected NMOS transistors

« Resistive or capacitive dividers are complex or silicon area
consuming

* MOS in the diode configuration (i.e. operwting in saturation
region) can be used

VDD
M2 Vi
M1
l; : E\ﬁ/g - (Vps1 — VTH1)2 = lé . E\C/E (Vps2 — VTH2)2
0-q 0=5
Vbs1 + Vbs2 = Vbb
az a1-VTHL — 02-VTH2
Vi=Vpsi=— -Vbobp+
a1+ a2 a1 +a2
_ Wo _ Wo
a1 = oo a2 = oo
] ok g

It results a voltage division of Vob plus an offset.

Body effect on M2 can affect the operation (VtH1£VTH2)
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Il - Bias circuit

Supply voltage divider

Diode-connected PMOS transistors

* Body of M2 connected to source of M2 to avoid threshold
voltage mismatches due to body effect

Assuming VTH1 = VTH2 = VTH

a l1-a
VREF = VDS2 = - VDD + |VTH|
1+a 1+a

» Several diode-connected transistors can be connected in
series, if allowed by the supply voltage ("diode chain") to
reduce current level for a given VTH
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Il - Bias circuit

MOS Supply voltage divider
Disturbs on the supply
If a signal vdd (usually undesired and so a disturb) is
superposed to Voo, the small signal equivalent circuit
must be considered.
Vvdd

O
C _
gmb-Vbszé % 1/gm2 % 1/gds2 % 2 C2 = Cgs2
_LO Vi

1/gm1 1/gds1

C1 C1=Cgs1 + Cdb1 + Csh2
=
£ _ 1 gmtgm c_1 gm
P=2.1" Ci+C2 272 C2

At low frequency (assuming gm2 >> gds2 and gm1 >> Qgds1)
there is a resistive partition (no capacitance effect):

gmb
1/gmi+ gm1-gm2

VIf = Ved - 1/gm1+ 1/gm2 + gmb/(gm1i-gm2)

At high frequency there is a capacitive partition (no resistance
effect)

2
V1hf = Vdd * Ci1 + C2

One of the two lines is
valid depending if

Vo/VDDnoise

vir > vine (line 1)
or
vii < vinf (line 1)

Frequency

It results a noise injection from the power supply (Vob)
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Il - Bias circuit

Voltage references
based on a built-in voltage

Basic principle
« Extraction of the chosen built-in voltage Vbi
» Generation of a current IR1 = Vbi/R1
* Generation of a mirrored current IrR2 = kIr1

¢ Generation of the reference voltage VREF forcing IrR2
across a resistor R2, matched with R1

VREF = R2:IrR2 = R2-k-IR1 = k- % Vbi

VDD

Built-in
Voltage
(Vbi
generator

« Extraction of the bult-in voltage as in current references
based on a built-in voltage

« Temperature dependence of Vrer: it is a function of the
temperature dependence of Vp;
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Il - Bias circuit

(VTH+AVov)-based voltage reference

VDD

=

* Built-in voltage: Vth + V-ov
¢ M1 to M5 in saturation region

(W/L)3=(W/L)4 - I3=la=l1=12=1IrR1

(W/L)s =k (W/L)4 - IR2 =Kk IR1
R2 R2
VREF =k g VRL =K g, (VTH + Vov)

¢ Generally Vov is made much smaller than VTH
Temperature dependence:

* VTH: negative TC

* Vov:  positive TC (J(VTH) + [Vov|: negative TC)

Start-up circuitry needed
Complementary structure available
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Il - Bias circuit

Vee-based voltage reference

Built-in voltage: Vge
M1 to M5 in saturation region

(W/L)3=(W/L)4 => I3=la=Ir1
(W/L)1 = (WIL)2 => VR1=VEB
(WL)s=k (W/L)sa => Ir2=k - Ir1

R R
VREF:k'Ri'VR1=k'Ri'VEB

Temperature dependence:
e VBe: negative TC.

« Start-up circuitry needed.
« Complementary structure for p-well processes.
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Voltage references
based on the band-gap voltage

VDD

D
o

REF=VBE+M-VT
@)

BV
VT

Generation 7y m-vT

Basic principle
VREF =VBE + m-VT
where VT = kT/q is the thermal voltage.

* Suitable choice of m to have zero TC at the desired
operating temperature.

¢ At room temperature (T = 300 K):
VBE: temperature dependence = ~—2.2 mV/°C
VT: temperature dependence = ~+0.086 mV/°C.
¢ If m=~25.6 we have zero TC for VREF

* At T =300 K we have:

VREF = VBE + 25.6VT =~1.26 V
(silicon band-gap)
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Il — Bias circuit

Band-gap voltage reference

* Q1, Q2: substrate BJT
with different emitter

VREF areas
AQ2=n-AQ1
n>1
Va=Vs
R2=R3 => Ir2=Ir3=1=1Q1=1qQ2
VR1 = VeB1 — VEB2 = VT - In(n)
_Vr1 _ In(n)
| = Ry — VT - R1

R
VREF = VEB1 + Rii V1 - In(n)
VREF = VEB1 + M-VT

-R2. _Ra2 | Ag2D
m=g; I =g Inﬁg

For ambient temperature:
m = ~25.6.

where

Example:
n =8 =>Aq2 = 8Aq1 (easy to obtain in layout)
R2=R3=~12.3R;
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Il - Bias circuit

Band-gap voltage reference
Compensation of temperature dependence

* first-order
» small temperature range.

A
VooV

_ Ref
124 /
—ra
P

[ o h [ [ >
-60 -40 -20 0 20 40 60 80 100 120 140 T[°C]

For better compensation, more complex schemes are used.

* Scheme sensitive to offset voff of the operational amplifier:

_ R2no R2 o Voff ]
VREF = VEB1 + %1 + Rl%VOff *R1 VT InEnELL + Isz%

Different (but matched) resistors Rz and R3 can also be
used:

_Ro Rs Aqan
M=R: "R, ALY

Generally, start-up circuitry is required.

Similar configuration for p-well processes
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Il - Bias circuit

Band-gap voltage reference
Band-gap voltage multiplier

VBG VDD

VREF

RA

RB

e To be used when Vrer > 1.26 V is required

_ RAD
VREF = VBG Eil + Re!

where Vpg is the band-gap voltage.
» The multiplier can be included in the feedback loop.

» For p-well processes.

VREF = VBG %L + R8’
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Il - Bias circuit

Voltage references based on MOS
threshold voltage difference

* M1 and M2:
VDD transistors with
equal k' and
M4 different threshold
+ Da voltages, e. g.:
) I l | * both enhancement

transistors with

= different VTH
VREF * one enhancement
I 0 and the other
Vas depletion transistor

¢ M1 to M4 in saturation region

VD3 = VD4 (W/L)3 = (W/L)4 k's = k's
It follows that: 3=la=l1=12=]
(W/L)1=(WI/L)2 - Vovi=Vow
VREF = —VGS2 + VGS1 = — VTH2 — Vov2 + VTH1 + Vovl
VREF = VTH1 — VTH2 = AVTH
« AVTH is generally small. A voltage multiplier is required.

« Spread in threshold voltages, hence in AVTH

« Offset of the operational amplifier affects VREF
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