Chapter 2
Current and voltage sources



2.1. Current sources




2.1.1. Introduction




2.1. Current sources
2.1.1. Introduction

»VO

Parameters:
* The output current [, is the current generated by the circuit [A]

 The output resistance [(2]

Vce ,T=ct.



e OQutput minimum voltage [V]
» Temperature coefficient [A/K]

dly

TCIO aT

R; Vo =ct.
* Relative temperature coefficient [1/K]

1dl,

RTC
lo ™7, ar

Ry ,Vcco=ct.
* Power supply rejection ratio [A/V]
dl

dVce Ry ,T=ct.
* Sensibility of the output current on supply voltage variations [-]

PSRR =

SIO _ dIO/IO =VCC dIO

Vee  dVee I'Vee I, dVee

Ry ,T=ct.

RL,T=Ct.
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Classification

I. Elementary current sources
- reduced complexity
- poor performances

II. Cascode current source
- increased output resistance
- increased minimum output voltage
- increased minimum supply voltage

III. Self-biased current sources
- reduced dependence I (V)
- requires a starting circuit

I'V. Temperature-compensated current sources
- increased complexity



2.1.2. Elementary current sources




2.1.2. Elementary current sources

Bipolar current source with a transistor

Vo I, = V-Vgg
I,V ¢R0 R
—1 Q R
RO =r0(1+ ﬂ ]
N A— rp; + R
R
1 1 VOmin =V -VpEg +VCEsat




MOS current source with a transistor

Vo
IOJ ¢R0 V=VGS+IOR \
V=V, —V I A
o IO=§(VGS_VT)2 = Gs t (GS T)

1 J :>VGS(>VT):> Io

Ry =r14(1+g,R)
Vomin =V =Vgs +(Vgs =Vr)=V -Vy



Bipolar current mirror

Output current

VBE1 =VBE2

Ve Vo
o) o lRO
R Iov
I
Qlf <«
} = Io =~ Isz =
Igg

7. ~Ycc—VBE Is?




Output resistance
Va _Va

Icy Ip

RO =r0=

Minimum output voltage

Vomin =VcE2sar.

Early effect
7= Ycc—VBE _ I ex VBE1 | ;. YcEl
IO = ISZ EX[{VBEZ ](1 + VCEZ)
Vin Va
1+ VCE] 1+ VBE]

Iop _Isy Va _Isy V4
I Ig;, Vee2 Iy ;. Yo
Va A

The influence of 3

I _ plg  _ B
I Pplg+2Ig p[+2




SIMULATIONS for bipolar current mirror
Output characteristic




SIMULATIONS for bipolar current mirror
Output characteristic

SIM 2.1: 1, (V2)




SIMULATIONS for bipolar current mirror

Output characteristic

SIM 2.2: 1, (V2), V,, - parameter
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SIMULATIONS for bipolar current mirror
Dependence of the output current on the supply voltage




SIMULATIONS for bipolar current mirror
Dependence of the output current on the supply voltage

SIM 2.3: I, (V1)




Current mirror with reduction of influence of 8 (1)

Output current

Veo —2V
Ip=1= CCR BE

Output resistance

Va _Va
Icy o
Minimum output voltage

o
X /

Vomin =VcE2sar.

The influence of 3

Iop _ plp  _ 1

2, 2
I ﬂIB-l- B 2
p+1 B+ p




Current mirror with reduction of influence of 8 (2)

Output resistance

Ip=1-= Vee —2VeE
R
VCC
? Minimum output voltage
R pE R = Plol
j lo 0= >
I CQ Early effect
Q)+ o, Vomin =VBE2 +VCE15ar.
i 1 The influence of 3
BB+2)
B
IO _ ﬂ + 1 _ 1 ~ 7
= 5—= ~
I Bl g + P+ Ig 1+ 2

p+1 B’ +2p8



Multiple current mirror with reduction of influence of 3

X/




MOS current mirror

Output current

)

Vop =1oR+Vgsi KR ,
= VDD=7(VGSI ~Vr) +Vgs; =

K
Ig =3(VGS1—VT)2 )
=Ves1)2=Vr - K{R

1
+ I1+2KR(V -V
KRJ Vpp—Vr)



As Vg must be greater than Vo, it results:

1 1
Ves1 =Vr _KR+KR\/1+2KR(VDD_VT)

1
= Ip =E[I+KR(VDD_VT)_\/1+2KR(VDD _VT)]

Output resistance 1

Ro =r4s2 =m

Minimum output voltage

21,
Vomin =Vbs2sat =Ves2 —Vr = e

The effect of channel-length modulation

K 2
IO Z(VGSZ_VT) (1+1VDS2)_1+AVDSZ _ 1+2,V0

1 K

Z(VGSI—VT)Z(I"'ZVDM) 1+ 4Vps1 1+ AVasi



SIMULATIONS for CMOS current mirror
Output characteristic




SIMULATIONS for CMOS current mirror
Output characteristic

SIM 2.4: I, (V2)




SIMULATIONS for CMOS current mirror
Output characteristic

SIM 2.5: I, (V2), ry,, - parameter




SIMULATIONS for CMOS current mirror
Dependence of the output current on the supply voltage




SIMULATIONS for CMOS current mirror
Dependence of the output current on the supply voltage

SIM 2.6: I,, (V1)




Bipolar Widlar current source

Output current

Vee y 7= Ycc—VBE
O
I I

_VBE1—VBE2 _ Ig Ig

I Io = =
R, R,

o H—Ke

ool L)YV

R, R, \Ip) R, R;1,

Minimum output voltage

Vomin =VcE2sar. + Lo R

Output resistance

R
Ro=r,| I+ PR _Yalyy PR,
reo+Ry+(1/ g, )R ) I roo+Ry+(1/g,,1)/ Ry




Power supply rejection ratio

dlo _ d | Va (Ve —VBE

di,
R;Ip,—\Vee —Vpr )R
dy Va Rilp 1lo—(Vee —Vie)Ry Voo
dVee Ry Vee—Ve (R;1,)
1 Vth
dlg _ Ry Vee—VaE
dVCC 1+ Vth
Ry1o

Sensibility of the output current on supply voltage variations

Vee 10 dVCC 1+ RZIO 1+ll’l(VCC —VBEJ

SIO _VCC dIO _ 1 1

th Rilg



MOS Widlar current source

Output current

1 1
Vop Vo Ves1 =Vr - KR, + KR, JI+2KR; (Vpp —V7)
Ro P
R, IoY l Vesi =Vgs2 +1oR; =Vgs) +—(VGSZ -Vr)
|

Ves2>Vr)

Q ¢l 5 Q. .

R 2 10=5(VG52—VT)2(1+/W1)52)
2

L L Minimum output voltage

21
Vomin =Vps2sar + LoRz = —~ K 9 +IpR,

Output resistance

Ro =rg:(1+gm2R;)



Standard current source

Vee Vo
o o iRO
R IoY
I
o H—Ke
R, R,

Output resistance

Output current
vpe1+ Ryl =vpp, + Ry1

1
Ig = R—(R11+ VBEI—VBE2)

2
| R
o_Ri Vi |1 Is:
I R, Ry \I,Iq,

It is possible to determine 1/1, because:

7= Ycc—VBE
R+R1

Iy _R;
I R,

R

Ro =r1,5| 1+ PR
R, +r,,+R/(1/g,;+R;)



Standard current sources with multiple outputs

o Ycc
R,
IRER
IS
Q Qs Qq Qs Qs
)

R, R; Kl Rsé Re

| % |

If the emitters areas are choose in order to have equal courant densities J,
the base-emitter voltages are also equal.



Irgr I3 JAy Az
VBE2 —VBE3 =V ln( 53 =V, In R

I3 Ig;

So:
VBE2 = ««=VBEé6
and:

I3R; =14Ry=15Rs =15Rs =Igprp R,

The four output currents are:

R, R,
I = I . o000 . I = I
3 REF R3 ’ 'L6 REF R6
where:
7 _Vec—2vpE
REF —

R1+R2



Current source using as reference the base-emitter voltage

_VBE1 _ Vi Ycc—2VBE
R, R, Ryl




2.1.3. Cascode current sources




2.1.3. Cascode current sources
Bipolar cascode current source (1)

Output current
Vi—VBEl
R

Output resistance

R
RO= 02(14' ﬂ 2
ry2+ Roj

Iy =

Vo

Ro
Ib ¥ ¢

]5 Pro2

7\
o

Ro1 R =r 1+ >>r
Vi 4 ¢ 01 01( . +R 72

— " Minimum output voltage

R ; Vomin =Va+Vce2sar =V2—VBE2 Y VCE2501

It is necessary that:
- - = Veer > VeEsa <

& (V2 -Veea)-(Vi-Vee1)> Vepisa <
S Vo=Vi>VeETsar




Bipolar cascode current source (2)

- A
T—\JWO

Q4

X

Output current

7. —7=Ycc—2VBE
¢ R

Output resistance

Rg =1,) 1+ 4 Kos
) +R03 +R//(2/gm1)

R03 =T,3 >> rﬂ'Z’R//(Zlgml)

So:
RO = ﬂrOZ

Minimum output voltage

Vomin =Va+VCE2sar

VA=VBE1+VBE4—VBE2 =VBE

|



1 Output t
Bipolar cascode current source (3) utput curren

_ |
I, = VBE3R VBES _ ‘I/{th ln([ ]
2 2 0
\icc I = Vee —3VBE
Ro K
R1 IOl 1
Output resistance
1 F Qy R
L Q ) Ry = 04(1+ﬂ > )
R rﬂ4+R05+R1//(3/gm1)
Ros
0 R
— @& l Rps=r,5| 1+ PR,
N
—|< Q; R05 >> rﬂ'4’R1 //(3/gm])
R
j 2 So:
1 RO Eﬂ"‘04

Minimum output voltage

Vomin =Va +VcE4sar
VA = ZVBE



MOS cascode current source (1)
Output current

V1 =VGSI+IOR

K = Vi =Vgs1+ —(V(;51 -V )
Ig = 3("051 -V )

) =>VGS1(>VT)=> Ig
Output resistance

Ioi ‘RO R0=rds2(1+ng01)EgmrdZs

Ro1=r451(1+ g R)

$ Rot Minimum output voltage

L Vomin=V2=Vgs2+(Vgs2 = V)=V, -V

V,

It is necessary that:

Vst > Vpsisa <

o - & (V2 -Ves2)-(Vi=Ves1)> Vpsisa <
21,

K

Vo =Vi>Vpsisat =Ves —Vr =



MOS cascode current source (2)

Voo
I Vo
I, YRo
Qs | l Lo
1A
Qs || 1l @
N N

Output current

10 _ 1+/1VDSZ
I 1+ﬂ'VDS3

Output resistance

2
Rop = "ds1(1 + 82mi "dsz)= EmTds

Minimum output voltage
Vomin =Va+Vpsisa =Vas +(Vas —Vr)

121
VOmin = ZVGS _VT EVT +2 ?



SIMULATIONS for CMOS cascode current mirror
Output characteristic




SIMULATIONS for CMOS cascode current mirror
Output characteristic

SIM 2.7: I, (V2)

S

b L g

Coweso 0 T rRiso

Cwreso 0 I rRiso

Lo L

>




SIMULATIONS for CMOS cascode current mirror
Output characteristic

SIM 2.8: I, (V2), ry,, I'ysq - Parameters

S

b L g

Coweso 0 T rRiso

Cwreso 0 I rRiso

Lo L

>




SIMULATIONS for CMOS cascode current mirror
Dependence of the output current on the supply voltage




SIMULATIONS for CMOS cascode current mirror
Dependence of the output current on the supply voltage

SIM 2.9: I,, (V1)

S

b L g

Coweso 0 T rRiso

Cwreso 0 I rRiso

Lo L

N T




MOS cascode current source (3)

Vppo

I ]

Qszm

(W/L)/(n+1)47

Q&

(W/L)/n

'_“; Q;

W/L

N

(W/L)/n

W/L

Ry =rds1(1'|'gm1rds2)E SmTds

I =

I =

Output current

IO =I

Output resistance

2

Minimum output voltage

K' W/L

2 (n+1

K'W/L
2 52

E(W/L)

N
5 Vass =Vr )?

(VGS1(4) -Vr )2

(VGSZ(3) -Vr )




Vess —=Vr =(n+I\Vgs2i3) - V)
=

Vesiay=Vr =nlVgsaz) —Vr)
The drain-source voltage for Q, is:
Vps2 =Vass —Vasi =Vass —=Vr)-Ves1 =Vr)=Ves2 —Vr =Vpsasa

So, T, 1s biased at the saturation limit and it results:

21
VOmin =VDS]Sdt +VDSZ =(n+1)(VGSZ —VT)=(n+1)\/;



2.1.4. Self-biased current sources




2.1.4. Self-biased current sources

Current mirror
_Vec—vBE
R
IO _ VCC 610 ~
Vee 1, 0Vee ~

Ig

Widlar current source

Ip="th !
R, Iy
810 _Vth IO 1 51 _ I 810
GVCC RZ | IO GVCC 13 aVCC
Vi
oly, IR, &I
Vee 4 Y 0Vcc
Ry1

SIO =VCC 610 _VCC 1 61 ~ 1
VCC IO 8VCC I 1+ RZIO GVCC 1+ RZIO

Vin Vin



Current source using as reference the base-emitter voltage

I =VthanCC_2vBE
7R, RyIg

oly Vg Rils 1
0Vee Ry Vee—2vpg Rylg

I V
S0 = th ~ 49,
cC VBE



Self-biased current source using as reference the base-emitter

voltage

Q4 j—‘AJ Qs

° V¢e

7. _ VBEI _Vthl Ippr )
0= = n
R, R, Ig
I Vee —2vpE r =
IRer _ Va . ;,.Ycc—2VBE
Io 74+ VBE Va
Va
) | -2
:>IO=Vthln 0+Vthln 1+VCC YBE
R, Is R, Va
Deriving:
GVCC RZ (VA +Vcc)
1t results:
SIO ~ Vin 1
2=
¢ vpg . Va
| %



Widlar self-biased current source

1 ° Ve
Qs %AJ Q Qs
Io
I

IREFE‘ ©
Ql 1 7 Q2 JJ I()
l\ﬁ QS

R;

I = VBE1 —VBE?2
0=

R)
IO — Vth In IREF + Vth In Iﬁ
R) Ig R, \Igj
V V V I
I, = L”ln(1+ CCJ+ th ln(SZJ
2 Va) Ry \Ugg
Ig Vee 1
Vee



Self-biased MOS current source (1)

N

Output current

V
Io —% _(VGS -Vr )

KR KR
TV(%S —(1+ KRVT)VGS + TV]g =0

Solving the equation in V 4 1t results:

J2KRV +1
Vesiz =Vr+ 5% KR

J2KRV +1

Vg =Vp +
GS T KR

So:

Ip=1 (1+ KRV, + [T+ 2KRV;)

KR?




Self-biased MOS current source (2)

Output current

21 Io
Vi +. 50 vvyi
Qs M I Qo T\ gk "'t "[15)
21 1
o =VT+1/0+Vthln( 0 ]
Qs [y Qa K 101

It results:

1o = 2K[v, in(10))

kT
Vi = — - thermal voltage
q



Self-biased MOS current source (3)

Qs |

IEEQS

[ Qs

Output current

For 1identical MOS transistors,
V, = Vg, so:

I _VEBI
0~ pr
1




SIMULATIONS for CMOS self-biased current source (3)
Dependence of the output current on the supply voltage




SIMULATIONS for CMOS self-biased current source (3)
Dependence of the output current on the supply voltage

SIM 2.10: I,,, (V1)

-

IRF9140 '|; IRFO140°

_.r_"'T' .
A R A R
Yy | o '||_h-'12' S +"'¢"_1.

RF150 -

Q2ZMN2907A, -
ST o R1
;s o




SIMULATIONS for CMOS self-biased current source (3)
Dependence of the output current on temperature




SIMULATIONS for CMOS self-biased current source (3)
Dependence of the output current on temperature

SIM 2.11: I, (t)

-

IRF9140 '|; IRFO140°

_.r_"'T' .
A R A R
Yy | o '||_h-'12' S +"'¢"_1.

RF150 -

Q2ZMN2907A, -
ST o R1
;s o




Self-biased MOS current source (4)

— Vpp
Q Qs
n(W/i)tll ”t W/L I—Ht Qs Output current
It can be demonstrated that V, = V,
Q> :_” H; Qs " = V;
(W[ o WL .
R Veril-V
: g R, Iy = Vel —-VBE7 _Vin tn(n)
Io R 1 R 1
_K Q Q7




SIMULATIONS for CMOS self-biased current source (4)
Dependence of the output current on temperature




SIMULATIONS for CMOS self-biased current source (4)

Dependence of the output current on temperature

SIM 2.12: I, (t)

IRFS140
- M3

CIZM2907 A

g

.

JELER

SR

IRF9140

Q2N29074,

o




Self-biased MOS current source (5)

'[ ° Vpp
Q Qs Qs Vo
n(W/L4)t” I WL W W/L : E}
O
A
ol no ke
nWiL)[ N A WL -
SR SR:
ro @ fo Yo Ry %
N
Ves2 =VGs3 A Tr
2
Vegl -V R >:>IO(T)=[Vthl”(”)+VEB8(T)}
VRZ = RZ EBIRI LEB7 = Ri Vth ln(n) R3 Rl

S

Vep(T)=A+ BT+CTln(T)

To



Self-biased MOS current source (5) — cont.

° Vpp
Q Q Q v
< I o M Ky
O
edql  pe > ke
nwiL) [ < wi -
SR, R
‘o o : s
N4 N

= I(T)=— [RZ len(n)+A+BT+CTln(Tﬂ
R3| Ry q Io

The condition of linear curvature correction can be written as follows:
R> k
B+-2~ In(n)=0
Ry q

IO(T)=RI3[A+ CTln(;;ﬂ

It results:



2.2. Reference voltage sources




2.2.1. Classification




2.2. Reference voltage sources

2.2.1. Classification

I. Elementary voltage sources
- reduced complexity
- poor performances

II. Voltage sources with reaction
- reduced output resistance
- increased complexity

III. Temperature-compensated voltage sources
- reduced dependence on temperature of the output voltage
- iIncreased complexity



2.2.2. Voltage sources with reaction




2.2.2. Voltage sources with reaction

Voltage sources with series regulation (block diagram)

1 1
o | CE -

A D = dividing circuit
C = comparison circuit
R = reference circuit

Vi o | o Vo ; R, A= amplifier

CE = control element

R




Voltage sources with parallel regulation (block diagram)

— A
D = dividing circuit
C = comparison circuit
Vi CE |-= C |« D Vo R, R =reference circuit
A = amplifier

CE = control element




Examples of voltage sources

1y Q 1o
O——o \ A -
R
v Ry,
I _ " é vo=Vz —VBE
D }X v,
Y Y
R
O—— AN
Ry § $ Ry R,
VI 5  vo vo=(VeE +V7 {1 + R—J >Vy
- R
Y D \




° Vo
R
R,
R; -
R3 Q7 Qf——
N, R2
i N |
D)\
( &)
E V| 1+ ,
VO = \ |
N £
R,
“ .
R,
)

CQ7 Qb—
N )
R; N i
RZJ
: =Vy, (1 + R—1
Yo
Vo

le
' 1+R—2
E{
=(V, +Vpg

Yo






Q

OVO_

Ve=Vy"
Vo© VR(1+
Vo' _ Vo~
R3' R3|'




0 VCC

A02
AOI N

Q
. Q
1 2 RI o Vo

[e
'VCC
ikz

Overload protection (1)

Vee

R
Ve=Vy 2
R1+R2
R,
Vo=Vg| 1+
¢ R( Rz)




Overload protection (2)

Vce

— Q1

Q2

___________________

Current i
limit

. . ! 1
crcuit | L
I I




BA 723 circuit

—1 REF

+ Z

7 \




VCC

Application for V, <V,

) Q2 RSC VO
Q
Vi L Re
REF
R; : 7 U
> Qs
R,
: ©
R; VBE
Vo=V <V | =——
0 R Rl + R3 R Osc Rsc




Application for V, >V,

Vee Q Rsc Vo
Qi
Vi R, Ry
REF
B 7]
L Qs
R, R,
1 O
R; R, VBE
Vo———=Vp=>Vop=Vp|I+—=|>V lose =
0R1+R2 k 0 R( le k e Rsc




2.2.3. Temperature-compensated voltage sources




2.2.3. Temperature-compensated voltage sources

Bandgap voltage references

Are based on the compensation of opposite temperature dependencies of base-
emitter voltage and thermal voltage V, = kT/q. It 1s possible to obtain a null
temperature coefficient by considering a weight sum of these terms.

—

Vo=VpetAVy

AVth




The temperature dependence of Vg

IC(T)]
I4(T)

I¢(T)= CT"eX[{— ?}GOJ

th

Vee(T)=VyIn [

r = Vpe(T)=Egy+

T,
VBE(TO) = EGO +koln|:

q

q

= Verer(T)=Ego +
Ig

Vee(Tp)— Ego

Ve (Tp)— Ego T+(a—n)

To

=-2.ImV/K<0

T [IC(T)

KT (1‘
——1In
q

3

CT”]

I~(Tp)

BT?

0

crg ]

Ic(T)=

———




The operation of voltage reference

Vrer (T)= DV, + Vg (T) )

T m=
Ve (T)=A+ BT +CT In| ——
—

To

= Veger(T)= A+(B+ DE)T+ CcT ln(TJ
q Io

k T
B+D—=0=>Veprp(T)=A+ CTln(J
q 1o



Example (1)

R;

I

;. - VBE2=VpEL _ KT | (15
! R; qR; \I;

R,

T R
b = 11=k ln( IJ

>4—o VREF qR 3

Qi

Vrer (T)=1;(T)R; +Vpg; (T))

IIRI - 12R2/

\

—

45 Q
T
Vee(T)=A+ BT+CTln(J
To )]

= Veer(T)=A+ [B+ k R, ln( R, J]T +CT ln(TJ
qR; \ R Ty

B+ R ln(R1)=0:>VREF(T)=A+CTln(TJEAEI.ZV
qR3 \R; Ig
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Example (2)

Q6j| Hj Qy ’_Ht Qs
Q m “; Qs
A i{B — Vo
Rl R2
I

21 21
Va—Vg=Vgss —Vase =Vass —Vr)-Voss—Vr)= \/?_\/?
5 4
V-V, = 211)5(1_\/%)= 21D5(1_\/11)6(W/L)5J
Ks Ips K4 Ks Ip; (W/L),




v._v.— [?Ips,;_ |W/L)s(W/L)
e K (W/L),(W/L),

(W/Ly (W/L)yg

For: —
(W/Ls (W/L),

:>VA =VB

Vg (T)/—1Vgg. (T)]
= Vo(T)=/Vgg, (T)/+ I(T)Ry =/ Vg (T) 1+ - BE2 "7 R,
1

I
Vo(T)= Vg, (T)/+ ’;2 kT Ips

19 Ip;

\
_ Ry kT, [(W/L)
VO(T)_/VBE3 (T)/+ R1 ‘ ln|:(W/L)7]

T
IV (T) = A+ BT+CT1n(TTJ > = Vo(T)= A+ CT]I{T)
0 0

R;q [(W/L), )




SIMULATION for CMOS voltage reference
Temperature dependence of the reference voltage




SIMULATION for CMOS voltage reference
Temperature dependence of the reference voltage

SIM 2.13: V. (t)

.

L2
IRF9140 IRFE140 ; IRFB140
w3 R N

 IRF150 RE150

14T

‘R7 -
SIFEk

B
ok

QI2MN2807A

QI2N2307A4 & QZN2e0TA

ot




Exemple (3)

Vee2 —VBEI _ Vin In Ics )

Q>
N

_| 7.8 Rs
= Vy(T) = (1+ K )[VBEZ (T) + R4( R,

Rs R;

R4 2

R

'l

R;

k

J_

q

V1
) th H(RZ
Ry

ln(
R

Icp =
R, Ry I¢g
IciR; = Icszj
OVO
V R
= IC] = Rth lll R1
4 2

Va(T)=Ucy+1c2)Rs +Vgpy(T))

R,
Vo(T)—

V(T
ath= Rs + R;

3]

J+B—0
%

2

.

.




Derived circuits: temperature sensors

Example (1)
R3 Rl RZ
>——4——o VO
V
R, er1 sz
4
< <
R4 IC RZ
Vo (T =V -V =V, In—=V,In—= =
ol )R3 v R+ Ry eI VEE2 =Yoo =V In

R
:>V0(T)=(1+MJ Vthln( 2) = ct.T
R, R,



Example (2)

Vbb
Qs fo, [1o
Q3 :_]| |[; Q4
A 1B ™ Vo
R; R,

‘i( Q %Qz
\vg \vg

‘VBEI ‘ — ‘VBEZ‘ _K V,, m[(W/L)5] =ct.T
R, R, (W1 L)

VO = R21D7(T) = R21D4(T)= R2



Example (3) — the threshold voltage extractor circuit

21 21
Vo =2Vgs, — Vs, = Z(VT +1/4K)—(VT +1/KJ=VT =Vyg+a(T-T,)



