CHAPTER 8

Feedback
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General Consideration

+
X(s)a—ﬁ H(s) j» Y(s)
G(s)

H(s) : Feedforward network (Represents an amplifier)

G(s) : Feedback network (B, feedback factor, freq. independent)

Y() __ H(E)

Y (s)=H(s)[X(s)=G(s)Y (s)], X(s) 1+G(s)H(s)

X(s) — G(s)Y(s) : The input to H(s), also called feedback error
H(s) : open loop transfer function

Y(s)/X(s) : closed loop transfer function
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General Consideration

’V\,a—i@i H(s) :|—> Y(s)
‘V\] G(s)

* In a well designed negative feedback system, the error term is
minimized, making the output G(s) an accurate copy of the input.

* Input of H(s) as “virtual ground”.

* Four elements in the feedback system
— The feedforward amplifier.
— A means of sensing the output.
— The feedback network.
— A means of generating the feedback error.
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Properties of Feedback Circuits

* Gain Degeneration

Terminal Impedance Modification
Bandwidth Modification
* Nonlinearity Reduction
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Properties of Feedback Circuits

Negative Feedback properties :

1. Desensitize the gain :
* make gain less sensitive to variations.

2. Reduce nonlinear distortion :
* make gain independent of signal level.

3. Reduce effect of noise :
* minimize unwanted signal contribution to output.

4. Control the input and output impedance
* use feedback to control impedance.

5. Extend bandwidth of the amplifier.

The basic idea of negative feedback is to trade off gain for other desirable
properties, like increased input impedance, extended bandwidth... etc.
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Terminologies

s G
Source —»@—;—r A ; —»1 Load

Comparison circuit AUSH Signal-flow diagram
(Mixer) A |
1. Open-loop Gain : A X =A% X =%, X=X =X
2. Feedback Factor : p A= X, A
3. Loop Gain : ApB =X 15 AS Ap >>1, Af:E
4. Amount of Feedback : 1+ Ap AR 1
5. Closed-Loop Gain : A =A/(1+Ap) Xy = 1+ AB XK EX %= 1+ AB X, =0

1. A;is almost determined by [ and independent of A, that is, the process variation.
2. f can be implemented by passive component and accurate, predictable, stable.
3. x; : negative feedback reduces the input signal of the basic Amp by (1+Af )
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Gain Desensitization

e Gain desensitization
VoD A(V) — _gmlr ol

(1_) L4 » Poor definition of the gain : both g,,, and r,, vary with
process and temperature.

vout .- .
Vi, [1” 1 » For the CS amplifier with feedback (C; & C,)

il » The overall voltage gain of the circuit at low freq,.
such that C, does not load the output node

vDD V
AW) =2 =G > 1
I 1 X
C
| '2 Vout
C1|_l . (Vout _VX )CZS - (VX _Vin )Cls
Vin = I M 1
X

Vour 1 .G 1/sC,

vV, (1+ 1 jcz+ 1 C, 1/sC
gm1r01 Cl gmerl

» Compared to g,,,r,, this gain can be controlled with much higher accuracy
because it is given by the ratio of two capacitors — gain desensitization.
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Gain Desensitization

+
X A Y
i Y__A zi(l—ijzl if Ag>>1
B X 1+Ap p AB )

* In a feedback system, the closed-loop gain is much less sensitive to
device parameters than the open-loop gain is.

* The closed loop gain varies by a small percentage even if the open
loop gain A varies a lot if the loop gain (BA) >> 1.

* The higher the loop gain (BA), the less sensitive Y/X will be to

variations in A.
— We begin with a high-gain amplifier and apply feedback to obtain a low, but

less sensitive closed-loop gain.
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Loop Gain

e Calculation of loop gain
— Set the main input to zero.
— Break the loop at some point.
— Inject a test signal in the right direction.
— Obtain the value that returns to the break point.
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Input Impedance Modification

« Common gate circuit with feedback (capacitive voltage divider).
vDD VDD vDD

RD %RD
'||_ Vo Vout
vy 4L M, e dLm

. Cqy =

Cq Vin 1
P ¢e—] v

] X
P j 1 Mo
02 A sz Rin 02_—|—_ —_— —

* The input resistance without feedback  Riopen = (1 + Orn)
* Consider the input resistance with feedback, as

C C ¢
V,, = (gml + gmbl)VX Ry, V. =V, c +1C2 =(0,,+9.+0V « Rp C, -|—1C2 v Tz =9ma(ImtImen)V xRo C, +1C2
e = (@ GV 02 (0 Gpn) = RV s Rog =V /1y = —— :
X mL™ Imb1/Y X T YIm2\Y m1 T Imb1 C,+C, D X+ "in,closed XToX Ot + 9ros 1+, ,R, C,
 The Loop gain C, AB 1 e
"PC+C, = Rner 1+AS
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Loop Gain

] |
Vout I O Vout
l vy o[ My Vp 9 [ My
C4 Vin Cq Vin
T RS
e M> Rin G = M2_ Rin
I = L -

* The feedforward amplifier : M; and R, (A= R;)

e Output sensed by C; and C,.

* The feedback network : C;, C, and M, (B= g”‘zc CC )

« The subtraction occurs in the current domain at the input terminal.

* Loopgain=Ap

C V
AL =R 1 ’ out —_A
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Output Impedance Modification

* Common source stage with feedback.
* Common source stage: M, Rc and Ry

returning a current equal to S 9
C1+C2 outImz2

* Feedback network sense the V_,,

* To find the output resistance at relatively low frequencies

VDD

Ix
I c, * y
X
Rg -
Cz
I, =V S Rs | _ Yy I Ve Ro - R
D17 VX 5 Im2 1 ’ x =5 Tlow = R R =
 +C, Ry +———— Rp l 1+ OnzRs (I + G )Ro €, 1+Ap
gml + gmbl (gml + gmbl) RS +1 Cl +C2
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Bandwidth Modification

Y
|7|l
Ag
Ao Nl
1 +BA0N B .
\ ' ==
®g (1+PAg)®g o
* Suppose the feedforward amplifier has a one-pole transfer function A(s) = 1+?‘}
@y

* The transfer function of the closed loop system is

A A
Y 1+s/ w, A 1+ A
x &)= A s S
1+'81+S/a)0 1+'8Ab+a)0 1+a)0(1+,8A0)

* The -3dB bandwidth has increased by a factor 1+ SA,, albeit at the cost of a
proportional reduction in the gain.

e If Aislarge, the closed loop gain remains approximately equal to 1/ g
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Bandwidth Modification Example

* Suppose we need to amplify a 20-MHz square wave by a factor of 100 and
maximum bandwidth but we have only a single-pole amplifier with an open
loop gain of 100 and -3 dB bandwidth of 10 MHz.

(a) With open-loop amplifier, the risetime and falltime is long: 24,

(b) Placing two of the amplifiers with feedback in cascade to achieve the same gain.

The power dissipation is doubled.

f3—dB = 10 MHZ

Vil"lc

AV - 100

f3—dB = 100 MHZ

A, =10

Vino—

\V4

———~16ns

f3—dB = 100 MHZ

A, =10

—
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Types of Amplifiers

* Circuits sensing a voltage must exhibit a high Z, (as a voltmeter),
circuits sensing a current must provide a low Z, ( as a current meter).

* Circuits generating a voltage must exhibit a low Z_ (as a voltage source),
circuits generating a current must provide a high Z_ , (as a current source).

Voltage Amp. Transimpdeance Amp. Transconductance Amp. Current Amp.
I\ lin | out Lin D I out
+ L~ + I> + + D
in Vout Vout Vin
: = o 3 —_— - =
lin | out Lin I out
c \ + 4 + | (;S
—_ — = = —_—

VDD
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Amplifiers with Improved Performance

* The basic circuits may not provide adequate performance in many applications.
* Use modified circuits to alter the output impedance or increase the gain.

vDD

Rp

VDUt

Vin_| M-'
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Sense and Return Mechanisms

* Four type of feedback : voltage-voltage (series-shunt), voltage-current (shunt-
shunt), current-current (shunt-series), and current voltage (series-series).

* The first entry in each case denotes the quantity sensed at the output and the
second the type of signal returned to the input.

» Sensing a voltage by a » Sensing a current by a » Sensing a current by a
voltmeter current meter small resistor
I out I out
+ 2 "
Vout Voltmeter N % RL Rg % RL
- 7 @ 4

Current meter

* To sense a current, a current meter is inserted in series with the signal.

* The addition of the feedback signal and the input signal can be performed in
the voltage domain or current domain.

Chih-Cheng Hsieh
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Return Mechanisms

» Voltage mode addition » Current mode addition
: |
Vin
; (+ lin C+ I
VE

' |

To add two quantities, we place them in series if they are voltages and in
parallel if they are current.

The feedback network in reality introduces loading effects that must be taken
into account.

Analog IC Analysis and Design
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Practical Examples

* Voltage can be sensed by a resistive / capacitive divider in parallel with the port.

e A current can be sensed by placing a resistor in series with the wire and sensing

the voltage across it.
VDD

vout
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Sense and Return Mechanism

e Subtraction of currents can be accomplished as follows.

* Insummary

— For voltage subtraction, the input and feedback signals are applied to two
distinct nodes.

— For current subtraction, they are applied to a single node.
— It help to identify the type of feedback
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Voltage-Voltage (V-V) Feedback

* Voltage-voltage feedback (series - shunt)

— samples the output voltage and returns the feedback signal as a voltage.

Ao

e

Vi v Feedforward
. Amplifier

|
[l

Network

Feedback
|_> V_F g
|

B
Low Rgyt High Rt

 The feedback network is connected in parallel with the output and in series
with the input port.

* Anideal feedback network in this case exhibits infinite input impedance and
zero output impedance.

Vour A R
Ve =V, V.=V, -V, V.=AN, -/,,) v T= 1+ A, F= R +2R
in 1 2
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Effect of V-V Feedbackon R_

o
+ - R t Vv [
Vin Ve Ag Ve ( ; o R, Vout -II——>+ ° Vi "‘ex
o _ 0 Rout + VX

e If the amplifier is loaded by a resistor R,

— Consider a voltage amplifier without feedback (open-loop configuration),
the output would drop in proportional to R_/(R_+R,,)

— Consider a feedback amplifier, if loop gain remains much greater than unity
V. IV, ~1/ B

out

— The circuit stabilizes the output voltage amplitude despite load variations, it
behaves as a voltage source, thus exhibiting a low output impedance.

Vx _ Rout
Ve = BVy Ve ==y Viu = =LAV I _[Vx _(_ﬂpbvx )]/ Rout l, _1+,B'Ab
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Effect of V-V Feedback on R,

V,

AVAVA\' 0
+
+ 1 + Rout
o ° Iné e = R, one¢_ % R, Vout
+ R -
+ out 0
Vin Ve %Rin AgVe( ; Vout
T — O

+
Vel B

* For the open loop Amp, the R,, of the FF Amp sustains the entire V..

* Forthe closed loop Amp, the R, of the FF Amp sustains only a fraction of V..
* Thel(R,)in the FB topology is less than that in the open-loop system.

* Returning a voltage quantity to the input increases the input impedance.

Ve - IXRin VF :ﬂAbIXRin Ve :VX _VF :VX _ﬁAbIXRin

Iy Rin =Vx = AR, \I/—XZRin(l+ﬂAO)

X

Analog IC Analysis and Design - Chih-Cheng Hsieh



Current-Voltage (I-V) Feedback

G
o | out | out
V. v_ | Feedforward 7 %
" el Amplifier - Gm Z,
Tout ¥ Short
F ]
l_,. Vi Feedback T
| - Network Vg Re I
R
Low R, LowR;,

* Sense the output current to perform feedback. (series — series)

* The current is usually sensed by placing a small resistor in series with the
output and using the voltage across the resistor as the feedback information.
* The feedback factor B (R¢) .
IOU'[ _ Gm
out ! Iout - Gm (Vin - RF Iout) V. 1+ Gm RF

n

Ve =Rl ,, V.=V, —R.I

out?
 Anideal FB network in this case exhibits zero input and output impedance .
=GR,

t

¢ The |00p gain = Gm RF, VF = RFIt’ Iout :_GmRFIt’ o

Analog IC Analysis and Design - Chih-Cheng Hsieh



Rin/R

* Qutput resistance of a current-voltage
feedback amplifier

out

V. =R.I,
_RFIXGm = Ix _Vx /Rout

\I/_X = Rout(1+ Gm RF )

X

* Input resistance of a current-voltage feedback
amplifier
RinIXGm = Iout

Ve :VX _GmRF I X Rin

VX = Rin (1+ Gm RF)

IX

of I-V Feedback Amplifier

I'x

+ ==
+
Gm Rout E ) Vx

’X Iout
= ry + =
Ve = Rin Gm
+
+
Ve %RF’outV

Analog IC Analysis and Design
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Voltage-Current (V-I) Feedback

Ro
I e
—
lin Feedforward v
j Amplifier out
|I Feedback
F ~—
Network
- g mF -
High R ;¢ High R

* The output voltage is sensed and a proportional current is returned to the
summing point at the input. (shunt — shunt)

* The feedforward path incorporates a transimpedance amplifier with gain R, .
* The feedback factor has a dimension of conductance.

* The feedback network ideally exhibiting infinite input and output impedance.

Vout _ RO
IF — ngvout Ie — Iin o IF Vout - ROle — RO(Iin _ngVout) | B 1+ ng RO

in

The Loop gain : g,,/R,
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R./R_. of V-l Feedback Amplifier

* R, of a voltage-current feedback amplifier.

* The R, of R, is placed in series because an
ideal transimpedance amplifier exhibits a
zero input impedance.

out

vout

le =1y =V IR, (Vx /R RO = 1

V, R

In

IX } 1+ ROng

e Qutput impedance of a voltage-current

feedback amplifier. R, 0 R B
I'in=0
le =V Qe l.=—I¢ Vi ==R0neVx T le Vim %+
IF ) VX
IX :(VX _VM )/ Rout :(VX +g mFROVX )/ Rout g) *: =
9 mrVx
VX — Rout J_:: :Il_'__
IX 1+ ng R0
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Current-Current (I-1) Feedback

Ao

. ( :5 Feedforward 7
In = L
Amplifier

,",;_ Feedback
i}
Network
B
High R 5+ Low R;,

* The feedforward amplifier is characterized by a current gain A,. (shunt — series)
* The feedback network by a current ratio B.

A

 The closed loop current gain is Ai = 1+ A
R.
* The input resistance is R, = :
1+ A
* The output resistance is
P I:\)of — (1+ Aiﬂ)Rout
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Two-Port Network Models

> For cu rrent-voltage feedback (2) » For voltage-current feedback (Y)
Zypp I by I,
a) Zply Zpql4 (:5 \ Y11‘ | %)Yw\'z Y21V1é ‘ @Yzz Vo
V,=Z,0,+Z,l, I, =YV +Y,V,
V,=Z,0,+Z,l, I, =Y,V +Y5,.V,
> For current-current feedback (H) » For voltage-voltage feedback (G)

l4 Goo I»

4 Hqq P
—
+ ¥
Vi HysXs: Haala Hyz V» v, G Giplz G2 V4 Vs

I1 = Gllvl + GlZIZ
Vz — G21V1 + Gzzlz

V1 = H11I1 + H12V2
|2 — H21|1+ H22V2
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Loading in V-V Feedback

« If A,is large, the signal amplified by A,

. |+ . Zo ° is much greater than the contribution
Vi, v. [1z. AoVe ou Vo

A e [14in a of G,,l,.
Iz Ga /1 V, =V, -G, V...) Zi

h »Dg) #) [5‘ 217 out Z _|_G22
Vs () G21Vour Grz2l2 G11 7. G
— (V GZlvout) > AO -

-1 = Vout
Z +GZZ Gll +Zout

lin Z. Gl_ll

= ’e] A\) In
+ Z -1
Vin N V, ﬁzin A,V gcom Vout Vout — Zin + Gzz Gl_ll + Zout
_ — _ ° Vin 1+ Zin Gll

G
Zin +GZZ G1_11 + Zout ZlAO

+ - -1 _ _
; N IJT]G” If G/=w, G,=0,
71’ V..V, = ATQ1+G,A)

out
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Loading in a V-V Feedback Circuit

If we define the open-loop gain in the

vout
. ; =
presence of loading as Viné:' v, Ijzin avo (3 2 :G”

Z. G}
A\/,open = 1 - Ab
Zin + Gzz Gll + Zout Gao

* The finite input and output impedances of the feedback network reduces the
output voltage and the voltages seen by the input of the main amplifier.

* G, is obtained by leaving the output of the

feedback network open. G, :\% . IA\O
111,=0 ino—% + I/ Vout
* G,,is calculated by shorting the input of the L r
feedback network. Bl o8B
eedback networ G, v, = 1 -
Lo G2y - G11
 Consider the loading effect  Vout _ A open

In

V' 1 + A\/,open621
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Example of V-V Feedback

Voo

i
Ty
fuy |
9
=
|C+ |
| | o~ + |
N
=3
b
(=]
m<
l
4
N
=]
=4
Y
s

Ao
Vout
G, =-2 =—3 -
“ Vl 1,=0 RS + RF GI;: ]:- ‘;1_:
_RDl

open — m R Re +R V I

Acom = T TR, 217 g GrelRoa | R + R S .-t
2 lv,=0 11,=0

'A\/,closed -

A\/,open
1 + GZl'A\/,open
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Loading in |-V Feedback

* Replacing the feedback network by a Z model, and neglect the source Z,l,

I; Iout

- — v, —2Z,0 LG Lo _
+ + in 217 out Z Z m Z Z out

Vin() Ve ||Zin Gmle Zout in T £22 out T 411
Z Z
in out
m
I3 Z Zy4 lout _ Zint+Zy Zowt+Zy

Vin 1+ Zin Zout GZ

+ + m=21
A z21'out z12’2 /) Zin—i_ZZZ Zout+zll

Irout

(a)
Vin I Z, Gnle zout I 214
lin ’out
L —
+ * | Z2
||/in ) Ve zin vae zout
+

z21 Iout

Z Z

in out

Gm open =
' 2. +2Z,, 2, +Z,

* The loaded open loop gain is equal to

out
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Loading in V-| Feedback

* Replacing the feedback network by a Y model, and neglect the source Y,,V,
fe Yoo Yo

> ° 1 Ry
lm(% t'zin Role i Zout Vout Vout — Y :Zin Y1y +_1Zout
° I Y2 R Y11

no 1+
Yoo + 2y Y+ Zoy O

out

M. ’ 7 Ay
Vo | Y2 Y21Vour Y12V2 Yy (Iin _Y21\/out) = Ro = :VOUt
— Y22 + Zin Yll + Zou'[
1
(a) e _
| S—— -
,I. + Zout
. ° lin Y22 Zin RO’e#) Y11 Vout
+ Z -
lin Zi, Role out Vout .
) A,
+

Vout
[ -
- n ImF 9mF
: #%D :
Vo | Y2 Y21 Vout Y11
21 sl

-1 -1
— Y22 Yll
0,0pen ~ /-1 1 0
Y22 + Zin Y11 + Zout

 The loaded open loop gainisequalto R
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Example of V-| Feedabck

\(22—'—2 =1/R., Y, L =1/R, Y21:|—2 =-1/R,
V2 \V, =0 Vl \V,=0 1lv,=0 f ”
in 22
V
R0,open ZILUt :_(RS ” RF)gm(RF ” RD)
N lopen R,
+
R _ Ro,open _ _(Rs ” RF)gm(RF ” RD) A Vout

,closed .

" 1+Y21R0,open 1+ gm(RF ” RD)RS /(Rs + RF) fin t ImF 9mF
Vout Vout 1 _ RO,cIosed . 1 _(RS ” RF)gm(RF ” RD) I-—T :|=' ':I'_ <-|—1

Vo 1y R R, R1+g, (R [[R)R, /(R +R;)
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Loading in I-1 Feedback

* Replacing feedback network by an H model. Neglecting the effect of H;, V,

Io lout -1
o= - (I —H..1 ) H22 AI Zout = |
in 21" out -1 — Tout
lin(%) |.7I]Zin AI'e(% ﬁzout H22 +Zin H11+Zout
-1
H22 AI Zout
-1
Hy4 Iout — H22 + Zin Hll + Zout

_ -1
+ + Iin 1+ H22 A| ZOUt H
Vo |Ha2 Ha1lout H12V2( ) H2_21+Z- H11+Z “

out

(a)
lo lout Zin Ie<+> * out ¢ Hy4
Iin(#; || .

OU‘
‘@
’in -
Hq4 ? t B B
e — ; — =
V2 H22¢ %)Hﬂ’out HE_ZT __[ _H-”

* Theloaded open loop gainisequalto A =
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Summary of Loading Effects

 The analysis is carried out in three steps

— Open the loop with proper loading and calculate the open-loop gain A,,,
and the open-loop input and output impedances.

— Determine the feedback ratio B and hence the loop gain BA,,.

— Calculate the closed-loop gain and input and output impedances by scaling
the open loop values by a factor of 1+ BA,,

AO Gm
Vin;T |[> jv"“t v, + s l[> :l.out
Vo
P g E e > | =0
Ro
+ i l|>
Iin
ég B, B
: —_l_ ; 14 lv,=0
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Effect of Feedback on Noise

* Feedback does not improve the noise performance of circuits.

 Assume the open-loop voltage amplifier Al is characterized by only an input-
referred noise voltage and the feedback network is noiseless.

Vout

A
1+ BA

(Vin o ﬁvout +Vn )Ai :Vout Vout = (Vin +Vn)

* |n practice, the feedback network itself may contain resistors or transistors,
degrading the overall noise performance.
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Effect of Feedback on Noise

VDD V
V. -V.)A -V |.g =—x
[( in X)Ai x] On RS
Rp _
" Vx — . gmAivm ’ V0 — _%VX
v, N out RS+ g, (1+A) s
Aq M Y
X V_o = ngDAi ) n,in,closed i |: = (1+A1) i|
Vin closed 1+ ngS (1+ Ai) AiR
Rs V| | G.RA Mo, Fﬂ
L o o 1+ ngS n,in,open AlR
* As
R
Ai — 0, |Vn,in,closed — n,RD|R—S Whereas n,in,open — O

D
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