CHAPTER 7/

Feedback, Stability, Compensation
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Syllabus

— Feedback, stability and compensation (ch. 12)
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Negative Feedback System

Feedforward
System
+ (X —KY)A, =
X o—p A, —» Y
. \ Sense
Comparison Mechanism | ¥’ A
Mechanism X Q X1 T KA,
‘ | Closed-loop gain
Feedback
Output Port of Network Input Port of
Feedback Network Feedback Network

> A negative feedback system consists of four components: |
| » 1) feedforward system, 2) sense mechanism, 3) feedback network, and
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Example: Noninverting Amplifier

X ¢
o Y
Y
X =R, B Ql
F )| 1+ 2 Al
R, +R,
=R,

> A, is the feedforward network, R, and R, provide the sensing and
. feedback capabilities, and comparison is provided by differential input
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Comparison Error

Feedforward
System E=X— X
+
X o—p *—p
4 ~ Y Xp = KA E
. Sense
Comparison Mechanism
Mechanism
X
{} X
Feedback 1+ AK
Output Port of Network Input Port of
Feedback Network Feedback Network
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A Good Replica

AVEs

\ :
Good XE =R
Replica /\j ?

A,K: Loop gain =

» As A,K increases, the error between the input and fed back signal§
~ decreases. Or the fed back signal approaches a good replica of the§
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Loop Gain

Set the input to zero and “break” the loop at an arbitrary point

- : .—1 A system with an input M

' ] N and an output N
M

Apply V. at the input

-

VN = —K VI‘EHAI
L @"D + Var |
Vi ﬂ KA, = — v Loop gain
—
Viest z Al Closed-loop gain
X 1 —|—IKA1|
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Independent of Breaking Point
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Merits of Negative Feedback

* Gain desensitization against open-loop gain
variations due to process and temperature
variations.

* |Increase the bandwidth of the circuit
* |Insensitive to load variations

* Improve the linearity of the circuit
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Gain Desensitization

Feedforward
System
+
X o—p A, Y Y A 1
= \ Sense Y
(:nomlgari_son Mechanism X 1+ KA,
echanism
Xe K|
| = N - l ‘ Y 1
Feedback AK>>1 —
Output Port of Network Input Port of X K
Feedback Network Feedback Network

Noninverting amplifier

Electronics Il

Y A AR /(Ri+ Ry) > 1
X R |

1+ 2 Al X{-\gi"u &

R, +R, =Y kYR

»> A large loop gain is needed to create a precise gain,
~one that does not depend on A,, which can vary by
+20%.
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Matching by Resistor Ratios

» When two resistors are composed of the same unit resistor, their ratio
~isvery accurate. Since when they vary, they will vary together and
maintain a constant ratio.
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Bandwidth Extension

One-pole open-loop amplifier Ao
A)
Y A A 14 —
L _ | Ay(s) = {]S y - +wu
X 1+ KA, | 4+ — q ¥ = A
) 1—|—K -
Ap L+ o0
Y Ao 1 + KA
! ) (1 + KAU){UU
A
Closed—Loop Gain = o 112:4{]

Closed—Loop Bandwidth = (1 + KAg)awy
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Bandwidth Extension with Loop Gain

~and the extension of the bandwidth.
» The unity-gain bandwidth remains independent with loop gain.
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Modification of I/O Impedances

<Example 12.7> Assume A=0 and R, + R, >> R for simplicity. (a) Identify the four
components of the feedback system.

i ° Vout
R,
I
M :—Il

1. Forward system: M, and R, Common-gate
2. Sense and feedback: R, and R,
3. Subtractor input from feedback V,,,R>/(R; + R»)

Transistor M1 operates as a the subtractor
because the small-signal drain current is
proportional to the difference between the gate
and source voltages j, = gm(vG — vs)

(b) Determine the open-loop and closed-loop
voltage gain.

Ao ~ gmRp

UVout L AU L ngD
Un 1 + KA(] B - R>
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Modification of I/O Impedances

<Example 12.7> Assume A=0 and R, + R, >> R for simplicity. (c) Determine the
open-loop and closed-loop 1/0 impedances.

Input impedance
; Vbp
Rp=

A%/

R, +R, >> Ry, vp; = LRp

+ixRpR>/(Ri + Ry)
O Vout R/
R 1 o
M1 :_I 1 . ‘ ID = 8§mUGS
; v RpR>
Vino_ R2 _ (_’_';X IAG W )
[ Vy Em R] +R2 X
- - Uy 1/ R,
1 . w_ 1, R.o)
Rin,open = — ‘D fX Ix gm( Ry + R S
o KA,
Rout.open = Rp > The input resistance increases by the same factor

which the gain decreases
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Modification of I/O Impedances

Output impedance . R> )
S = X
g Voo Ry + R>
Rp iy . R>
ID = 8m — &m (Y
* - D= 8miGs =8 Ri+R, "
R, % . . +
[ VX if Ri + R» > Rp,thenix ~ip + v/Rp
my ]l -
- , R> Uy
R v ~ Uy + —
JT__ 2 ‘ X ng] n RE X RD
= n R,
1. Does Rin always increase? ‘ v R>
2. Does Rout always decrease? L+ R, + R, gmRp
3. Does feedback always desirable? 1+KA,
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Linearity Improvement

Nonlinear gain characteristics Nonlinear gain with feedback
y 4 Open-Loop
Characteristic
Closed-Loop
Characteristic
A,
1+ KA2
- -
X X
+ A 1 1 A> 1 1
Gain at x| = - A —('1 — —) Gain at x, = - N =] — —
[+ KA, K KA, ‘T 1+ KA, K( KA,

» As long as KA, and KA, are large, the variation of the closed-loop gain with
 the signal level remains much less than that of the open-loop gain.
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Four Types of Amplifiers

<Voltage amplifier> <Transimpedance amplifier>

Ag

O O
+ + +
Vin | I Vout I I I Vout
. = n

— Rinzoo Rout =0 T Rin=0 Rout =0 T

<Transconductance amplifier>
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ldeal Models of the Four Amplifiers

<Voltage amplifier> <Transimpedance amplifier>
Vino—— °Vout °Vout
+ _ +
() AoVin iny (OFolin
<Transconductance amplifier> <Current amplifier>
I out I out
Vino— - -
vain AI Iin
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Realistic Models of the Four Amplifiers

<Voltage amplifier> <Transimpedance amplifier>
Rout Fin Rout
vin vﬂut v°ut
+ +
Hin A Aﬂrin Rin A Hl:' Fin
<Transconductance amplifier> <Current amplifier>

lin
'finf.‘-‘
Hin (%vaiﬂ RD—LIt Rin é"ﬂl fin ngl

Electronics I - Chih-Cheng Hsieh



Examples of the Four Amplifiers

<\oltage amplifieri

IOI.lt Rout =ro
Vin°_| M1
Fﬁn::CXD

Electronics Il

<Transimpedance %mplifier>
DD

<Current amplifier>

<-1

Rout =00

M1 l_'.vb

’OU(
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Sensing and Returning a Voltage

R
+ Feedforward ,
Vout |-- Voltmeter System o
—
oo Feedback
Network
o0

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

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

- » R;and R, also provide a mean to return the voltage.
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Sensing a Current

— I out I I out
- -
R ; =R
+ R

Current Meter

Voltmeter

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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Sensing and Returning a Current

Feedforward = M,
System
Iout
Ve

Feedback R

Network “{ S
o -
R, =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 .
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Addition of Two Voltage Sources

Addition of two voltages Addition of feedback and input voltages

y + . * Feedforward
+ in(_) = System
V4 |
K Vo y. +| Feedback
= F_-] Network
0

» 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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Practical Circuits to Subtract Voltages

Differential pair as Single transistor as a voltage subtractor
voltage subtractor

Vino—] o ve My Fove  vine—l[s m,

> Although not directly in series, V;,and Vare being subtracted since
. the resultant currents, differential and single-ended, are proportional
to the difference of V,,and V..

Electronics I - Chih-Cheng Hsieh



Addition of Two Current Sources

Addition of two currents Addition of feedback and input currents

I i Feedforward
in . System

" Feedback
I Network
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Practical Circuits to Subtract Currents

Circuit realization #1 Circuit realization #2
le ie
e
l'in l'in ‘\M
M1 RF

> Since M, and Rgare 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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Example: Sense and Return

Vbp
My [ m,
? ° Vout
Ry
Vi oMy M, ] VF
© R2

> R;and R,sense and return the output voltage to feedforward network
| conS|st|ng of M;- M,. |
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Example: Sense and Return

L Voo
Rpa
Ao ?— Vout
o—-l M,
I:M1 =
Iin 2 =
: YiF
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Input Impedance of Ideal FB Network

must be infinite.

> Tosensea current, the input impedance of an ideal feedback network
must be zero.
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Output Impedance of Ideal FB Network

/
Ve L '%
= -
™ L

network must be zero.

> Toreturna current, the output impedance of an ideal feedback
network must be infinite.
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Polarity of Feedback

Procedure to determine the polarity:

1) Assume the input signal goes up (or down).

2) Follow the change through the forward amplifier and the
feedback network.

3) Determine whether the returned quantity enhances or
opposes the original change.

A simpler procedure:

1) Set the input to zero.
2) Break the loop.

3) Apply a test signal, V.., travel around the loop, examine the

returned signal, V.., and determine the polarity of V_./V,...
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Example 1: Polarity of Feedback

* °Vout
R
V|n°_II:IM1 M, :.I X
> R2

Negative Feedback

v, T = |D1T,|D2¢->v VT =10, T4

out
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Example 2: Polarity of Feedback

= i Negative Feedback

v, T= 1, TV, =v -T,VXT =1, 4V, T

out
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Example 3: Polarity of Feedback

= Rp;
X & © 0o vout
| * 4'—: M
- M, - Positive Feedback

=1, Tv, T
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Feedback Topologies

» Voltage-Voltage Feedback (series-shunt)
e Voltage-Current Feedback (shunt-shunt)

e Current-Voltage Feedback (series-series)

e Current-Current Feedback (shunt-series)
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Voltage-Voltage Feedback

Circuit realization example

Vin V: Ao Vout VDD
M3é! I “:‘"/’4
= ¢ °Vout
0 0 Vi [m My My ] VF
Vi=Vi, — Vi R
Vour = AoV I'ss =
VF — KVDHI -
Assume R; + R, is very large:
Vi,.= Ao(V; — KV
OHIV ol mA out) Vout _ Jmn (Fon |l Fop)
ot 0 V. R
=) = n 1+ 2 g (Fan | Foe)
Vin 1+ KA mN Yon 1l Top
v R +R,
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Input Impedance of a V-V Feedback

Assume forward is nonideal and Circuit example Break the loop
feedback isideal  Feedforward Y
_______ Sysem o T ”
Iln - Iin °
: A ; Vout
V, CE @_> % D- R,
in : R; :
) in M1 VF
= --...=.-.-.-.-.-......-.: Vin R2
ve LK ] 1
If”Rjn = V;'ﬂ — VF — V;n — (IfHRfII)A'[]K Rm - m
V. V: 1 R,
1 =R_(1+A,K) —=—11 . R
‘ Iin ’ ‘It'n gm( i R] +R2gm P
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Output Impedance of a V-V Feedback

Feedforward Circuit example (R, + R, is very large)
VDD
M, M,
I'x
M, M, ve 1
- R2
I'ss =
/ Vx — (—=KA¢Vy) %
X — R -
ul
R, . ron|lrop N (1 N R1) 1
out,closed — R i _ r
‘ Vx = Row L+ 2 gan(ronliror) Rz ) gmn
Ix 14+ KA Ri+ Ry
Independent of ro, and rop

> The output impedance decreases by the universal factor “1+A K”.
> This impedance modification makes a more ideal voltage amplifier.

Electronics I - Chih-Cheng Hsieh



Voltage-Current Feedback

le .. Circuit realization example (A=0, R¢ very large)
Iin(ig g Open-loop gain
o » Voo
__IL = Rp, ?E._OHDZ Voisk
|—> K - T x' M,
| My d—V =
[e — [:'r.i: - IF IinT’ IDl‘l” VXT’ Vout‘L’ IRFJ' L RF Very Iarge
Vour — IERU Negative feedback R-[} = RD'] (—ngRDZ)
Vou — Ifn —Ip)R -
' (I ;; 0 . Closed-loop gain
— ( in — @ur) 0 K — —lfRF @ _ —gngD-lRDg

closed | 4 gm2Rp1Rp2

‘ Vaur . R{] L.”
Lin 1 + KRy Rp
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Input Impedance of a V-C Feedback

Calculation of input impedance Circuit example
Rin "
-+ X out
o M,
Vx /g
Ix _ M1 :_"—0 Vb —
= =+ I K I—' 5
- ) l'in
X Vx Vx L
Ip=K—Ry Ix — K—R) =
d Rg” 0 X R,'” ! Rj” m — 1/ Eml
1 1
V R; R; = :
‘ _X _ in in,closed Ol @0 RD'I RDZ
5% 1 + KRy 1+ Ry

> The input impedance decreases by the universal factor “1+R,K”.

> This impedance modification makes a more ideal transmpedanceg
. amplifier.

................................
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Output Impedance of a V-C Feedback

Circuit example (Rg very large)
0 Vj, Rout I'x Vop
I;b & -
A + Vout
(i Ow
Vi = —KVyR, Fin |
Vx — V4 Vx + KVx Ry .
[y = — RGH ~ R
x RGHI Rour r b2
R B Rp?
‘ VX _ Rour out,closed =— gmzRDlRDZ
Iy  1+KRy L+

> The output impedance decreases by the universal factor “1+R K”.

> This impedance modification makes a more ideal transimpedance
- amplifier.

.....................................
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Current-Voltage Feedback

I out Circuit realization example

Vin Vi | Gm v
1
e

+

el N | Bl

I I

0 0

[our — Gm(%n — VF)
VF — Klaur

Iour — Gni(vfn — Kfour)

‘ Iour _ Gm.r
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Realization Example

Open-loop gain To ensure negative feedback.
V.. T Vo, 15, T, Ve T

When driving no load, the output port
(= '«’— of a circuit delivering a current must be
shorted to ground.

é,ss K=VF/IDM=RM

= Iour o Zml grn3(r03| |F.r_}5)
Lowt = —gm Vx Vin lciosed 1+ &m&m3(rosllros)Rum
Vx = —gum(rosllros) Vin |
‘ [Gut ~ L
‘ Gm = 8ml ng(rOB”rOS) V;-” closed RM
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/O Impedances of a C-V Feedback

Calculation of input impedance Calculation of output impedance
/. X
+© in -t
F - % A Gm Rout +<> Vx
) Fin Y
T = Ivy Aly
-
el X Kix| K
% ]
Ix = =— — KGply
RUH.F
V. Vy
ﬁ = Rm(l + KGm) ‘ E = Rﬂur(l + K'Gm)
i

» These impedance modifications make a more ideal transconductance
. amplifier.

.................
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Current-Current Feedback

ot |nput impedance V.

X
[in(i; A, R.f'n
— + b Vx Vx
| I KA
I % V out Rm + IRm
S —
=

i K <—| K ‘ VX . R:’n
co > Output impedance Ix 1+ KA,
faur — AI(IEH — IF) 0
V
Gm IX = X — KA[I)(
= A[([fﬂ - Kjour) RUHF
]DHT Aj' IF VX
_ X — R,.(1+KA
‘ - T KA p Ty t( I)

> The 1/0O impedances de/increase by the universal factor “1+A K”.
> These Impedance modifications make a more ideal current amplifier.

Electronics Il
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Example 4: Polarity of Feedback

V
RD% AI!J_MzoD

Xt Ylout

M, o Vo Laser

® T My P
F Rf
liﬂ? RM

Negative Feedback

1T = Vo, Ty = v 1. T = v, 41, T

out out
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Effect of Feedback on I/O Impedances

Ao [ You |
<& <&

Output impedance falls by Output impedance rises by

1+ loop gain. 1+ loop gain.
; 4 |
ot

oy

Input impedance rises by Input impedance falls by
1+ loop gain. 1+ loop gain.

IOUt
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Inclusion of |/O Effects

A methodology that allows the analysis even if the 1/0O impedances of the forward
amplifier or the feedback network depart from their ideal values.

1) Identify the forward amplifier.
2) ldentify the feedback network.

3) Break the feedback network according to the rules
described below.

4) Calculate the open-loop parameters.

5) Determine the feedback factor according to the
rules described below.

6) Calculate the closed-loop parameters.
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Step 3: How to Break a Loop?

xo_... n Y

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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Termination Rules of Breaking a Loop

+

Vino—» A, ° Vout | Ro ° Vout
- /
Open -

-
> A, Vino—b@—> Gm
’ -

/
out ’out
- Open QOpen Open

> 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.

Electronics I - Chih-Cheng Hsieh



Step 5: Calculation of Feedback Factor

> 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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Example 12.26

R, + R, is not much greater than R, Open-loop parameters
Voo Forward: M, Ry Ao = gmi[Rp||(R1 + R2)]
Feedback: R,, R

b RDHI,GPEH — RD”(RI + RZ)

|I|’Ilrt'.'!l.ll
R, Feedback factor

%) Ry

K = =
V1 Ri+ Ry

Ry
KAg= —2 ¢ [RpII(R; + R
0= R TR 1[RplI(Ry + Ry)]

gm [Rp||(R1 + Ry)]

Rp

% Yoo Open-loop circuit

VOUt

secessecscccascans, R F— Amdosed = RZ
: il : 1 1| RplI(Ry + R
+R_1_+_R2gml[ pll(R1 + R2)]
: 1 R>
Ry: Rin,c.’osed = 1+ ml RD“ R1+ R»
. 2§ o R+ 15 [Rpll( )]
E..................: 5..................: R R _|_ R
/ \ Rour.c!osed = D”( 1 2)
Return Sense |+ —2 gm [Rp||(R1 + Ry)]
Duplicate Duplicate Ry + R,°"
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Example 12.27

R, + R, is not much greater than rgp||roy, Open-loop parameters

Yoo  Forward: M;-M, Ao = gmn[ronlirorl|(R1 + R2)]
M, Feedback: R;, R,

Rin.open =00

Vout
Vinelo m Raur.open = ronl|lror||(R1 + R2).
in 1
Feedback factor
R
- ] ] K = 2
Voo Open-loop clrcuit Ri+R>
Vout _ gmn[ronllrop||(R1 + R2)]
v, Vi B R
out closed 1 + 2 gn[ronllrorl|(R1 + R2)]
R R'l + R2
1
R2 an,ct'osed =00
- R ronllrop||(R1 + R2)
- out,closed = R2
- 1+ EmN|T r Ri+R
- R +R2Q n[ronllropll(R1 + R3)]
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Example 12.28

Forward: My, Rp;, M,, Rp,
Feedback: R;, R,to M,
Open-loop circuit

Voo
» =R
=R - D2
oL ° Vout
e 1
R SRR
=R, 4 Fh2
Short -
R,

royyy

1 —MA

Electronics Il

Open-loop parameters

—Rp1

Ay =
1
— + Ry||R>

gﬂ!

Rin.open =00

Rour,open = Rp2||(R1 + R2)

Feedback factor
K — RZ H:!m‘ _
R'l + R2 H” closed

A—gm[Rp2|l(R1 + Ry)]}

Ag

1 +

R in.closed = COC

Rom,c.’osed =

R+ R

R
2A0

Rpa||(R1 + Ry)

1+

R+
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Example 12.29

Rc is not very large Open-loop parameters
Voo RrRp
Vi = ln——1— Ro = Vou/Tin = (Vxt/Tin) Vour/ Vi)
Rp +
Vout F
Eml RrRpy
% ‘ Ry = T [—gm(Rp2||RF)]
M, Ry +
8ml
Re 1
lin Forward Ml’ RDl’ MZ’ RDZ Rin.open — _1||RF Rour,apgn = R,DZ”RF
— . m
- Feedback: Re Feedback factor
Open-loop circuit
I |
fz R + K = m— T — —
= 5 \ Vi Vi Rp
R
Vout - Ry R. _ 8ml I1RF R - Rp2||RF
[.r'n oed = | R(] in,closed — 1 RU out,closed = 1 RD
Rr Rp RFr
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Phase Response Using Bode’s Rule

Assume @, ®,, ®,, are far apart

20log|H|A

pl:

I e N

Wp1 O Wp2 o (log scale)

|
o (log scale)
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Amplifier with Multiple poles

Single pole 2010glH] Three poles

20log|H| A

= p1 (: (log scale)
0 : H H o
0 ©p1 > Wp1 Wy (”ps\ o (log scale)
v :  (log scale)
—45° ] ceeeead i ®, -
—90°} ... : o (log scale)
I DO® Jasnnoanssoonssia
TP Liincisanesnsassennssons
s LI
s _ o | Three-Pole |
Wp4 Wp2 N o (log scale) {\/ System
{'.]1
o . eeesesensetesisessnansesansestsesensatesesssnsnsesassesssesensatasessasasnsatessnstMosensatesessosesusesassrassesensesssessssesusesessrsnsesensasss :
. olegseale) — % The three-pole system introduces a phase shift
S —— . 3 ; ~of -180° at a finite frequency w1, reversing the .
/H Y . sign of an input sinusoid at this frequency.

Chih-Cheng Hsieh

Electronics Il



Problem of Instability

What happens when KH(jew,) = -1?

+
XH@—> H(s) Y The closed-loop system provides infinite gain!
A ﬂ Even an infinitesimally small input at o, leads
/KI to a finite output component at this frequency!
N ﬂ The system oscillates at o,
z(j) __ H©) Intuitive understanding:
X I+ KH(s) The feedback becomes positive at w,, producing

a feedback signal that enhances the input.

The final amplitude bounded by the supply
voltage or other “saturation” mechanisms.

KH(s): loop transmission

Barkhausen’s criteria for oscillation

[KH(jor] =1

KH(jo,) = -1
oo, = LKH(jw) = —180°
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Time Evolution of Instability
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Oscillation Example

20|og|KHIA

" : -
1 Wp3 o (log scale)

s
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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Stability Condition

20l0g|KH| b Oscillates!! 20l0g|KH |4 Stable
------------- \\ 0 \ - ..
2 N o BN o Stability
0 Oy - 0 k 0 WDy < Wpy
: ® P ®
—180° }-eenen- \ 7 s

Wy, (“phase crossover”), is the frequency at which ZKH=-180°.
Wey, (“gain crossover”), is the frequency at which |KH|=1.

> To guarantee stability in negative-feedback systems, we must ensure
. that the loop gain falls to unity before the phase shift reaches -180° so
that Barkhausen’s criteria do not hold at the same frequency.
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Stability Example

: T Voo Apply negative feedback with K=1
o I° il |KH| falls below unity at
Ensure alls below unity at ®
< Vout PX
Vi[5 m lc fom
e, ey fe g o
Low frequency gain: (g.R;)3 20log|H|A Hol<1
Three coincident poles at (R,C,)* [Hel
20log|H|A
(ngD)3
0 H .
;%’ 1 ¢ \ (lmog scale)
.\ 0 .

=

i \ o (log scale) -
o (log scale)
L
o (log scale)
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If the Feedback is Weaker (K=0.5)

20log|KH | A 0.5|H, k1
0.5(9,,Rp)°
[He| =
0 E B
1 \ o (log scale)
Rp Cy:
0 %(Dpx =

o (log scale)
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Will this Circuit 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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Different Stability Conditions

Oscillation Marginally stable Stable
20l0glKkH |4 20l0glKH |4 20log|KkH |4
0 \ \
(l)Gx‘g\ © 0 ®gx \ ©
: w
T | \\

Phase Margin = ZH(wg,)+180

» The larger the phase margin, the more stable the negative feedback
. becomes.
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Phase Margin Example

PM =45
20Iog|H |
0 =
o (log scale)
0 — e
M (log scale)
T L .
[H Y
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Frequency Compensation

Shift ®cx toward the origin

20log|KH|A
Compensated
Design  oyriginal
< & Design
0 , o =
wexz\wcx ®
()
0 o it =
®
-180°

Compensated
20l0g|kH |} besion
Original
5 4 Design
0 to - 5 . \ =
Wp1 Wpy \ o (log scale)
0 - ?Px: =
: o (log scale)
SHBDO [ssssnnmoninsmmnnsns
/ KHYy

Chih-Cheng Hsieh
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Frequency Compensation Example

Assume Wpg < Dp oyt < Dp A

[(gmatozr o) (gmaro3ros)|Cr

1

Wp B ~=

Wp.out = (ros||ros )Cour
Speed degradation!
Add capacitor to node B
— Frequency response — p

0 : - . > 0 i ; H : s

®p8 Dpout "’p,A\ o (log scale) Wy Wp 8 ®polout wp,A\ o (log scale)
0 0

P70 IS o (log scale) -90°}--> . ¥  (log scale)
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Frequency Response Procedure

A The gain crossover must occur
20log|KH
g| l . . below the second pole!!
: \e §
: 0,
s NS
0 ——c:>, & O -
©p1 Wp1 :Opm o (log scale)

B
M (log scale)
-180° + PM

> We identify a PM, then -180°+PM gives us the new ogy, OF @py.

» On the magnitude plot at oy, 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, ®p,’.
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Miller Compensation

J Voo .J Voo
Vo3 |- M4 —|HM5 Vbs *—I- M, T “:JMS
C
c > .
V | ma C V. <
b2 * I} M3 ® |+ © ik b2 *— M3 ::[ X ¢—o Vyut
B I_ X B_T
Voro—lom, °—||:_|_Ms oMy, °—||:_|_Ms
A A
Vinc—iL,. M, = Vino— =

_'1M1 -

Ceq =[1+ g5 (Fos |l Fos)IC.

Electronics I - Chih-Cheng Hsieh



Supporting Materials
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Miller Comp. of a Two-Stage Op Amp

Ce
Avi Av2 Re
Avi Av2 N A [ M,
g | ;L SR
L~

H fvuut
outl RL% cL
L

Create a large capacitance at node E, equal to (1+A ,) C..
The corresponding pole is movedto 1/R_, [CE +(1+ A\/z)CC:I
Miller compensation
— Lowering the required capacitor value.
— Moves the output pole away from the origin.
If R; denotes the output resistance of the first stage, R, =ryq || rpq;-

1
a RS [(1+ ngRL)(CC +CGD9)+CE]+ RL(C:C +CGD9 +CL)

Ry [(1+ ngRLXCC +CGD9)+CE]+ RL(CC +Coqpo +CL)

(4

o] << oy,

Dominant pole 1)

, R
approximation i Rs RL [(Cc +CGD9 )CE "'(Cc +CGD9 )CL +CECL]
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Pole Splitting

jo
& &
Before After
Compensation Compensation
% * % - M 5 -
J_ Vbp ]
L e * Before compensation, w,, and w,, are
RS 1
N—t oM, of the same order of magnitude.
Vin ? C.=0, @, ~1/RC,
—Cc
= e After compensation,

27 Cc.+C, C,

vnut
f gm9 gm9
RL% ——I:CL If C.+Cypo >>Cc, o, = ~

 Miller compensation increases the magnitude of the output pole by roughly a

factor of . oR, .
* At high frequencies, C. provides a low impedance between the gate and drain

of M,. The resistance seen by C, becomBs || g.¢ || R, ~ 0

Chih-Cheng Hsieh
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Effect of Right Half Plane Zero

20log| p H{ )|
: ‘a)pl‘<|a)z|<‘a)

A right-half plane zero at @, = 9,4 /(Cc +Cgps)
« Numeratoris (1-s/a,)

o

* The phase shift is —tan*(w/»,) = negative

=0 {log scale) e Zero slow down the drop of magnitude.

 The stability degrades considerably.
- o {log scale) * The right half-plane zero in a two-stage

CMOS op amps is a serious issue because
UL gm is relatively small and C. is usually large.
i I « Aseries resistor to eliminate the right-half
lane zero.
£ B H(o) P o, ~ 11
T Vos Cc (gmg - Rz)
e T oCh * The output stage now exhibits three poles.
Vin gw c. * To cancel the first non-dominant pole
= Rz
—wW—l SR 1 _ O g _C+C+C  C+C
R, CL 1 R4
j 1 Ce (gmg -R, ) CL+Ce OmoCoc ImeCoe
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Increased Load Cap. on Step Response

Cc
||
11

* In a two-stage op-amp, a higher load capacitance presented to the second stage
moves the second pole toward the origin, degrading the phase margin.

— The response approaches an oscillatory behavior if the load capacitance
seen by the two-stage op amp increases.

* In one-stage op amps, a higher load capacitance brings the dominant pole closer
to the origin, improving the phase margin.

— Making the feedback system more overdamped.
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Time Response vs. the Position of Poles

jo jo
i 4
Ho, L _ Spl "ﬁ + @
N e FLH_ ,n 1®px
| -
| -
. a—ﬁnnﬂn
T A - VT
| ~
jJo, L _x i op X
jo * Expressing each pole frequency as
A A Spt
. LY a .
e n e S, = jo, +0,
; - {‘\Nﬁ Ao t .
e, U T * The impulse response of the system
| ol .
| H includes a term
X - 0p

exp(ja)IO +ap)t
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Stability and Pole Location

http://en.wikipedia.org/wiki/Laplace transform
1

He) = Gr G+

h(t) = L7{H(s)}.

Consider an amplifier with a complex-conjugate pole pair s=c,+ jo,
v(t) = e [e)*" 471" ] = 2™ cos(w t)

Got

A sinusoidal signal with an envelopee

Jo A

s plane 7\\\

Stable system

Left-plane pole o, <0 : Oscillation decays exponentially to
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Stability and Pole Location

Right-plane pole o,>0 :Oscillation grows exponentially to

il nonlinear.
w
S Unstable system
R ﬂ 7‘Y
o Tlme
\ —y e -

jw axis pole c,=0 : Oscillation sustained.
ik Oscillation system

AV AWAWAWANA
S VAVAVAVAVAS

The existence of any righ-half-plane poles results in instability

~
4
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Phase Margin
If £BH (jo,)=-175, BH (joy)=1xexp(-j175°)

;exp(— j175°)

i(jw): H(jo) _ _ 1 -0.9962-j0.0872
XV 1+ pH(jey) 1+exp(-j175°) S 0.0038-j0.0872

‘_ )( 1 115
“ B 00872 g

‘ ~ }/ﬁ , the closed-loop frequency response
exhibits a sharp peak in the vicinity of o=,

The closed loop system is near oscillation and its step response exhibits a very
underdamped behavior.
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Closed-Loop Freq. and Time Response

» For a small phase margin > For a large phase margin
log| SH ()| T GX log|gH ()| [ GX
/
1 | \\F/ ) 1 [ \\T i}
0 l : - (1) 0 | ; - (1)
1 | :/_PK va0® |- - E\
h \ PX
ZpH(w) ZBH (w)
\
4

&
Y
rakl /\ A 0]
= iy j -
f Ll |

* The greater the phase margin, the more stable the feedback system.

=t
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CL Freq. Response with 45° PM

e For PM=45°, ZpH (e0,) = —135° \,Bl'l(aﬂ:l log| B H o)
. ) T GX
Y__ Hlw) _ H(je) , A
X 1+1xexp(—j135°) 0.29-0.71] | S
HES— S
B J0.29- 0711| B “35"} _______ ™~
— The feedback system suffers from a 30% peak at o=@, /sna
* For PM =60°, the peaking is negligible ‘%F; |
[
* The concept of phase margin is well-suited to the ] JP
design of circuits that process small signals, not large B J\
signals. : -

PM=45° PM=60° PM=90"°
" /\/\/\/‘\f‘ A I/\ ¥ I/
| - t | - t !

Electronics Il - Chih-Cheng Hsieh



	投影片 1
	投影片 2: Syllabus
	投影片 3: Negative Feedback System
	投影片 4: Example: Noninverting Amplifier
	投影片 5: Comparison Error
	投影片 6: A Good Replica
	投影片 7: Loop Gain
	投影片 8: Independent of Breaking Point 
	投影片 9: Merits of Negative Feedback
	投影片 10: Gain Desensitization
	投影片 11: Matching by Resistor Ratios
	投影片 12: Bandwidth Extension
	投影片 13: Bandwidth Extension with Loop Gain
	投影片 14: Modification of I/O Impedances
	投影片 15: Modification of I/O Impedances
	投影片 16: Modification of I/O Impedances
	投影片 17: Linearity Improvement
	投影片 18: Four Types of Amplifiers
	投影片 19: Ideal Models of the Four Amplifiers
	投影片 20: Realistic Models of the Four Amplifiers
	投影片 21: Examples of the Four Amplifiers
	投影片 22: Sensing and Returning a Voltage
	投影片 23: Sensing a Current
	投影片 24: Sensing and Returning a Current
	投影片 25: Addition of Two Voltage Sources
	投影片 26: Practical Circuits to Subtract Voltages
	投影片 27: Addition of Two Current Sources
	投影片 28: Practical Circuits to Subtract Currents
	投影片 29: Example: Sense and Return
	投影片 30: Example: Sense and Return
	投影片 31: Input Impedance of Ideal FB Network
	投影片 32: Output Impedance of Ideal FB Network
	投影片 33: Polarity of Feedback
	投影片 34: Example 1: Polarity of Feedback
	投影片 35: Example 2: Polarity of Feedback
	投影片 36: Example 3: Polarity of Feedback
	投影片 37: Feedback Topologies
	投影片 38: Voltage-Voltage Feedback
	投影片 39: Input Impedance of a V-V Feedback
	投影片 40: Output Impedance of a V-V Feedback
	投影片 41: Voltage-Current Feedback
	投影片 42: Input Impedance of a V-C Feedback
	投影片 43: Output Impedance of a V-C Feedback
	投影片 44: Current-Voltage Feedback
	投影片 45: Realization Example
	投影片 46: I/O Impedances of a C-V Feedback
	投影片 47: Current-Current Feedback
	投影片 48: Example 4: Polarity of Feedback
	投影片 49: Effect of Feedback on I/O Impedances
	投影片 50: Inclusion of I/O Effects
	投影片 51: Step 3: How to Break a Loop?
	投影片 52: Termination Rules of Breaking a Loop
	投影片 53: Step 5: Calculation of Feedback Factor
	投影片 54: Example 12.26
	投影片 55: Example 12.27
	投影片 56: Example 12.28
	投影片 57: Example 12.29
	投影片 58: Phase Response Using Bode’s Rule
	投影片 59: Amplifier with Multiple poles
	投影片 60: Problem of Instability
	投影片 61: Time Evolution of Instability
	投影片 62: Oscillation Example
	投影片 63: Stability Condition
	投影片 64: Stability Example
	投影片 65: If the Feedback is Weaker (K=0.5)
	投影片 66: Will this Circuit Oscillate?
	投影片 67: Different Stability Conditions
	投影片 68: Phase Margin Example
	投影片 69: Frequency Compensation
	投影片 70: Frequency Compensation Example
	投影片 71: Frequency Response Procedure
	投影片 72: Miller Compensation
	投影片 73
	投影片 74: Miller Comp. of a Two-Stage Op Amp
	投影片 75: Pole Splitting 
	投影片 76: Effect of Right Half Plane Zero
	投影片 77: Increased Load Cap. on Step Response
	投影片 78: Time Response vs. the Position of Poles
	投影片 79: Stability and Pole Location
	投影片 80: Stability and Pole Location
	投影片 81: Phase Margin
	投影片 82: Closed-Loop Freq. and Time Response
	投影片 83: CL Freq. Response with 45o PM

