Feedback

* Most important techniques in analog circuits
— Principle
— Circuit analysis with feedback
— Features and pitfalls
» History
— R. Goddard patent of 1912
» Theoretical without any practical implication
— Armstrong Regenerative amplifier paper (1915)
+ exploring positive feedback
— Harold Black negative feedback
* August 2, 1927

Feedback principle
* Formal definition

X (s)o—- H(s) Y(s) Y (s) = H(s)[X(s) +G(s)Y (s)]
i T Ys)  H()

a(s) X(s) 1-G(s)H(s)

-- Closed-loop transfer function

H (S) -- Open-loop transfer function

* Negative feedback

X(s) + H(s) ¥(s) Y(S) = H(S)[X(S)_G(S)Y(S)]
{ j Y9 HE)

Gls) X(s) 1+G(s)H(s)

. Feed forward amplifier e ¥is)
. Output sensing % =
. Feedback network %

- Minimizing error by correct feedback
. Finding feedback error
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Feedback in amplifiers

» Negative feedback
— L -Loop Gain X=U-V

v=Apx=LxwithL=Ap n/

-
| y
4 >
| I
| I
I I
1+L ! I
I A I
L o e o o o e e e e e a
+ Closed loop gain ) 1L
substituting A=— = A: =— .
A Yo A A B Y pB 1+L
YU 1+4Ap 14L .

Assuming L>>1 A:L =

Gain desensitization

* Assuming poor components
— Both transistor transconductance and resistors are imprecise
— CS stage gain of g.R, both +20%

A = Y A
X 1+ A8
— May improve gain Y 1
« assuming Af>>1 =—~x—
s A=y
» Imprecision in A does not affect overall gain — reduced mismatch error
— Example:
AR/(R +R))>1
YlaR
X K R
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Rz Resistive dividers may be implemented quite accurate




Example: Active CS stage

VDD

* Gain desensitization
— CS example

A\/ = Om1lost Vino—] M,
— Gain poorly defined T

* Temperature, mismatch

— CS with feedback Vour 1

VIN [1+ 1 jc2+l
Vour Omifass ) Cr Ol

=-0.I
out VX gml dsl C
1
(disregard C, output load) &= (1/ gmlrdsl ~ 0)
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. _ _ _ Gain determined by capacitive ratio
KCL: (VOUT VX )CZS - (VX Vin)clS - high precision devices 5

Gain desensitization

* Negative feedback major advantage
T

B
A=Y A L AL s

X 1+A8 B 1+A8 S
— Feedback factor  and BA is loop gain

» Major reduction of gain errors
+ Trading gain for precision




Feedback and bandwidth

* Open loop
— high gain and low frequency roll-off
A Ale) » (1/7B) Al) « (1/B)

>AcL = (1/P) > AcL = Alo)

< »
»

T‘S\
(/B - — A -

Acul® \
] .

A

]
Alom) = 1/B

* Closed lOOp > L) = |
— Reduced gain and increased bandwidth

—>A(s)=%

Amplifier linearity

* Feedback equation is linear
— Limited by transistor linearity
+ Feedback improve linearity

— Input signal to amp reduce by A

feedback factor u
X

1

L
— Feed amp stage within smaller signals
* Summary

— Negative feedback has accurate gain, high bandwidth
and high linearity

— The loop gain L=Ap must be large
— The feedback loop is stable




Gain of feedback circuits
* Open loop gain A

— Hard to estimate/simulate/measure
— Affected by load and feedback

* Feedback factor 3
— Simply ﬁ:_é

* Loop gain L
— Controlled signal

« |f stable
— Unstable circuits amplifier — oscillator

— Simulations and measurements are feasible

» Determining gain as

A= % Writing: ACL(S) =

1

__L(s)
1+ L(s)

= |+

Determine L(s)

1. Set all independent sources to zero
. Voltage source — short circuit
. Current sources — open circuit

2. Break the loop
. Determine impedance Z, at break point
. Terminate with Z; at breakpoint

3. Insert some signal (voltage, v, or current, i;)

»  Determine signal over the added impedance Z, (v, or current, i)

* Loop gain given by: L=% or L='i—r

ot

)

] ° ,ﬁ‘ ¥)$<
[":‘9 % ﬁz‘ﬁﬂ j WAL
B X RIGCEE
* Valid only for small signal analysis
—  Simulations: ,___§¢ T o
= é“‘ z
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Finding feedback

— Split the loop

— Follow the signal
to break point

+ CS example
— Cs with ideal source r,, -

v
A = VL”‘ = _gml(rdSlHrdsz) ~ = Omiest

Vt Cl + C2 (_gmlrdsl) =VF = -||—|C
Ve 3 C,

r
V. C.+C, Omalust

Output loading is ignored!

|dentifying feedback elements

» Negative feedback circuits

Output sensing

Feedback network

feedback error . .
Currents are added, but inverting amp Feed forward amplifier (negative)
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Dynamics of feedback amps
« Stability

— Sometimes hard to discover

a) and b) — same transfer function
a) is popular and well known op-amp architecture
b) just switched inputs, but is unstable

Due to phase shifts, instability may occur at higher frequencies
» Feedback make stable circuits unstable....

V)(]
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Stability analysis techniques

» Barkhausen criterion +

X (3
s =iy
2. /AB =270 ne(12,...) B
— Must be satisfied for oscillation
+ Avoiding this condition

— analyzing poles of closed-loop system
* Must be in left half-plane

AL(s) =)
1+ BA(S)
* Quite some work to figure out due to inaccurate A(s)
* Amps have characteristic behavior
— Poles giving roll-off at HF
— Also give negative phase shift - -—




Typical feedback amp

* Bode plot Polar plot
Liey) [dB]
_ A
Unit gain frequency
Lier). v = 0
Avoid -1
for stability 1 Li0)
0 dB -1 // N\ /
1 | { >
r LW A >
0
PM ~L7
Lier). o =0
Lien)|
180
Inverting amps already -180!!! Stable if ZL(a)t) > —180 at unit-gain frequency

-180 degrees due to inverting amp = -360

Phase margins

* Measure of stability PM =/L(¢,)+180
— Must account for variations and need margins

* Positive feedback:

1
7
/

¥ L@y <0 I,

I A,
PM -~ Sl
f |

Must be outside ‘

— Never positive feedback in amps!
« Fine in oscillators
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First and second order response

* Which poles to consider?
— Those closest to signal band

Lio) 4

— Wy and maybe wy, o,
— What happens beyond
w, really do not matter -
- >
b ~ « &~ First-order model
&
PN
Complete amplifier Second-order model
response

ZL{er)

4 .
> o
90 ¥ ______ First-order model
Second-order model
180
Complete gmplifier
rgsponse
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First order system

* Transfer function

— L,—DC gain
— w,, — dominant pole
p1 7 EOMINAMEROE | () =1
L(w)| [dB]
-
Lie), o< 0 a)—SdB = a)t
0dB o N !
y Lio) “Il

1800 ] |

(b)

— Never more than -90° phase shift

— Unconditionally stable
18




1. order system

* Midband frequencies - roll off & >>w,

— Loop gain:
pg 4 L(w)| [dB]

L(s):% Lo

— Closed loop amp transfer

~£, 1 f— 1 0 dB
MO e Ny A oS

ZL(o
« Giving ultimately ) A L) .
1 1 :
w =~ T = =
~3dB t |
Wgq5 O

— Increased bandwidth PM > 90°
W 348 = wp1(1+ﬂ'°b)

180° | |
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Step input
« Settling time

» Time to a given goal (percentage) of steady state
t
Vout (t) :Vstep [1_ € rj

— Assuming unlimited power we may find
t

* 1% of input ste - ivin =4,
0 P P= o _gop 9VIng t=4.6r
t
*+ 01% — € 7=0.001 giving t=7r
— For slur-rate limited amps (always)
+ Finite charging current of parasitics
— Distortion

— Longer settling time

20
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Second order systems

+ First order may not give sufficient performance
— Insufficient gain
— Multiple transistors required, but will give more poles...
— Often second order (two pole) systems analysis sufficient

L(s)= S

[1+ 5] [1+ S] > Oy
W Weq

. 0 _ jo
— For frequencies «>>w, we have 1412 . 19

@ Op Oy

L(s)z——
s[1+s]
om
— LF gain

L(s)~BA(s)= A~ L/B

Wy = Aja)pl — unit-gain approximation of A(s) (not L(s)) assuming a dominant pole

giving:

21

Second order amp
_ Po.
s(1+%e j o, = Ao,
* Unit gain frequency « found:
L(j“’t)=ﬂA(ja’1)=¢:ﬁ&= @ 1+[“’t]

s(1+ j% ] Boq O @
eq

eq
— For @& >> &, we may determine amp unit-gain freq e,

2
@ = (2} 1+ (2} o The amp overall unit-gain frequency is
ta B o = B 1/B fraction of the loop unit-gain frequency

— Phase response .
AL (w)=-90" —tan—

Dq

* May write L(s)=pA(s)=

— Phase margin at ¢, : R edback tagor b
PM = /L (cq) (180’ :9O°—tan’1wﬁ = q=tan(90 -PM)
eq

Designing amp for sufficient phase margin (PM) 22
For proper w/w, is called COMPENSATION
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Second order, closed loop

Combining L(S)zm and A:L(S):;'lﬁ_s()s)

— Closed loop response:

1
L(S): Ao -
1+ S(217/(‘);11 +1/weq) i s ACLO p
L, (L)
— Closed loop response is also second order
* Rewriting to: 2
His)=— =L
s s
+7

w0+sQ°+s 1+
« We find: oQ a)o

= /(1+ =
@ \/( LO Dp1* Deg \/wf’lw Approximation assuming:

1+ Lo Lﬂwpl Ba, a)pl << C()eq
1/a;pl +1/ \l o, \/ o, L>>1

23

Q < phase margin

1. Specify PM and determine: wﬁ=tan(90°—Pm)

2
2. Substitute into: pe - 1+[“"]
Wy g Weq
3. Determine Q: Q- [P
eq
PM Wl Weq Q factor %
(Phase margin) overshoot
55° 0.700 0.925 13.3%
60° 0.580 0.817 8.7% Often better than:
1
65° 0.470 0.717 4.7% Q= \/;
70° 0.360 0.622 1.4%
75° 0.270 0.527 0.008%
80° 0.175 0.421
85° 0.087 0.284

24
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Impedance modifications

* Input impedance

Ve :Vx _VF :Vx _ﬂAolxRin = IXRin

Ve Ry = Ry @+ )

IX

» Output impedance

VeV V0= V)A, e Vel vy I
x = = o s
Rout Rout = Aot *
A ; IV
VX _R _ Rout
Ix — Tout,CL _1+ﬂA0 Ve B H

25

Impedance modifications

+ Determine input impedance
— Broken feedback — Ry, open =

Common-gate as example

gml + gmbl

C

— Closed loop VOUT =Gt gmbl)VX RD and Vp =———Vo, =
. C1+C2
— Determine I, c
c = VR, —1—
Iy = 9o (9o + Gron)Vx + Gino (9t + Ginn) C +1C ViRp (O + Grun )V Ro C,+C,
1T 2

Gate voltage of M,

=(Gpy + Gor)| 1+

R

in,closed

(gml + gmbl) 1+ gmzRD

* Input resistance
reduced

« Four elements?

Output resistance also reduced




Bandwidth modifications

A
o)

— Frequency response A=

Gain with feedback
Ab

i — A — '% Trading in reduced gain
X (1+AB) 1, AB +%)+A0ﬂ
0
1+ 3 ,
a)o * Numerator — closed loop gain at LF
capoleat (1+Ap)w,
A\) * The -3dB frequency increased by 1+ A/

1X
1+ %
= ’BA’ X(s) _ [g ¥is) ” ‘:
1+[Ag B

Increased bandwidth

W
27

m:o {1+ [L;!n Jurg

Gain*Bandwidth product

» Reduced gain — increased bandwidth

— No magic |¥

X
— Moving corner frequency o O
— Example: T

fyap =100 MHz
A, =10

fyap =10 MHz fygp =100 MHz

Ay =10

T=

t Q:Iﬂ-l‘l *3dB

Gainsbandwidth: characteristic measure of performance

m:n {1+ ["‘:‘n}"'n (F

* gaining speed
* more area
* more power

28
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Linearity improvements

» Gain variations — distortion

()
— Less gain at x, than at x,

* Improved with feedback

X = A :l[lfij X, = A :i 1—i
1+KA K KA 2U1+KA, K KA,

— When kA and ka is large, minor gain errors introduced

Open-Loop
Characteristic
Closed-Loop
Characteristic

29

Amplifier types

Voltage Amp. Transimpedance Amp. Transconductance Amp. Current Amp.
Tin lau lin ot
+ + + +
uln an vﬂ.ﬂ ll'Ill
—= —= —= -
:In fn.u fu‘ fm
+ + * + * +
Vin ) Vow '::'_ Vou Yin i
oo Voo

Ag Ap I
Vv v ‘nl.l'l -
11} [ 11
”1 |—a'||"h
Vieo—l 4 My Ve Vil My
in

= = !

Simple circuits may have limited performance

{d)

30
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Feedback topologies

+ Voltage-to-voltage Ag

Feedlorward
Amplitier

¥in Vy

VF :ﬂvouﬂ Ve :Vin _VF1
Vout = A\)(Vin — ﬂ\/out)j series |: parallel

+ Feedback
Vou = A Vel Network )
T
Vi 1+AS I - oh e
« Example:
Ag Ap
Vin l"m Vi —a-li'um
Ay =R,
' _|'
FF H! = R2
-l.- s )

31

Impedance changes

— Output load resistor ; " ‘g‘v
Vin Vg A[I"e# out
_ RL - - -
out,CL — +—~
RL + Rout
-
Vel B
— Analysis
Ve =Ny, Ve ==y Vy =-ANy =
| :Nx_(_AoﬂVx) Aq
X out + Ve Vi Ix

ol
- Rout +,
VX Rout E Vy

I, 1+ A, . L

32




Example

» Capacitive feedback

— Bias network not included

— Close loop gain?
— Output resistance?

« Breaking the loop

— Open loop gain: A, op =

— Closed loop gain
C

Ve = 1(:1T1029m1(rd54 [ rdsz)
C
ﬁA} = C1 +1C2 gml(rds4 I rdsz)
—_ gml(rds4 ” I’dsz)
AbL - C
1+—1— r.r
C1 +C2 gml( ds4 ” dsZ)

gml(rds4 ” r-dsz)

Voo
My My
o Ve
'Ec, +1 v
k| : I—%xcz I
@1ss =
=
I (% 7= B PO
out,closed — Cl W ) ~ C1
1+ g
C1+C2 m1\-ds4 ds2

Output impedance independent of (Fy || Fys,)

j
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1
gml

Current-voltage feedback

— Series-series feedback
— Resistor in series

Ve =Rl V,=V,,—-R
low = G (Vs =Re L) 1,
Vin
— Output impedance
Ve =R,

GV, =G,R.l, =1, -V, /R

Gm
—
" i | Feedrorward

= ‘o]  Amplifier
F I out I‘" Feedback
£l Network

Gm Low Ay, Rg

1+ G, R:

X = Rout (1+GmRF)

IX

L

out f
— Input impedance increase | :—
| X RinGm = Iout Ve = I X Rin =VX - RF I X RinGm vx(z ";EE A G
\ILX:Rm(lJerRF) L j

X
increase

34




Voltage-current feedback

— Shunt-shunt feedback

Iy Ry
— _ P
IF_ngVout’ Ie_lin_IF i d‘? Feediorward v
» Amplifier .
Vout = ROIe = RO(Iin _ngVout)
Ie
Vout =L "1 Feedback [
Hetwork
Iin 1+ ng R0 r.- et

* Impedances f
Il -

le =1y =V IRy, (Vi IRp)RGe = I ”xg—_
\Y R Tk

X — in
I X 1+ e Ro E@ﬂmrl’u;

— Similar for output impedance

L |
-

Decreasing both input and output impedance
35

Example

* Determine transimpedance

+ Breaking the loop gives:
— CG open-loop transimpedance: R,
— Setting 1, =0 give loop gain:

C

-y — R. =V
1 C.+C, ImRo F
R
Rtot = P ®
1+9..Rp :
C,+C,

36
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Transimpedance application

» Optical fiber sensor
— Converting light to voltage

Optical Flber v
—D o
2 Dy FCmEH
L LTl
[E] (k)
1
o, = 1 o, = R,
RCor @+A >
Vout =—IpR Vout =R

Improving signal bandwidth

37

Current-current feedback

— Shunt-series feedback

I t AI 1y A Tow
out __ L
' Feedforward
L, 1+ BA “"@ Amplifier 4
— Rin f ot
RinYCL a l+ﬂA _:h Feadback
! !—.- Metwork
— High R, ] Low R,
Rout,CL - Rout (1+ ﬂAI ) o "
- EXamp|e: Current ratio B
Ry << Rg

ﬂ=—R%F jm(J?—

38
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Common feedback systems

* Not easy to find in actual circuit
— Both Aand
— Voltage or current?
— Load impedance impact?
* Assuming high open-loop gain
— Closed loop gain set by external components
— Expecting: A :_é :ijﬂ _ Z
z, B Z,
— B is inverse of the closed loop gain
— L(s) may be determined by simple procedure (s. 10) and

1 L(s)
A (s )—ﬂ1 L)

— Loop-gain “normalized” to the desired gain with 1/

39

Loop-gain example

* Determine I(s) and A (s) of inv amp
— Z, —infinite v
— Setv,=0
— Break the loop at input
* Input impedance of MOS is close enough to infinite
— Testsignal, v,, injected in new circuit

vAE ’m“
L —
(5)= =AG )Z +Z +7Z,
- Normallzed closed- Ioop galn
L(s) _ A (9)Z,
1+L(s) A(GS)Z,+Z,+Z,+Z,
+ giving v
A (5)Z, R
Aecl8) == z AGS)Z,+Z,+Z,+2, 40
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Inv Amp example

* V,, grounded

» Breaking at gate of M2
— Terminating Z,

+ Test source at break

* Determine L(s)

el
Vgs = =OmVi (T | Tass) ‘|’v : @ . 0= = ;
« Returned voltage by ' K —t ]
voltage division oy N
r— Yg5 .= 0 v
gms +1/rd55 + gmbs F_ @ D 1
+ combining to find T Y Lo
L(s) = Ve I (st [ Tes3) Ons ‘ . ij T I

Vi Oms +]7/rd55 + Ormos -

41

Non-inv amplifier

» Assuming high open-loop gain A(s)

— Frequency-dependent Va
* Ideal Op-amp gain
Aﬁesired = Zl; Zz - l = ﬂ = Zl
1 ﬂ Zl + ZZ

* Determine loop gain by
breaking loop ----

42
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v, = A(s)V,

v
z z z
“( I ) © . : @ . ﬂ[,

— Finding

V= A=A (5) 2
— Giving

Z 2, Z,

L(s)= A (5) 2 Z 1z Z
2y Z NZ,+Z,+Z,(Z,+2Z,) Z,+ Z,+ Z,

— Assuming
Z. >>Z_,Z, Highinputimpedance 7
) L(s) = A (8) 5= A ()
1+ZZ

Z0 << ZL' Z2 Low output-impedance

v
2,2 2, +2,+Z,(Z,+2Z,) Z;+ Z,+ Z,

t

43

Voltage follower

Z <<Z,

L) =A )2 2,112, Z,
Z,Z NZ,+Z,+Z,(Z,+Z,) Z,+ Z,+ Z,

Lm=m@zﬁ

¢ Unitgain—1p=1 ~ , _ 1O __ AGZ,

T14L(s) A()Z +Z +Z,

« Assuming w,, to be large— A %w%
L(S) — A\/O ZL 1

A =
Z +Z
L | LA b 1+ Z, s
Dp g ZL+ZD 29

: Zou . 2
+ Non-inv amp ‘J

44
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Feedback and noise

* No noise improvements

— Assuming no feedback noise

¥ ¥
et N +
A I SE R e O E S
] j

[E1] [Li}]

_ _ A
(Vin _ﬂvout +Vn)A1 _Vout ::> Vout = (Vin +Vn)1+ﬂAi

— Overall input referred noise is unchanged

45

Chap 5 keypoints

Ay

L(s)>>1, large loop gain the amp gain is inverse proportional to th
loop gain is insensitive to the open-loop gain A.

Bandwidth estimate for |L(w)|=1 improving A(w) bandwidth
Reducing signal swing by a factor of L

Stability of higher order inverting amps may be checked with phase
margins (PM)

Not only stable but minimal overshoot as well

1. order systems unconditionally stable

The closed-loop bandwidth is w,, independent of the -3dB amp pole
Wp1

Designing for proper phase margin is called compensation
Analyzing amps wit L(s), 1/ and desired gain

L8(s) estimated by loop breaking

Reduced output impedance with feedback (approx by the loop gain)

46
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