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12.1 General Considerations
12.2 Properties of Native Feedback
12.3 Types of Amplifiers

12.4 Sense and Return Techniques
12.5 Polarity of Feedback

12.6 Feedback Topologies

12.7 Effect of Finite I/O Impedances

12.8 Stability in Feedback Systems
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» A negative feedback system consists of four components:
» 1) feedforward system

» 2) sense mechanism

» 3) feedback network

» 4) comparison mechanism
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» A,lis the feedforward network,
R, and R, provide the sensing and feedback capabilities,
and comparison is provided by differential input of A,.
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B \ Sense X
Comparison Xg Mechanism

Mechanism

|_> Feedback <_‘ \ 1+ AlK/

Output Port of Network Input Port of
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KA
X, =KY X, = X

A C1+KA (X & X GE=x-x,)
1+ KA

» As A,K increases, the error between the input and feedback

signal decreases. Or the feedback signal approaches a
good replica of the input.
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» When the input is grounded, and the loop is broken at an
arbitrary location, the loop gain is measured to be KA,.

CH 12 Feedback 8



C

~ A

CH 12 Feedback 9



+

» Signal naturally flows from the input to the output of a
feedforward/feedback system. If we apply the input the
other way around, the “output” signal we get is not a result
of the loop gain, but due to poor isolation.
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_ . Feedforward
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System
+
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1+ AiK Comparison ¥ X: Mechanism
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Feedback

Ex~0 Output Port of Network Input Port of

Feedback Network Feedback Network

LXK R XL — v 1
X, =KY -2x] ml>>]::> ¥ Sk

X X ::::;jjjjjé;i """ g "Ry On= uCOX = (Ves ~Vi)

> A large loop gain is needed to create a precise galn one that does
not depend on A,, which can vary by +20%b.

» Fabrication process and temperature give some effect on the gain.
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» When two resistors are composed of the same unit resistor,
their ratio is very accurate. Since when they vary, they will
vary together and maintain a constant ratio.
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» Determine the actual gain if A;=1000. Determine the
percentage change in the gain if A, drops to 500.

X Y E\Iominal gain % = éﬂ

R4

x. 3
e XTTAR

Y /Y )
[Y =3.984 (A =1oooﬂ ~ 3.968 (A =500)

—0.4% drop
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» 1) Bandwidth enhancement

» 2) Modification of I/0 Impedances

» 3) Linearization
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Closed Loop
Open Loop

Feedback

\ Ne g ative / g - \AO .............

> Although negative feedback lowers the gain by (1+KA,), it
also extends the bandwidth by the same amount.
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» As the loop gain increases, we can see the decrease of the
overall gain and the extension of the bandwidth.
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» We can see the unity-gain bandwidth remains independent
of K, if KA, >>1 and K?<<1
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Assuming R, +R, >>R;,,
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My V% =R=—- g (R, /3)

Vin°_ ? 1+ Ij_z gm(RD /3)
W/O Feedback With Feedback
Large Difference Small Difference
-------- a2 R R )
[ngD§—> g.R,/3 Im o > In"p
.......... // 1 + R2 g R 3 + R2 g R
m' D m' D
drops by factor of three \_ R1 ™ R2 Rl + R2 -
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Voltage source

A, Ro
DA/O o)
+ + +
Vin é_ |-> <-l Vout lin (+ |-> Vout
= Rin oo Rout =0 J__ 1 J__
Voltage meter (2) Current meter (b)
G A
\ & ’out DI /
IS Y
Rin =00 Royt =00 '

Current source
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Vijo—— ° Vout ° Vout
infinite + zero T
input _éA 0 Vin output . _O' _é Rolin
impedance = impedance in — ¥ = = R, =0
(a) Voltage (b) Transresistance amplifier
amplifier
Vijo——
R —=oo é vain
In
= ROut = 0
(c) Transconductance amplifier (d) Current amplifier
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CH 12 Feedback

M,
|'/out
Rout = g1_2
= m
Iout Rout = rO
M,

lout Rout= ro
M, J— Y%
|'/in
=_1
gm1
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V.t |-> Voltmeter

» In order to sense a voltage across two terminals, a
voltmeter with ideally infinite impedance is used.

CH 12 Feedback 27



Feedforward
System
Feedback T Ve
Network “'I R,
o)

R, +R, ~ o]

» Similarly, for a feedback network to correctly sense the
output voltage, its input impedance needs to be large.

» R;and R, also provide a means to return the voltage.
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Current Meter

Voltmeter

» A current is measured by inserting a current meter with
ideally zero impedance in series with the conduction path.

» The current meter is composed of a small resistance r in
parallel with a voltmeter.
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Feedforward
System
Feedback Ve
Network I: Bl Rs
I
0

Ry ~0]

» Similarly for a feedback network to correctly sense the
current, its input impedance has to be small.

» Rghas to be small so that its voltage drop will not change
I

out"
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Feedforward
System
Feedback
Network

» In order to add or substrate two voltage sources, we place
them in series. So the feedback network is placed in series
with the input source.
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Vino— :-II_OVF

M 4 I_OVF

in

() (d)

» Although not directly in series, V;, and Vi are being
subtracted since the resultant currents, differential and
single-ended, are proportional to the difference of V, and V..
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I . Feedforward
System

Vi, Q)i '
()’1 C)’z Feedback
1 Network

(a)

» In order to add two current sources, we place them in
parallel. So the feedback network is placed in parallel with
the input signal.
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» Since M, and R; are in parallel with the input current source,
their respective currents are being subtracted. Note, R has
to be large enough to approximate a current source.
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Voo Voltage Sense
Voltage Return Ma&_ujl My 4
v

out
®
Vino—] F—ove |D1 0 |D2 J R,
Vin°—||: My M, :.I Vv, T
- Rz
(c) ’53 =
= I, N

» R;and R, sense and serve as the feedback network.

» M, and M, are part of the op-amp and also act as a voltage
subtractor.
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>
» 12.5 Polarity of Feedback

> 12.5 Feedback Topologies
— Voltage-Voltage Feedback
— Voltage-Current Feedback
— Current-Voltage Feedback
— Current-Current Feedback
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Voltmeter Amperemeter

» To sense a voltage, the input impedance of an ideal
feedback network must be infinite.

» To sense a current, the input impedance of an ideal
feedback network must be zero.
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Voltage source Current source

» To return a voltage, the output impedance of an ideal
feedback network must be zero.

» To return a current, the output impedance of an ideal
feedback network must be infinite.
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» 1) Assume the input goes either up or down.

» 2) Follow the signal through the loop.

Negative feedback Positive feedback

CH 12 Feedback
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TV, T =1, T,Imi}

Negative Feedback

[va = 1, T, v ™V

out
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TV, T =1, 3V, T}

Negative Feedback

[va = 1, TV, =v

out
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Positive Feedback
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Feedforward

IinRin :Vin _VF Y; I K \
F

:Vin _(IinRin)AOK
Vin =R, (1+A,K)

in

» The impedance modification brings the circuit closer to an
ideal voltage amplifier
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Assuming R, + R, >> R,

R ngDj
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Vx _(_K'Abvx) VX R

IX —
o .,  (1+KA,)

> A better voltage source
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..VX — Rout RZ
1, (1+KA) I'ss

/Assuming R, + R, >> (g |l Fop ), \

R fon Il Top
out,close
1+ R,/ (R, +R,) g - (ron Il Top)

[ R1] 1
~| 1+
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Vout _ RO
| 11KRg
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. R V
l'in (*) i?Ut = Ro — RDl(_ngRDZ)

e in
-

[ N
Assuming R. is very large, open loop gain (V,,/I.,):

Ro = RDl(_ng ' RDZ)
N J
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. RF
fin(D \1/gm 4 Assuming R_ Is very Iarge,\

H | . Vout ~ VOUt
" RF +1/ gml I:QF
IF — KVout \ K = —1/ RF /
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@ I Mz
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\ KR
= 0
Vo ~ R. Vout gm2 p1™p2 /
-fin closed in e 1+ gmz RD]'RDZ //
IT9,,RpRp, >> R _
%
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Current sensor or ammeter

> A better current sensor.
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= —-KV
Input current Q v . Rout fv = Vx + KV R,
source A — R,
+
Y/F I Vx
= KV, -
=
‘_‘ Large
Input impedance
V X _ R out
l, 1+R,K

> A better voltage source.
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= RDl(—gmzRDz) m IRE[ i R. is very large

- -
. RE
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/ Rt closed) = it :
out,close 1+ gmzRRDlRDZ
\ i /
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— Current-Voltage Feedback
— Current-Current Feedback

» 12.6 Effect of Finite I/O Impedances
— Inclusion of I/O Effects

» 12.7 Stability in Feedback Systems



=G, I. R

m - in" 'in

VF = KIout
— KGmlin Rin |I/F

IinRin :Vin _VF [ V.

=V, —KG_I R

m -m"In

» A better voltage sensor.
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V. =KI,
K = Ve

1
ﬁV::RM(L+KGmﬂ

5

> A better current source.
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=0, (Vin0mRp ) for open loop circuit
Gm = gmlRD "Om2

ﬁout _ gmlgmzRD \

V closed ~

in 1+gm1gm2RDRM

Vin g mlRD

1
Rin |c|osed — g—(1+ gmlg mZRD RM )

ml

1
@ut |c|osed - (1+ gmlg m?2 RD RM/)

— RM — gmz
|, = small
V.
Lo = O =R, (1+KG_ ) Ve R,,.,1+KG,)
V. 1+KG, . |
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Output current sensing

» If we want to measure the output impedance of a |-V closed-
loop feedback topology directly, we have to place V, in
series with K and R, . Otherwise, the feedback will be
disturbed.
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> A better current sensor.

CH 12 Feedback 68



E/X =R (1+ KA )}
HighrR ||

> A better current source.
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Negative Feedback
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Iout _ _ngVX _ _ngRDIin _

CH 12 Feedback

71



/A| | _ —0m2Rp \

ol 1y Jm2Rpo (Ry /Re)
| 1 1
i feloses gml 1+g mZRD(RM /RF)

\Rout |c|osed — r02[1+ ngRD(RM /RF)]/
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Voltage-Voltage Voltage-Current
V . Vou R V Rin
out: AO \i:R (1+AOK) t O X =
V., 1+KA, . " l, 1+KR,| I, 1+R,K
VX — Rout \/—X = ROUt
I, (1+KA,) x L1+ RyK
Current-Voltage Current-Current
Iout — Gm Vv — Rin (1+ KGm) Iout — AI Vx — Rin
V. 1+KG, | |, ., 1+ KA, |, 1+ KA
Vix _ R, 1+ KG \I/




Return \ Sense
Dupllcate Duplicate

» The correct way of breaking a loop is such that the loop
does not know it has been broken. Therefore, we need to
present the feedback network to both the input and the
output of the feedforward amplifier.
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° Vout

Return =
Duplicate

Duplicate

(a) (b)
Z,,~ high . -V Z,,~ high
gy 3
I _ e
out A Zin= hlgh [ out
<‘0pen Open
(d)
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Voltage-Voltage Feedback
+
ot @[

Open

o Vout

» Since ideally, the input of the feedback network sees zero
impedance (Z,,, of an ideal voltage source), the return
replicate needs to be grounded. Similarly, the output of the
feedback network sees an infinite impedance (Z;, of an ideal
voltage sensor), the sense replicate needs to be open.

» Similar ideas apply to the other types.
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Voltage-Voltage Feedback

+
z OV
n 0
- V.
K=—
Vi

» Since the feedback senses voltage, the input of the
feedback is a voltage source. Moreover, since the return
quantity is also voltage, the output of the feedback is left

open (a short means the output is always zero).
» Similar ideas apply to the other types.
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Return / \ Sense

Duplicate Duplicate

\
V,open — gml [RD ” (Rl + RZ )]
in,open — 1/ gml

out ,open — RD ” (Rl + RZ) j
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'K =R, /(R, +R,)
A = A, ... [(1+KA

v,closed V,open

- R (1+KA

in,closed in,open

V,open )

V,open )

@out closed — Rout ,closed /(1 + KAv,open)/
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Vop Voo

o Vout Vout
R R, < R,
Vino_II:I M1 M2 ir‘, Vino_l M1 MZ }?hart Opé
2 2 2
é Iss é I'ss = =

/A\,,open = G [Fon [l Top I (R +R,)]
o)

In,open = 8

\?out,open — rON H rOP H (Rl + RZ) /
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CH 12 Feedback

7K =R, /(R, +R,) O

Av,closed — Av,open /(1+ KAv,open)
Rin,closed

=

\Rout,closed = Rout,open /(1+ KAv,open)/
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/vout — RFRDl
open
Iin RF _|_1
gml
1
Rin,open — 9m1 ” RF

@)ut,open — RD2 ” RF

'[_ ng(RDZ ” RE

/
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V
Vou Vou Vou '
I_t |c|osed = I.t |open /(1+ K . : open)
Vou
I:\)in,closed — |n ,open /(1+ K | : open)
Vv

— out
Rout,closed - out ,open / (1+ K open )
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Device

vino_ll.:l M, MJJj:

=—0Umns3 (ro3 ” r-05)

. r01 ( gmlvx )
r,+R_+R,
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4 N

K=R, =V, /1,
(Iout/Vin I:Iosed ):(Iout/Vin Lpen)/ [1+K(Ioutlvin)l)pen]

Rin,closed = @9
Rout closed = Rout,open [1 + K( Iout /Vin )Lpen ]

\ /
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Vv

ﬁz gmlRD

vV, R, +R,

V, R +R,+1/49,,
out RL + RM
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In

open

gmlRD \

R, +Ry +1/49,.,

Rin,open =1/gm1
\Rout,open — (1/gm2)+ RM /




K =R, O

(Iout /Vin |c|osed ) = (Iout /Vin |open )/[1+ K(Iout /Vin) |open]
R =R, . [I+K(,, V)]

in,closed in,open

\Rout,closed — Rout ,open [1+ K (Iout /Vin) |open ] J
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R

in,open

1
= —[[(Rg +Ry)

m1l

Eout,open — r.02 + RF ” RM
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K =-R, /(R iR, N b

A
R.

/(1+ KAI open)
/(1+ KA

| ,closed I ,open

in,closed |n ,open I open)
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Vo R R, 2
| en = ~9m (R IR
1
Rin,open — ”RF
gml

\Rout,open = RF ” RM

)
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(Vout / Iin) |c|osed — (Vout / Iin) |open /[1+ K(Vout / Iin) |open]
Rin,closed — Rin,open /[1+ K(Vout / Iin) |open]
@out,closed — Rout,open /[1+ K (Vout / Iin) |open] /
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Current-Voltage Current-Current

G Vi I out AI VX R

T1+KA | 1, 1+ KA

Iin
\./—X = Rout (1+ KAI )

Open
Return = Sense
Duplicate , . Duplicate

» Since ideally, the input of the feedback network sees zero
impedance (Z,,, of an ideal voltage source), the return
replicate needs to be grounded. Similarly, the output of the
feedback network sees an infinite impedance (Z;, of an ideal
voltage sensor), the sense replicate needs to be open.

> Similar ideas apply to the other types.




20log|H|A 1+ j = J2ei%’ ~\/}b

A | A(s) =
(1+ J) 10(0Iol
0 (1:)p1 QP 0.)p2 O (log scale)
Mo~ e | G
_450 ; 0 (log scale)
14 j=v2e1" e

o1+ j10=10e’ /H Y A(ja) ) ~0.1Ae %

» As it can be seen, the phase of H(jw) starts to drop at 1/10
of the pole, hits -45° at the pole, and approaches -90° at 10
times the pole.
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Wp1 Opa 03p3\ o (log scale)

o
v e
o (log scale)

Three-Pole
System

» For a three-pole system, a finite frequency produces a
phase of -180°, which means an input signal that operates
at this frequency will have its output inverted.
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/Y ¥ N
@)=
g +KH(s),

> Substitute jw for s. If for a certain w,, KH(jw,) reaches

-1, the closed loop gain becomes infinite. This implies for a

very small input signal at w,, the output can be very large.
Thus the system becomes unstable.

CH 12 Feedback
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|KH(jo) =1

ZKH(jo,) =-180
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P -
g (’32\ ® (log scale)

OF

-
o (log scale)

» This system oscillates, since there’s a finite frequency at
which the phase is -180° and the gain is greater than unity.
In fact, this system exceeds the minimum oscillation
requirement.
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20|og|KH|‘ Insufficient
phase shift

M"'V Inadequate loop gain

» Although for both systems above, the frequencies at which
|[KH|=1 and £ZKH=-180° are different, the system on the left
is still unstable because at Z/KH=-180°, |KH|>1. Whereas
the system on the right is stable because at ZKH=-180°,

KH|<1.

CH 12 Feedback
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The loop gain falls to
unity before the phase
shift reaches -180° so
that Barkhausen’s
criteria do not hold at the
[(()GX < (()PXJ same frequency

> Wpy, (“phase crossover”), is the frequency at which
ZKH=-180°.

> Wgy (“gain crossover”), is the frequency at which |KH|=1.
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Vout

Vino—[, M, %C1 —L M, %C1 —[ v, %C1

/AO :_(ngD)3 \

Three poles at w,=(R,C,)™

H (S) — _ (ngD)3

3
(o?og scale) (1+ s/ @, )

&

)
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20Iog|H|‘

WpPX

\

—
o (log scale)

o
M (log scale)

~

|H, <1
N

For the unity-gain feedback system (K=1) to remain stable,

~

CH 12 Feedback
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/ H(5) - 9aRo) \
(1+S/a)p)

Hence, /H (jo) = -3-tan*(-2)
a

P

Since ZH (jw,, ) =-180°

H(s)=r+ jw

\H(s)\:\/r2+a)2

6 =tan™ (gj
"

H(s)=|H(s)|e"

fossover occurs

2
\/1_"[ o j The phase ci
L 7 if tan”! (ol o,
ngD < 2

CH 12 Feedback
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Rp

Rp

ovout
vino_l M1 %01 _I M2 %61 _I M3 %01
= = H = = T [ . N
What if K =0.5?
20log|KH [A 6 4B - 20109(0.5)
(9 Ro / _ 0.5|H, <1
m - \_ -
0 5(ngD)3 l I 3
g |-+ eeeemed- P _ 0-5(9,Ro) — <1
P :
0 1 o)?og scale) 1+ Dpx
RpCyi W,
:(0PX
0 : o ) 3
: o (log scale) 3 2




= Rp

m ILC1

» A common-source stage in a unity-gain feedback loop does
not oscillate. Since the circuit contains only one pole, the

phase shift cannot reach 180° at any frequency. The circuit
is thus stable.
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20log|KH |

ey

- 0
)

A

-180°

[ KHY

P @b/ T @ty
< <

Marginally Stable Stable
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The difference between ZH(wgy) and -180°

_/

» Phase Margin = ZH(wgy)+180

» The larger the phase margin,
the more stable the negative feedback becomes
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20Iog|KH|‘ If |[KH| is forced to drop to unity

at a lower frequency, then the phase
margin increases

> Phase margin can be improved by moving wgy closer to
origin while maintaining wpy, unchanged.
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20Iog|KH|‘
Voo
Vb3 '—||1J M4 —_T_—“:JM 5
i, | T
b2 0 o ' : ' i
B : = X Vout Wp B WpB (Op,out(Dp,A\ o (log scale)
V M 0
1 ._IA 2 vb4 ._II‘_:LM 6 90 |---- N 0 ?og scale)
Vino—llo M = ST O
" 1 B £ | R \..
- KH
g 1
o~ 9m2 N
p.A ~

a)p,out ~ (

~ 0
CA o [(gmzrozrol) ” (gm3r03ro4)]CA r05 ” rOG)COUt

» C is added to lower the dominant pole so that wgy

comp
occurs at a lower frequency than before, which means

phase margin increases.
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an example

» 1) We identify a PM, then -180°+PM gives us the new wgy, or wpy,.

» 2) On the magnitude plot at w.,,, we extrapolate up with a slope
of -20dB/dec until we hit the low frequency gain then we look
“down” and the frequency we see is our new dominant pole, w;’.
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—* M Vbs |5 M, T IE s
C
Cc > T e
V M
11— Vout b2 ._II: 3 = X $—° Vout
X o
V. Ver g M,
ba —[5 M A:I ba > Mg
H vin°_| =

[Ceq =[1+ 9,5 (s |l rO6)]Cc}

» To save chip area, Miller multiplication of a smaller capacitance
creates an equivalent effect.

» Miller compensation shifts not only the dominant pole but also
the output pole.
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» Concrete understanding phase response using Bode plot.
> “Barkhausen’s Criteria” for Oscillation.

| KH (Jo,) |=1 Y
ZKH (jo,) = -180 | |x &) =

» Condition for stability

[C‘)Gx = wa}

..

»Phase Margin = ZH(wgy)+180

»Frequency Compensation

Procedure:




