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Basic Opamp Design and
Compensation
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CMOS Opamp Design

Fundamental principles of basic opamp design.
Two-stage CMOS opamp is used to illustrate these principles.
Compensation techniques for stability when used with feedback.

Other design techniques: Vpg — 0, process-insensitive compensation.

O o O O O

Biasing circuits of opamps with stability for power-supply voltage,

process, and temperature variations.

0 Advanced architectures: fully-differential opamps for better noise

rejection in high-performance analog and mixed ICs.
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Two-Stage CMOS Opamp

Two-stage = number of gain stages.

Cc
IL

A popular approach for both bipolar and CMOS opamps.

An excellent example to illustrate design concepts.

Output buffer is used only when resistive loads need to be driven.
Differential pair without body effect for better matching.
Cc = compensation capacitor with Miller effect.

L = 1.5 ~ 2 times the minimum feature size = 3 ~ 4\.
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0 A circuit diagram of a two-stage CMOS operational amplifier.
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DC Gain of Opamp

0 High DC gain for high accuracy: Ag = Ag1Ag2403

[0 Gain of the first stage without short-channel effects.

_AOI — gml(TdSQ H Tds4) = gmlRol

W L;
Gm1 = \/QMpCox (f) Ip1, Tdsi = A= Vogi + Vi
1

Ds

0 Gain of the second stage without short-channel effects.
_AO2 - gm7(rd86 H Tds?) = gm7R02
0 Gain of the third stage without body effect.

gms
Aog ~

K Im8 + gdss + gaso + G
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Frequency Response of Opamp

O A simplified model: ignore all C's except C¢, and Q1.

0 A capacitive load on the first stage: Miller capacitance.
Cy = Cc(l + Az) ~ CcAops

O Frequency response of the first stage: wp1 = 1/Ro1Ch.

_ E 1 ) _gmlRol

A=V, (rdsz I rasa | -

‘/z' CM B 1+8R010M

0 Overall frequency response and unity-gain frequency of the opamp.

Vo Ay gmiRo1Ao2A03  gmi _ gm1
A(S) = — = = ~ , Wia = ——
Vi 14+s/wp 14+ sR,1Cp sCc Cc
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0 A simplified model used to find the midband frequency response.

A

Vi o—|l:M5

o [MECR U S

U1
—Ao ° Vo
D

M3 :“__”:M4 I = gm1v;
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Slew Rate of Opamp

0 Maximum change rate of output for a large input signal.

dvo . _@ iNC@
dt | ..~ dt|... Cc Yt

2]D1wm \/ 2IDl
= T = VeffiWta =

SR = ~ dvs

max

Wta
9m1 UpCOI(W/L)l '

[0 For given power dissipation, increase Vog1 for large SR — lower g¢,,,1

(2Ip /Vesr1), de gain, and distortion, higher thermal noise.

0 Small-signal condition, flicker and thermal noise sources.

K 2\ 1
€ AV — 2(f)= —— _ yuapT(Z) —
vgs L 2(Vas — Vi), vy (f) WLC,,f * <3> Im
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Systematic Offset Voltage

0 Design condition for minimum Vpg: Ip7 = |[Ipg| for V;_ =0=V,,.

Ips = (V/L)s = Lo = Ll Vasa = Vpsa = Vgsr
Ips  (W/L)s |Ips| 2Ip4’

. W/L)r _ Ipr _ ,(W/L)s
(W/L)s  Ips  (W/L)s

0 Random offset voltage: the voltage drop of the output buffer, any

mismatches between the output impedances of p and n MOSTs.

Vos <5 mV

0 The input and gain stages of the two-stage opamp.
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0 The input and gain stages of the two-stage CMOS opamp.
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n-Channel or p-Channel Input Stage

The DC gain: unaffected by the choice since both designs have one
stage with nMOST's and one stage with pMOSTs.

The structure with pMOST input stage and the second stage with
nMOS drive transistor maximizes slew rate and g,,7 for

high-frequency operation. (tan™! % = 33.7°)
2 o
T Wi < gu)pg for 60° PM, wp2 o< gm7

An nMOST source follower will have less voltage drop Vg for given
Ip, less effect of load capacitance Cr, on wpe due to a higher gy, less

degradation of gain for small load resistances.

pMOSTSs have less 1/f noise than nMOSTs but more thermal noise. /
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Feedback and Opamp Compensation

Opamps in closed-loop configurations: should be stable at all

frequencies as well as over the frequency range of interest.
How to compensate for good stability and settling characteristics.

Optimum compensation of opamps: one of the most difficult parts of

the opamp design procedure.
Systematic approach: near-optimum compensation.

Stable frequency response by biasing to stabilize transconductances
for power-supply voltage, process, and temperature variations.
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[0 The transient reponse of a stable amplifier must decrease with time.
< The poles of Af must lie in the open left-half s plane (e“?’e’“??).

0 Nyquist criterion: Nyquist plot for loop gain A8 does not enclose (—1,0).

Im 4

Ap
10

(14 jw/10%)*

w = too

Increasing
frequency

/
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0 Bode plot for the loop gain AQ3
60
< 1400
g 30 - Magnitude <
% 1 +45 3
& wWp1 w w180 >
p t
< 0 " 0o &
S 3
© Gain =
m margin | _45 ©
S =30r Phase o
9 1 _ o
= —60 A
& Phase 1135
= margin
—90 —180

Frequency (log scale) /
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0 Transfer function of a dominant-pole compensated opamp.
A
As) = —2

14 S/u)pl

[0 Definition of the unity-gain frequency of an opamp.

Ag
A(jwi) | =1 2 —, a=A
|A(jwta)l oraforn’ Y 0Wp1
0 Transfer function of feedback amplifiers (0 < 3 < 1)
A(s) 1/ 1B

A = = ~
£(5) 1+ BA(s) 14+1/8Ag+ s/Bwie 14 s/Pwiq
0 3-dB frequency: w; = unity-gain frequency of loop gain AS.

K W3dB = 5wta =Wt /
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Linear Settling Time

0 Charge transfer within half a clock period in SC circuits.
0 Settling time = nonlinear and linear settling time segments.

0 Linear settling time due to finite wy, for a step input: 1% (0.1%)
settling at a time of 4.67 (77), v;(t) = Vou(t), V; = Vo/s

Vo= Af(o)Vi = el =10 (- )

Cs(1+s/w) B \s  s+w
VO —t 1 1
Vo(t) = — (1 —e ' Mu(t), 7=—=
(1= ult), ==
[0 Nonlinear settling time due to slew-rate limiting.

dv,
SR < o = Wi Vo
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0 Amplifier with capacitive feedback during one clock phase: example 5.5

02 CZ

I( I(

C A A
1 Vi
c Qv
] fil B N
; ° v, A Vr
? o | 2
. UO_ C1 - 1 . 0102
Croi=—Cavo, m=-G 4= G =Era

0 Two port analysis: unilateral amplifier and feedback network.

0 Return ratio analysis: bilateral 3, the broken loop is terminated with Z;

Vi Vi Vy C 1
R pu— A = - — = —-—— A —_———m—— y a > —_—
K ’ Vi Zy Vi Vi <Cl +C2> e 7 /
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Opamp Compensation

O It is important to accurately model the transfer function at higher

frequencies where the loop gain is unity.

0 A model of A(s) by an equivalent pole when all poles and zeros are on
the real axis: 1/weq > > (1/wpi) — > (1/wzi), 5% error for w; > 2wy

A(s) ~ Ao ~ ta w > w
T (14 s/wp1) (1 + 5/weq)  s(1+ 5/weq) pl

[0 The unity-gain frequency w; of the loop gain.

6wta
oy o = w1+ (feg)?

LG(s) = BA(s) =

[0 The phase margin of the loop gain.

& PM = ZLG(jw;) — (—180°) = 90° — tan ™! (w;/weq) /
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O The 2nd-order approximation of A¢(s) near wy

Kw?
Af(s) = 0 wo = v/ 5wtaweqa Q ~ \/ Bwta/weq

s? + (wo/Q)s + w3’

O The relationship between PM, w;/w,,, Q factor, overshoot, and ¢sw;

PM | wi/weq | Q factor | Overshoot | tswy

55° | 0.700 0.925 13.3% 12.1
60° | 0.580 0.817 8.7% 9.5
65° | 0.470 0.717 4.7% 7.5
70° | 0.360 0.622 1.4% 5.8

75° | 0.270 0.527 0.008% 4.5

0 PM = 80° to 85° for process and temperature variations.
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0 Small signal model of the opamp without output buffer

Transfer Function of Two-Stage Opamp

Ri =rgs2 || rasa, Ci = Cap2 + Capa + Cys7

R =rase || ras7, C2 = Cas + Capr + Cr2
0 Transfer function by nodal analysis: Rc = 0, wp1 < wp2

Vo _ gmi1gmeR1R2(1 4+ s/w.)
Vi 1+ as + bs?

a = gmrR1R2Cc + R1(C1 + Cc) + R2(C2 + Cc)
b= Ri1R2(C1C2+ C1Cc + C2C¢), wr = —gm7/Cc

(14 8/wp1)(1 + s/wp2) = 1+ 8/wp1 + > /wpiwp2

1 1 m
Wp2 gm7

1—i—as—|—b32

1
a

K  gmtR1R2Cc’

- bwp1 = Ci+ Oy /

\

£
Integrated Systems Lab, Kyungpook National University @



& IsLab FAAA 28" A4 { A O Analog Integrated Circuit Design

OPA-20

/ 0 A compensation network and a small signal model of the opamp.

.

M
VB1 IE i ”: Ms
Vi vy VB2 | Vo2
o—”: M1 M2 :“—o —L
F1_Se
M16 LAY
FH?M‘* o
C’ Cc

1L . .
I\
l Jj_
dm1U; I dm7V1 R> CZIUO
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Compensation of Two-Stage Opamp

0 Dominant-pole compensation: controls w,; by Cc.

O Pole-splitting compensation: Miller effect, Rc = 0, wp1 < w2,

RHP zero (1+ s/w.) — negative phase shift (¢, =tan™" 2 < 0)

1 Wy ™ am7 w. — _9m7
gmiR1RCe” 77 T G+ Cy

wpl ~

0 Transistor Q16 as a resistor: Vpgi6 = 0 since Ip1g = 0.

R 1 1
=T s = —
¢ eIt Cow(W/L)16Veti16  9gmie

0 Lead compensation: Rc > 1/gm7 — w, >0, ¢, >0

Vi v 1
Ro 4+ 1/(—w,Co)  ImT"b %= = /g, + — Ro)Co
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£
Integrated Systems Lab, Kyungpook National University @



& IsLab HZAA~

Analog Integrated Circuit Design OPA-22

/

.

\

Techniques of Lead Compensation

O Elimination of the RHP zero: w, = cc.

1
(1/gm7r — Re)Co’

0 Movement of the RHP zero into LHP to cancel wpa: w,

(%)

0 Movement of the RHP zero to 1.2w; in LHP: almost optimum.

1 11
RCCC 1.2u)tCC - 12gm1

= Wp2-

C,+C
Lt

Re = —
c Co

gmT7

~Y

Re > 1/gmr, w. ~ 12w;, Ro ~

/
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Design Algorithm of Two-Stage Opamp

Choose arbitrarily, C, ~ 5 pF (R¢c = 0).

Find the frequency w; where a —135° phase shift exists, and the gain

A’ at this frequency using Spice — w; = weq

Choose a new C¢ so that w; becomes the unity-gain frequency of the
loop gain: GB = ¢,,1/Ct = A'gin1/Ce — Co = A'CL,

Choose R¢c = 1/1.2w;C¢ for PM ~ 85°. One should check frequency
doublets of pole-zero pairs which may cause severe degradation of
— /2 4+ /2 = —90 — 45 + 40 = —95°

Wegq

settling time. ¢(jw;) = -2
Wp1l

Increase C¢ if the phase margin is not adequate.

Replace Ro by a transistor, and tune the device sizes using Spice.
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& I[sLab FAA2E A7 7 4 of
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0 Relative positions of pole and zero: wiq/w. X (9m1/9m7)(gm7Rc — 1)

Compensation Independent of Process and T

amT W — — 1
: (1/gm7 — Rc)Cc

0 Constant ratios of capacitances by gate oxides.

gmi o Gm1
Co’ P Ci+0Cy

Wtaq =

[0 Constant ratios of transconductances by the same bias network.

Ipr _ (W/L)s _ (W/L)z (design rule) Verrr O Vefr13
Ipis  (W/L)1y  (W/L)1s Vemrie O Vesri2
L]
(Ip = 0.511,Cor(W/L)(Vas — Vi)* = 0.5, Vest, Ip12 = Ip13)
o p S _ OV/LiVar _ (WL (VD3
pem gmie  (W/L)16Vemie  (W/L)16 \| (W/L)13
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Biasing Opamps to Have Stable g,,

0 Transistor transconductances are the most important parameters. These

must be stabilized over power-supply voltage, process, and T variations.

O Transistor transconductances can be matched to the conductance of a
resistor: (W/L)l() = (W/L)ll, gdm13 — \/2,UJnCO;E(W/L)13[D13

OPA-26

Vasis = Vasis + IpisRB,

Ipis = Ipis

& IsLab HZAA]

2ID13 2ID13
= + Ip13R
\/Mncom(W/L)13 \//«anox(W/L)IS p1sits
2Ip13 (W/L)1s
1—4/—"3—| =1IpisR
gm13 [ (W/L)1s p1sits

_ (W/L)13
2 [1 V (W/L)15} .

Rp B

1
Rp

for (W/L)15s = 4(W/L)13

dm13 —
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0 A two-stage CMOS opamp with a bias circuit that gives very
predictable and stable transconductances.

B e iy
4”_:. Mg
M4 _—_“——”___ Mo v
Vi Vit |

S T e T
s I a0 G
Mg ' M-
[

o
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gmi _ _2uOV/Dilpi _ \/u (W/L)ilp: \/(W/L)i
gm13  \/2un(W/L)13Ip13 pin (W/L)13Ip13 (W/L)13

[0 Second-order effects.
— Body effect: modify the equation slightly.
— Transistor output impedance: use wide-swing cascode mirror.
— Mobility: proportional to T—3/2, T increases 300 K to 373 K
— Vegr increase by 27% for constant g, = 1iCox(W/L); Ve ;-
Tolerable design value : 0.2 V < Vg <0.25 V at 300 K

On-chip well or diffusion resistors with PTC: offset this effect.

0 A start-up circuit for the bias circuit having positive feedback.
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0 Problems: 5.1, 5.2, 5.6, 5.8, 5.10, 5.12, 5.15.

Homework \
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