ECE4902 Lecture 9

2-Stage Op-Amp
1st-2nd Stage: NMOS or PMOS?!?
DC Analysis
Input Common-Mode Range
Feedback
Stability

Handouts:
Lab 8/9 Review Slides
Differential Pair

2nd Stage Common Source
Lab 8 Op-Amp
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Differential Pair with Mirror Load: Single Ended Output; Recovering “Other” Half of Differential Signal
DIFE PAIR TRANSCONDUCTANCE (Y2 CIRCVIT)
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Differential Pair with Mirror Load: Small Signal Model
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2nd Stage Common Source Amplifier PMOS? COMMON  SOURCE wI™ ACT|VE LOAD

_ ABUT
VDD—+5V A /‘
Vigs 2V
My My | Vour
—=0 NEED THIS TO BE
RB§ 1 1 IN ACTIve RET(oN
S S
= | =4 TRIODE CRASH,‘X
" _5V TO +2V
o__l M, M ’__o
I; ;l 8v 17 WANT HIGH CAIN;
=> HICH gms
I
vIs e 2 Fos
Mms - -
(Vess - Vius) {8V 8l
1:_“ { SMALL <=
-5V
I

ECE4902 B2015 Lec 9 4



2nd Stage Common Source Amplifier: NMOS o FOR (COMMON SOURCE ?
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Lab 8 op-amp: INUT STAGE 2ND STAGE
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Labs 8 & 9 Review

e Operational Amplifier
— Stability
— Compensation
— Miller Effect
— Phase Margin
— Unity Gain Frequency
— Slew Rate Limiting
e Reading: Razavi ch. 9,10
— Lab 8,9 op-amp is Fig. 10.34 in sec. 10.5.1
— (see also Johns & Martin sec 5.2 pp. 232-242)



Two-stage op-amp
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Analysis Strategy
 Recognize sub-blocks
 Represent as cascade of simple stages
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Total op-amp model




DC operating point

IpInA] | Vgs-Vra
M1 25 0.235
M2 25 0.235
M3 25 0.247
M4 25 0.247
M35 50 0.350
M6 50 0.332
M7 50 0.332
M8 50 0.332
—— ——
10 SQ
PL(S\S L A



Small signal parameters

Ip[uA] | Vgs-Vru | gm[HA/V] Io

M1 25 0.235 208

M2 25 0.235 800Kk()
M3 25 0.247

M4 25 0.247 1.43M(Q)
M3 50 0.350 285 715Kk
M6 50 0.332

M7 50 0.332

M8 50 0.332 400kQ)

Note: A,=0.050 V"' ; A,=0.028 V'

Ist

2nd



Total op-amp model: Low frequency gain

+  gmiVin « _+ gmsVg5 Vout ‘
Vin ¢ % Foollfos X'V95 ¢ % rosllfos x

Input differential pair Common source stage

a, = gml(r02Hr04) a,= ng(rOSHFOS)
a, =(208uA/V)(800kQ[1 43MQ)  a,, = (285uA/V)(400kQ|715kQ)
a, =106 a,="713

Vost 7000

\J'n



Total op-amp model with capacitances
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Total op-amp model with capacitances

o I o i 1 .VOUto
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Open loop transfer function

 Product of individual stage transfer functions

106 73

. rgml(FOZHrO:IBES(FOSHFOS)
A(jw) : :
1o [1+]w(FOZHFO“)Céﬁlﬁ'.]a)(FOSHFOS)CL] 20 d

- 20 AR)dec

 Numerically (using o = 2nf) TR T
A(jo) = 7738 ~40 08 dec
[1+j( / )[1+j( / ) l +
82kHz 61kHz \

7

e Check Bode plot simulation; predicts:
— DC gain = 20log(7738) = +78dB
— Unity gain frequency ~ 6.2 MHz (SE'T ll\(v“)\: 1)
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Two-stage op-amp: Simulation Schematic

25 uA SF uA wid
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DC Operating Point Simulation

DC Response
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Bode plot EACH POLE Tem
A4 ‘.

9\ (:)l)
048 : ______________ B
-3dB SLOPE:

-20dB/dec

Ye

2900 abm e e ———— ————

 Magnitude, phase on log scales
* Pole: Root of denominator polynomial
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Open loop Bode plot

 Product of terms : Sum on log-log plot

20 (cij (Gicw)—LAl

-20dB/dec

-40 dB/dec
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Open Loop Bode Plot Simulation

= C
. =i dB2G(VF("Aout™)) 2048 e
7448 L5 Bl
2 | W
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—4p | |
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~ - 166
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T opeNs O
D%s 1’701212
1 18 198 1K 18K 120K ™ 1 120M 1G
freq { Hz ) Q’..\%MMHZ By
R (IS 5uW SEgIET oG (255 NTBR —TI5.575) 7:%7(
B; {15.8489M -195.945) slope: -766.698u

Note: AC source at input also needs DC component to account for systematic offset!
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Check Open Loop Bode Plot Simulation

80 - dBE@(W("/VOUt"))

% | +/DC gain ~+78dB
® 88 |
©
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—8¢
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Stability example: Closed loop follower

Vin v,
O Vout
V. ¢ O

 Negative feedback:
Output connected to inverting input

e Gain should be ~ 1

Vout = A(Vin - Vout)

v,.(A+1)=Av,

Vout = vin
A+1

Hf_/
~lasA >>1

17



Unity gain: Why bother?

SOURCE MODEL SOURCE MODEL
V( ut % l .U
Vin % Vin é
Ry
Voutr = RL + R Vin Vout = Vin

e No buffer: e With buffer:

Voltage divider No current required
e Signal reduced due to from source

voltage drop across Rq

18



Lab 9 Problem: Instability

e Oscillation superimposed on desired output!?!

g

-

Tek JL Tria’d M Pos: 0,000s TRIGGER
4
Type
2| | | | % Source
: | l ! : CH2
-“-h'vl !‘s’db.ﬁﬁmd L’M“h N\J

Slope
Rising

D

Mode

Coupling
CHZ S00mY M 2501 CH2 7 -105mYy
CH4 S00mY  18-Feb-03 23:28 1.00001kHz
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Lab 9 Problem: Instability

* Ground v, : Output for zero input?!?
e Why? Need...

Tek S @ Stop M Pos: 0,000s CH4
4
|::|:Iﬁllirl'_]
OC
NONZER®
zEK{) ovtP n g « B 'r'1|‘| it
N Off
g P PROPERN OF _,S__ﬁ@ \ 6OMHz
— > ‘ ".-'-IT.S.-"EIi'-.-'
f\ Probe
vo ur 4% \ W l;llllf-.l-:';&
Foﬁ ™S \ Inwvert
WpE FORM o]
CH2 500mY M 1.00us CH2 J/ =-10.5mY
\.l%' = OD CH4 500mY  18-Feb-03 23:32 <10Hz
W
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Controls: ECE3012 in 20 minutes

e General framework

A: Forward Gain

B: Feedback Factor
fraction of output
fed back to input

Vin

—_

O

>
gl

Vout
*®

21



Example: Op-amp, Noninverting Gain

A: Forward Gain Vin y
= t
Op-amp open loop gain u
Vout=A(V+'V-)

Transfer function A(jw) AN—
R2
R1
= B

B: Feedback Factor

5 R VOLTAGE
B R +R DIVIOBR

22



Closed Loop Gain
e Output V(i}n \s

Vout = A(J’in - VoutJ y VUt
v, —\_ -

* Solveforv, /v,

Vour = AVip — APv oy ﬂ—
(1 T Aﬁ)VOLtI = Avjy

Vour _ _ A

Vin 1+ Aﬁ

23



Op-amp with negative feedback

. IfA[3>>1
V 1

out _ out
Vin X"‘. % B

e Closed loop gain determined only by

 Advantage of negative feedback:
Open loop gain A can be ugly (nonlinear,
poorly controlled) as long as it's large!

24



Example: Op-amp, Noninverting Gain

B: Feedback Factor Vin
= Vout
Rl + R2

Closed loop gain AN—
R2
R1
L B

Vout Rl + RZ

1
Vin Rl [3

25



Reexamine closed loop transfer function
Output with no input: v
infinite gain o0
Infinite when 1+Ap =0
Condition for oscillation:

1+Ap =0
In general A, functions of w

A
1+AB § o0

out

Vin

If there's a frequency w at which 1+Af = 0:
Oscillation at that frequency!

26



Example follower

6 HARD o AIND BXACT

B=1 — Vout _ 1/\/|n POLE LOCATONS!
Vin Vout
*—O0

e Use A(Jw),
solve for 1+A =0

* No thanks! 3 =1

gml(r02Hr04)gm5(r05‘rOS)
[1 + jw(r02||r04)Cg5][1 + ja)(r05||r08)CL]

27



Reexamine condition for oscillation

PEN Y 14AB=0— AB=-1
Magnitude and phase condition:
IABI=1 AND Z£Af =-180°

e Easier to get from Bode plot
[

|ABl=1
- £

N
/DA ‘. £

i
__,\%00, 1 }\_;—\

d M:-—nao"?

28



Look at original A for 2 stage op-amp

* Find w at which IAfl =1; Check £ZAP -180° ?
B 1A

A
B=|
FoLLonR

“90° | mmmmm e N\ === ===

T N R, ——
~153 !
Trouble!

29



Simulation ABAfor 2 stage op-amp
C Response

gg - daz(VF("/vout"))wAﬁT\méu OC GAW

—/

43

2.2

(dB)

—40

Unity loop gain at ~ 16MHz

pog o phase(VF("Avout”))

— — 106
g —\g0°
© e ——
~— =200
> 180° phase lag at unity loop gain! ~196°
1 19 1006 1K 12K 120K ™

1M 188M  1G

freq ( Hz )
delto: (256.9T8K —T9E.579)
slope: —-766.698u

e Causes closed-loop instability

30



Compensation: ‘“Dominant Pole”

e Move one pole to Al
lower frequency

e How?

-180° -

Move unity loop gain frequency f;. to lower value

So accumulated phase lag at f;, hasn’t reached -180°

31



Compensation: ‘“Dominant Pole”

1006 X
e Need to increase A4

capacitance
by = 1000X:

BAD! Die area cost

32



Miller Effect

 Impedance across inverting gain stage G
 Reduced by factor equal to (1+G)

33



Math for Miller effect
v, = (=Gv,)

. =

o

, (1+G Ix

l = —I- "’ Vout
A ‘:: > *—0

| 4

i~ Zin = 1+G ? |

Zn

ix
 Impedance across inverting gain stage G
 Reduced by factor equal to (1+G)

34



Example: Impedance is capacitive

Capacitance multiplied by (1+G)

7 -~

" (1+ G)

7-L o 7z -1
sC "1+ G)C

Ceq
Equivalent capacitance higher by factor 1+G
Problem for high bandwidth amplifiers
Opportunity for compensation ...

35



Miller Compensation

Need effect of large capacitance

Use Miller effect to multiply small on-chip
capacitance to higher effective value

Effect of large capacitance
without die area cost of large capacitance

/P

36



New schematic  COMPENSATION
CAPACITDR "
* Add C across 2nd stage




New loop gain transfer function

AC Response
118 _-! dBZ{VF(”NOUt"})

| Fpr MU Lowe !
I €& —
70.86 F
% 39.4
u—w-ﬂ ‘ ] .
: Unity loop gain at ~65kHz
T X B

.08 * phase{VF("/vout'))

__—1o2
§ | ~1zs°
— 200 | . gl -
125° phase lag at unity loop gain
1 10 109 1K 19K 180K 1M 10M 122M 16
freqg { Hz )
delta: (1—575232_—1287519]
slope: 148,741m
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New step response

e No oscillation!

CH4
9’ M Pos: 0,000s [
Trig’d

Tek JL

t Coupling
e vardon oc
] ': | LC
| i i | E B¥Y Limit
I l l - s
| i i i i E + P|?
2 | | o}
o—I+ i
i :‘—'— Probe
| | i | | 10%
| | | | l Voltage
| | | | |
| | | I I »
VOUT 4% i E J :'hunhvvnu} II'T.
M“} :P»ﬂv‘ww : -
i | CH2 / =34, 1TmV
CH2 S00mY M 250us
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New step response with C

e Zoom in on small-signal step response:

Some overshoot and ringing

Tek  JL Trig"d M Pos: 7.500 us CH4
v
Coupling

BYY Limnit

¢  B0OMH:z

h 4

//\/\"’"‘""“"*"'“"““ == Probe
10%

vO UTl' & Yoltage
. Inwvert

:

CH2 S500mY M 250us CH2 ./~ -34.1mVY

CHY 50.0mY  18-Feb-03 23:35 1.00001kHz
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Reason: RHP zero in complete transfer function
AC Response

115 -t dB2B{VF("/Avout"))
128 Effect of RHP zero:
® 300 | additional phase lag
-12.8
_58.0 | e

Open loop gain A with only 2 poles — S
e Complete transfer function looks like:

np ZeRp NoT IN SiMPLE
e MODEL

 See Razavi 10.5, Johns & Martin 5.2

41



"Phase margin"
. —

e How stable is new Al 4
transfer function?

 Phase margin =

Phase lag at IAPI =1
minus (-180°)

L-

-90° -

e Usually want at
least 60° for stable *°-
step response PHASE MARGIN

42



Phase margin of op-amp with C.-

AC Response
118 - dBZ{VF("Nout"})

: Unity loop gain at ~65kHz
—50.08 [ . .oionm v oo 0 ieien v s esene e aen

p.oe * phase{VF("/vout'))

125° phase lag at unity loop gain

- -1208
g
... 2 -180°

Phase margin = 55°

1808 1K 18K 180K ™ 18M 128M 1G
freqg { Hz )
delta: (1—875232_—128?519]
slope: 148,741m

43



Solution to RHP zero problem

 Add R, in series with C
Moves RHP zero to much higher frequency

T
Cap 1 VoD = +5V
=0.01 yF—T
Allp: 900
10
350 :
AlIN; =27 A 110 Ve v
10 0—3———”: Mt Mz :“—;io . 3"
R
< Re *
< 150kQ Q Vs1 Vss = -5V
Vs VoD = +5V
*
L a4l 6 8 10 12
el S Bttt ieiebieiiieiebiutely ieieiiieieinind Aottt ittt Rl 114
Cep2 _|_ ! __{ '
~0.01 pF T | Meé :I I_: M7 t Ms !
BT N 7 Vee. v T
i\ . . Ves = -5V -

44



New step response with R,, C.

e Zoom in on small-signal step response:

No overshoot, ringing: phase margin improved

Tek JL Trig"d M Pos: 7.500 s CH4
v

Coupling

ﬂﬂ!
BYY Limit

¢  B0OMH:z

+ Ny s o - -
Volts/Div

1w

4 1 60 m\ Voltage
‘} Invert
CH2 S00mY M 250us CH2 / -34.1mVY

CH4 S00mY  18-Feb-09 23:36 1.00001kHz
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Large signal step response

e Slew Rate Limiting!?!

Tek - Trig’d M Pos: 0,000s TRIGGER

v
' ‘ mismn  [YPE
T |
i +  Source

6V phopk

o—1+ J,
= e e e
__\—-L Slope
+ 3V .

—

Mode

Coupling

CH2 2.00Y M 10.0us CH2 ™ =-34.1mY
CH4 2.00Y% 18-Feb-09 23:35 12.5001kHz

See Solomon op-amp paper for model; rising/falling asymmetry
46



Dominant pole op-amp model
<eB EULL \jyr SWING

VDD

Ms.:“_II

M2

Vss

MA -
IB1AS SOU\'OF o€ PAR — _/TIn

% CRRENT A

-1 B\As

e Simpler model with dominant pole from C

47



Approximate dominant pole transfer function

VDD
\ ¢ ¢
Cc
W :“ ] It W4 ]
Vi (l Vout
@ _l_,c —
~ NG Cog, T &Vin 0 C GAN
o s
Vin A 1(}”02“}’04)@
°—| M1 M2 }— A(jo)| = —
[1+ ]a)(rerM)AZCC]
—
[BIAS Miller
VSS Ay = gms(”oeros) multiplied
(| Y ) CC

2" stage gain

48



Unity gain frequency

o DependS only on 8m1(r02Hr04)A2

w(”ozu’"04)A2CC]
A(jo)| =1 at o,

— Input stage G- [

transconductance g_,

— Compensation
capacitor C ¢

49



Slew rate

e [I=CdV/dt

e Only limited current I, available to charge,

discharge C.

Tek T . Trlg d I'--1 Pns D IJEIIIIs

CH1

¥ CHAE I e CHA T 0 S S

Coupling

;As; i i

PP PP EEOROROEOEOEEEOROEOROEYLROEGROEMOTOROROTOROVYOROROTOROYIROROROROVOYOYOTOTOTO

B Lirnit
OFF
B0kHz

< MoltsSDiw
1 EEEEE

Probe

Invert

zzzzzzzzzzzzzz

VDD
@

Ce
-

Vi

.‘—
gml Vin

CH T R o M e CH

—2a.5m\
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Slew rate

dv
e I=CdV/dt = — = —
dt  Cg

v .~ .~ .~ ~ A VDD
S EEEEEEEEEEEEEEEEEEEEEE B
- -~ -~ -~ -~ “A
- A
X - M3 M4 |
o v | I
Vi Vout
® o -A2
glein

N . . . w
N N . N w
‘ ‘ ; ; M (0»
w
;;zzt'zztz;azzzta;;;;-zztz: Vss

CH1 1.00%  CH2 100 M

W [T

51



Summary Op-amp:
Stability
Compensation
Miller effect
Phase Margin
Unity gain frequency
Slew Rate Limiting

52



