Design of Analog CMOS
Integrated Circuits

<Chapter 8>
Feedback
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8.1 General Considerations

 Negative Feedback

’”ﬂ“—-(EJr Him) YY) =HOIX(9-GEN(O)]
i Y __ HE) - Error signal
G(s) X(s) 1+G(s)H(s)
4~ H(s) : open-loop transfer function
fm’ i His) =Fie) Y(s)/X(s): close-loop transfer function
H(s) represents an amplifier
% el G(9): feedback factor (B), frequency-independent.

d feedback S&: Gain0| & =50 E Bl off & Ch.
Closed-loop Gain

Y A 1 Ap 1
A== ~

= =—-————~— [fthe loop gain Af >> 1
X o A > ¥ X 1+AB8 B 1+AB8 P pg p
E : Computation of loop gain:
B

" is A
Xi(s)=0 -
i +
O

i e
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J Example: CS Amplifier with feedback

Yoo Voo
Iy Iy
Cs
Vout c, Vout
th'l'—l Hl|_ ""I.r'l':"_l X Hl|
(m) )
Vout / Vin = ~8milo1

ST DHO 2A5HH g, 91, It BIBHCH
Gate bias voltage = not shown

E20A C,2 BES DA, V, ~-g Vit
(Vour Vx)Cas = (Vx-Vi)Cys

HIlAIEH 22 =22 280 gss € &=L

VOUT — 1

V., 1 1
N [1 + ch +
gmlrol Cl gmlrol

_ _g , forlargeg, I,

DN N N N NN
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A feedback = &: impedanceJt Ht& Ct.
v CG circuit with feedback (A=0)

Voo Open-loop circuit
llll Vour
L/
c, be—1[ M,
i
P " R =
in, apen
c, i R Y1 T Y
Vout = (gm1 + gms1)VxRp, V. =V ,L (Gos + G Wy Ry S
e+ G, ™ ™ C C,
I, = {gmi + Gos Vi + GV = (s + gmblj 1+ 9,..Fp < I'fx
) \ cl + C‘E s
V 1 1 1
Rm clozed I_X = + ' = an,npen 1+ Avﬁ
¥ Ymi T Y11+ g,.Ro
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v' CS stage with feedback
» Calculation of Rout (A=0)

V= = CIC 7 Ipy =Ipy- s 1

BT c 2 91 T Yot 1 + G
Iy = GmaVp = GmaVour c +1C° _
L N Since I = Vi / Rp + I,,, we have
R _ T’FX RD _ Rﬂuf,open
ouf closed — - -
. Iy 44 G2 Gt + G By Ci 1+ A8
(Gpm1 + Gt )RS +1 G +C,
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O feedback =2&!: BandwidthJ} Ut & C}.

v" Bandwidth modification as a result of feedback

Als)

X(s) 4 5 Y(s)

g (1+PAg)W, W

A
Als) s
.S
@y
Ay
Y s Als) 1+ pBA,
X 1+ pAls) 4, s
(1+ BA, Jor,

» Gain 224 > Ag /(1 + GA)
> 3dB =1t== &SIt > (1 + Ay e
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L Example: Amplification of a 20-MHz square-wave
v" (a) 20-MHz amplifier 2> Av=100, f,;z=10MHzZ &S 2f=

v" (b) cascade = feedback2 = 2F= 01 & Av=10, £, ;z=100MHz2| ampS
S0 AtE0tH M Al gain=100, f,;=100MHzZE ¢S &Y

v =100 A, =10 A, =10
Vout H—-/rxtﬁns
N

-
t

(a) (b)

1
T
Qﬂ:fE—dB

7 Oteg2] & 3|Z Ch-8



 Types of amplifiers
v O E 2 ampUl A & feedback AtE JtSStHLH.

Voltage Amp. Transimpedance Amp. Transconductance Amp. Current Amp.

"mD I out
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8.2.1 Voltage-voltage feedback

O Block diagram: series-shunt feedback

Ag 1i’{‘?‘ = ﬁvouﬁ Ve = v;n o VF‘
| Feedtorwara [T Vi = AoV - AV,
. Ve Amplifier Vour v
: and hence —=2%= A
Ve 1+ 54
lﬁ.- me;k I:— The overall gain is dropped by 1 + fA,.
- |
Low R, B High A,
O Example
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L Effect of voltage-voltage feedback on output resistance

Mde ’.
- + R
Vin Ve AoV.(Il) i A, Vou

Vo= PV, V.= -V, V= A V. = —BA,V,, and hence
L= (Vx = Vi [ Roye = [V — (=8A Vi )]/ Roye (if I5 = 0)

If follows that
Vi R

— oLt
I| B Il — Ix 1+ fAg
Vr I, ~0 The output impedance is lowered by 1 + SA,.
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L effect of voltage-voltage feedback on input resistance

lin
; ‘ -+ !
+ & out
a | e ) Ve AR, ‘ﬂvt¢_ A, Vou
2 + FAow - o
Vin v. Hln ‘ﬂvi Vout
-l
+
F_F B
(a) (b)

O Calculation
Since V. = [y R, and Vz = GA;I; R, we have
Ve = Vi = Vp= Vy LAk Ry

Thus, I R, = Vi, — BA,L; R,,, and ?—X =R, (1+ FA,)

X

The input impedance increases by 1 + A,, bringing
the circuit closer to an ideal voltage amplifier.

| X
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8.2.2 Current-voltage feedback

 Block diagram: series-series feedback

Gm I out
D ——
V. v+ Feedforward
in b Amplifier
- —
I out
lf'* Feedback
r’ = Network
|

1 Calculation of loop gain

I out

+

Short

R (;} I

Ve=RpL,,, V.=V, — Rs I, and hence
I..=G.(V, —R:z1_). Itfollows that

Z
qu't _ Gm
T"'rin ]' T GmRF

An ideal feedback network in this case exhibits
zero input and output impedances.

Ve= Rr L and hence [, = -G, Rr .
Thus, the loop gain is equal to G,,Rrand the
transconductance of the amplifier is reduced by

1 + G, ,Rrwhen feedback is applied.
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 Calculation of output resistance

Ix
+
Gm Rout Y, Vy Ve=Rply and —-Rp I G,,, = Iy - Vx [ Roue
VX
ThUE, I_ - Rour(l T GmRF)
+ X
+
VF -¢HFII ~
= The output impedance increases by 1 + G,, R
L Calculation of input resistance
Ix lout
— + e —
v]¢+ v. Hln ﬂl'l'l. IX RinGm — Iﬂut and Ve = VX - Gm RF IX Rz'n-
VX
Thus, === R,(1+G,R:)
I
+
Ve[ O Ryl
A 3:) Flout | The input impedance increases by 1 + G, Rx.

| X
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8.2.3 Voltage-current feedback

 Block diagram: shunt-shunt feedback

K Ry Since I.=g, -V, .and I_= 1 - I we have
Jhé | Feedtorward Voo 7= RoL = Ryl = Guup V- It follows that
i bt out I’Iau! _ RU
le I, 1+g,R,
Feedback Thus, the loop gain is equal to g,,» R, and the
S — *_! transimpedance of the amplifier is reduced by

High A High A
gh Ao Fmr T 1 + g_-R, when feedback is applied.

 Calculation of (a) input and (b) output impedances

‘x + Hln Fo
| —o V,
= e " e
Vx(-E; I [

. s
+ +
ImeVour Ve __ Ry ImrVx Vi R
Iy 1+9.R; I

n 1 1+g,-R
_=[ i, J-: 1 Ymrto
(@) (b)
The input impedance is lowered by 1 + g, - R,. The output impedance is lowered by 1 + g_.- R,

SE0ery 14 orgx ] & =3 2 Ch-8
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8.2.4 Current-current feedback

 Block diagram: shut-series feedback

! Al I ot - Iﬂut _ AI
o] The close-loop gain: =
'h(IE Feedforward bzl I, 1+ pA;
Py Thus, the loop gain is equal to SA; and the
Ie IE* current gain of the ampilifier is reduced by (1
~51 Fesdback - + PA;) when feedback is applied.
Network
!: : Lwlﬂ Also, the input impedance is divided by (1 +
Ny Row " LFA;) and the output impedance is multiplied
O Example oy (1 + fA).
I out
My
I'In?
L Y
: Re

| X
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8.3 Effect of Loading

[ Two-port network models

® 7 model ® Y model
1y, Zyy 14 15
% YZyala Zayly( ; Vi Y YiaVa Y Vi (¥ Y22 va
(b)
Vi= 21111 +Z,1, L =Y,V +Y,V,
Vy =21, + Z,,]I, I, =Y,V +Y,,V,
use for current-voltage feedback use for voltage-current feedback
® H model ® G model
Iy  Hy Iy Gy I
g)H‘IIV! Hﬁ"‘lé ii Vi Gyy Gﬂfg Gﬂvﬂ r’ Va
(d)
V= H].lII +H,,V, Il = Gllvl + Glzfz
I, = Hy I + Hy,V, VQ = Gzlvl + Gzzjz
use for current- current feedback use for voltage- voltage feedback
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L Loading in voltage-voltage feedback

® Block diagram: feedback network represented by G model
2 O If Gy, << A Z,. /Z,,., then the reverse
L .

- . iy . transmission through the feedback circuit is
Vm(é Ve !|z.. Acve() s Vour negligible. (G,, = 0)

- O Compute the close-loop gain by (b):
.‘3 Gﬂ h L UE = [I’rm - Gﬂlvuut} Zin
+ + Zz'n + GEQ
Va ()8 Vou G2l Gy 7 G-l
- - and (V,, - G21chz) R Ay — = = Vo
(@) wt G G +Z,,
’:‘ & AO Zt'n . Gl_:
* _ M
o) Ve []2a ‘o"-(g?" Vaa  We have Vour _ Znt G Cl_ll * Lo
5 - V. z. G,
° o1+ = gy, Gas Ay
Zin+Gy G +Z,,
I2 Gz h] O If the feedback network is ideal, i.e, G;;7}
+ + = =,and Gy, = 0, then
Va (G2t Vou Gy v A,
- out _

V., 1+G
® Neglect Gy, L 21k

| X
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® The loaded open loop gain

W Zy Gy
r JLlII:I Tl .
+ vw] By |} ouf __ an + GEQ Gll + Eout _ AU,S‘PEH
+ + £ y = = =
vh{ v' z., .‘QV. ) out G 1LJ:l-m 1+ Zt'rz ] _ Gll G AO 1 + Gﬁl‘qv,npen
- = = " Ez'n +GEE Gl%-l_zwt -
Z, Gy,
éaﬂ Let GEI Vaur =0 we have Av,opsn = A‘O VA _:nG ' G—l 1]‘-2
< mn 22 11 7 Hout

O The loop gain is equal to G, A, ..

® Conceptual view
O The open-loop input and output impedance

are scaled by 1 + G,;A to yield the

L,0peEn
close-loop values.

grounded open Gop =

| X
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® Example
P Open-loop circuit

Voo Voo
Rpy
X t M X : M
Flhhlt ”1
Rgf Tnm Rg Ao
(a) (b)

Neglecting channel-length modulation and body effect, we have

S —— = Grz|Roo|(Rr + R
Au.open V RF"RS‘F]./ngI gm.?[ DQ”( F'+ S)]}

mn

Compute the close loop gain:
Vv, R

G.. . =—2 — 5 — v, Open
R, +R.’ and A

v closed
1+ GE lAy.open

21 V.

1,=0

| X
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1 Loading in current-voltage feedback

® Block diagram: feedback network represented by Z mode|

lin fout

:{,, * i - Compute the close-loop gain by (b):
Vin L Ve ||Zin GaVe 1a ﬂ]zﬂ
. {er - ‘Zleuu'E } Zm Gm Z':'m = Iﬂu?
Z, +7Z,, Z . +Z,
%) Z. »
Zalon Z; I=5= in . ou Gm
= We have Tout _ Zin+Zoy Zow +Zy,
L'rt'n 1+ Zi'n. . Znur szg1
; ! Zin + Loy ZLog +Z1,
- out
-

VHCE:_ “z,, a,v_@E “ The loaded open-loop gain is equal to

Gm open Zm Zout Gm
I2 2z Zy oF Z +2Z,, ZM +7Z,,
—3

‘='g>
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® The loaded open-loop gain
The loaded open-loop gain is equal to

Z. Z
|1Zin Gmbe | Z4 G open = e G,
Z +Zy Z,.tZy,

revealing voltage division at input and current
division at the output.

® Conceptual view

V.
Zyy = I_l
111,=0
V.
Zyy = I_E
21,=0
21 otg=21 E&3| 2 Ch-8




® Example Open-loop circuit

My
I3=0
V2
Re
Ry Hs1 H53 'r1
(a) ®) (c)
Neglecting channel-length modulation and body effect, we have
G _ - Ry, . — ImaFps
e R.S‘l"(RF + Rs3} +1/ G RS‘SH{RF +Rs)+1/Gms
Compute the close loop gain:
v, R G open
By (c), Z,, =+ = = Rg,. Thus, Gpcosea = =
IL| o Rss+Rs+FR:e 1+ 251G open
22 Ot2 1 H& 32 Ch-8




1 Loading in voltage-current feedback

® Block diagram: feedback network represented by Y model
le

- > o Compute the close-loop gain by (b):
IHG:D [|l'|z"‘ AoteC) ™ Vou Y Y,
[Iz'n - YQIV ) - R = -

o ot —1 L — = Voout
YQE - Z Yll - Zout

m

_ . Vo p_Yi

+ 1 -1

Va r[:] G:D"m Vout ﬂa":ﬁ:l') ¢I"11 We have L;”“ = YHY:Zm }Gl;—lzm

- | . : o1+ = R = Yo,

-1 0 xr-1
YEE‘ - Zin 1‘Vl:l + an

(a)

- =
# : The loaded open-loop gain is equal to
Iin Z, an.(gz:" Vout P P9 3

-1 -1
R _ Y, , Y,
O,0pen ~ -1 -1 ]
YZE T Zin 15“711 + Znut

| X
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® The loaded open-loop gain

The loaded open-loop gain is equal to

lo -1 -1
z R _ Y, _ Yi, R
+ Q.open -1 -1 0
O lll Zin Rols ) ™ []¥11 You Yoo +2;, Y, +Z,
o

revealing current division between Y,,7! and Z

and voltage division between Z_ ,and Y;,7 L.
® Conceptual view

I
Y=t
1lv,=0
Yo, = i;_g
21lv,=0

grounded

| X
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Example

Open-loop circuit

Rs
X
Fe
vm(ig_

Neglecting channel-length modulation and body effect, we have
1%

— _ out
0, open

(c)

R

= _'::Rs ”RF )Qm {RF ||RD ]

."'|" UPE T

where I;= V ./ Rs. The loop gain is equal to Y51 Ry open-

Compute the close loop gain:

I ]_ RD,CI n Vgu V ]' Vﬂu
21 = Fz = ——— . Thus, RD,dnsed = 1~V ;—;E and V. = I GE - R. I T|
1ly,=0 F 21°*0,0pen i N5 8 N lglose




U Loading in current-current feedback

® Block diagram: feedback network represented by H model

e Loust Sompute the close-loop gain by (b):
:}_._-F * -
-1
L : o ‘.,'dP ﬂzm {Ifﬂ o HZIqur) _{_IEZ "qf Zm = Iour
+ Hyp+Zy, " Hy+Zg,
H _
T & HE; ; Z-:ruz
+ -1
i& Hﬂ M)HH,“ Hizvz¢+ We haue Iﬂut — H?E - Zii’t Hll + ZD".JI
= -1
= If?t 1= HEQ A Zout H
H)+zZ, 'H,+2Z, =
(a) 22 T Zin 11 T Lout
Iy ot
- » -3
’mG:*) ¢z ALl (%) ﬁz The loaded open-loop gain is equal to
in 1"e out
s H VA
AI,OPE?‘I = -1 2 ' out A;_—
= Hy+2Z, H,+Z,
1

(b)

| X
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® The loaded open-loop gain
The loaded open-loop gain is equal to

H: Z
H _ 22 out A
(% “ “Z.,AH.H" Aropen Hl+Z H,+Z_ 6

revealing that the feedback network introduces
division at the both input and output of the system.

® Conceptual view

grounded

| X
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® Example Open-loop circuit

I out l out
M, M,
lin
L Y Y
- Rg R
(a) (b)

Neglecting channel-length modulation and body effect, we have
1

A
RS"RF +1/ G5

“*I,open

= ~(Rz + R )g,mRp
Compute the close loop gain:

A apen
Hgl = i = _—RS 1 and Af,cicsed = 1 Hril
I RS + RF T f15143) open

| X
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1 Summary of loading effects

s} - L

I

ﬂ=71-

vilu




