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Ideal Operational Amplifier

Single-Ended Output

Vi_ \ A Vi_

AXV.

o /,=AxV,

e |Ideal opamp:

- A—>o00,Z,—> 00,2, —0.
— No frequency dependence.

Fully Differential
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Basic 2-Stage CMOS Opamp
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Constant g ., Bias Generator
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Input Stage Small-Signal Model

9m3 + 903 ? 9m4 Vy
VDD -$
-¢ » -
2 C 904
M3 ] [ m4 | 4 — o1
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—V Y lol eV
ol —_— ol
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Vieq [ m1 M2 1 Vit Cq ;L
Jo1 902 l
Vy Gm R1 C
Ve1 [ M5 l
Im1 (Vi1—Vvx ) Im2 (Vi2—Vvx )

VSS 905 Cx

9m1 = 9me Im3 = 9ma 9do1 =902 903 = 9G04 dm > 9,
C‘y ~ CgsS + Cgs4 = 20gs3
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Input Stage Output Impedance

9m3 +903 ? 9m4 Vy
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Vii =V, =0 G, =1/R, =v,/i,

It = Iy + i + Iy It1 = Vi Gog

Vi [ — o0

lyp Vi~ Qop Iz~ iy =0

Jdo1 Jdo2
y Gl =902t Gos
X
l f—0
Ima1 (Vi1—vx ) c Im2 (Vi2—vx )
Jo5 X fto Vi Goof2 Iz =iy = iy
G1 =00+ o4
. / Cl 1 Cl /
Itz 902(9im + 9os5 + SC) Goo 1+5C/9m

Vt - gm2 + mez + g02 + g;nl + g05 + SC;( 2 1+ SC;(/(Zg:m_)

g;nl =9m1 T 9mn1 C;( =Cy + Cgsl + CgsZ
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Input Stage Di fferential-Mode Transconductance

Im3 +903 ? Im4 Vy 1 1
1 _T_ Vig = Via = Vi1 Vip ~5Vid Vi1 +§Vid
< Cy .
Vy‘_-l i = 9mVin = _Egmlvid
. 1
lo = gmaVio = +§gmlvld
i1 Jo1 —ly 9 ma o 9m3
i 9ms+ o1+ 9oz +5SC,  Gpz+SC,
dma1 (Vi1—Vx ) P = ;
o— "~ 14712
/0 1+SCy/(2gm3) 1—S/Zm
Gmd(s) = V_ = = =9m = ml°
/ y 1+SCy/gm3 1_S/pm
@
z.. = Mirror Zero = — Im3 ~@;3 P, = Mirror Pole = _Im P
C, C, 2
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Input Stage Common-Mode Transconductance

I9m3 +903 ? Im4 Vy
T 1
< C o4 Iy
| g Vie =Vi1 = Vo
Vy |01 . g 1
— I =ih(1-e,)
| Vol .
' a —ly = ih(1-€p)
do1  9o2 fyy = —lg—ly=i1(1—€,)— I,
Vx : . )
J_ = lpy = —h(€g + €y — €46) ® —Ir(€4 + €py)
Im1 (Viz—Vx ) - Im2 (Vio=vy ) i i
905 X _ ol
Ge=—nr~-—-(64+€,)
V/c V/c
Vie 1+ 29m*Ime1)  2(9my + Gmp1) + Gos + sC, 2+ SCX/gml 2 1- S/,Ot
(9o5+5Cx)
: 9os _ 29
z, = Tail Zero = -=2 p, = Tail Pole = - =2

C, C,
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Input Stage Common-Mode Transconductance

For the M1-M2 source-coupled pair,
il = gml(Vic - Vx) + gol(vy - VX)

I, = ng(V/c - Vx) + goz(o - Vx) = gml(vic - Vx) — G901Vx

/1
Vy = -
gm3 + 903 + SCy

We have
i =y + gV =y — i Jo1
1= 12 olVy — 72— 11~
9Im3z T o3 + SCy
. . 1 . gol .
1+ Jol < 9m3 T 9oz + SCy
Im3+9o3+sCy
gol gol gol 1 gol
6‘d —

B gm3+g03+scy ) gm3+SCy B gm3. 1+SCy/gm3 - gm3. 1—8/,Dm
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Input Stage Common-Mode Transconductance

For the M3-M4 current mirror,

_/_4 — gm4 — gm3 =1 - gOS M Scy =1-¢
/1 ng + 903 + SCy ng + goS + SCy ng + 903 + SCy

m

. Jos+SCy goz+SCy g 1+8C,/903  gos 1+5Cy/G03
" 9+ 903+SC, Gz +SC,  Oma 1+sC,/gms 9m  1-5/p,

The common-mode transconductance is

/2
Gpe(S) ® ——-(e4 + €p)
V/c

~yY

_g05 . 1- S/Zz‘ . (gol . 1 9o3 . 1+ SC}//g03>

+
2 1-s/p, \9m 1-s/p,, 9mz 1-5/p,

_905(901 + 903) . (1 - S/Zz‘)(l - S/Zc) > _gol + 903

20 ms 1-s/p)L-5/p,) C,
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Input Stage Voltage Gain

Adm = de 'Zl Acm = Gcm 'Zl
3 1 3 1 1
Gl+SCl 9o2 T Goa 1—8/,00

goZ + go4
Cy

Zy

p, = Output Load Pole = —
Gmd
Gme

_ nglng . (1 - S/Zm)(l - S/pt)
goS(gol + go3) (1- S/Zz‘)(l — S/ZC)

CMRR % CMRR=

2
CMRR(o0) = Im/2 _ 1
gml 2
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Simplified Two-Stage Model
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Frequency Compensation Using Nulling Resistor
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Frequency Compensation Using Zero-Nulling Resistor

e The zero-nulling resistor A, is realized by M10 in the triode region.

— 1 - _ gm6
(1/9ms — R)Ce (GmeFc —1)C,

Z

W/Lys _ (W/L)s WLy, W/L)s
* LD = WD 2 WDy, = Wiy TN
V, V, (W/L)5
V —V —V Vv —V —V ov6 _ ovl13 _
ov6 ovl3 ovl4d ov10 ov15 ov1l6 Vole Vov15 (W/L)13

9me _ W/L)s Vore  (W/L)s | (W/L)ss

9m10 - (W/L)qq Vovio B (W/L)m\ (W/L)13

gmGRc =

e /72, =~ (9,6A, — 1)C./(C, + C,) is independent of process and temperature
variations.
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Voltage and Current Range

Input Common-Mode Range
Vicimaxy = Voo — Vgss + Vi Vicimin = Vss + Vpsars + Vgsa
e The range is limited to the voltage levels where any transistor goes out of saturation.
Output Voltage Range
Vo(max) = Vop = Vpsars Vo(m/n) = Vss + Vpsarz

e Output resistive load can also limit the voltage range, if the available output current is
iInsufficient.

Maximum Output Current

1. (W
losink,max) = o7 losource,max) = Ekp (T) [Vys6(max) = Viel™ = Ip7
6

Vyseimax)y = Voo — Vi + Vi
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Slew Rate
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-
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Slew Rate

The internal slew rate is generally limited by current available to charge and discharge
C_ from input stage. Therefore,

SR _ av, _ /X(maX) _ Iss
" - dt max - CC - CC
_ Iss y 9m _ Iss < ®,
gml Cc gml
= (Vg1 - Vi) x @,
= |/ovl X @,

The external slew rate is limited by the available current to charge and discharge C..
Thus,
Ip7 = I\(max)  Ip7 —Iss

C, -G

SRext =
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Settling Time

The frequency response and step response of a single-pole amplifier is

A(S) = Ao V,(t) = A, (1 - e~")
- 1+s/w, ol

The settling time can be written as

1 1 1
t(€)=—In=="In=
®, € ®, €

e ®, = A, ®,Is the dominant-pole unity-gain frequency.
e ¢ =1-|V,(t,)/A,|is the error when settling occurs.

The 10% to 90% rise time is

1 2.2 0.35
t==In@) =22=2>2 o =onf,
@p @p fy
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Input Impedance

Cin.  C_ fE VDD
m—» I - -9 & ® *-
o7 Vo
—- +—+ M3 ] [ ma
Cint  C4
;l; ? I o[ me
A | —o
Vi Vi
¢, A i-—1 L m1 M2 THVie ¢ Ly,
C <R1 !
gd2 L
’ o[ me M5
V1 —H= [ m7
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Input Impedance

Shorting the noninverting input to ground,

Cgsl

CI'I'I— == Cd + C_ 2

Q

Shorting the inverting input to ground,

C
gsl
Cing =Cy+C,~

+Cphyz- (1 +As1) Aor = GmaFs

And we have

C_~0  C,~Cyyp-(1+A4,)
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Input Impedance

The equivalent voltage gain of the M2 stage decreases with increasing frequency, due
the the effect of C,;. The capacitance C, is then modified as

1 4 Qo924
gm2
C+ ~ ngz ) Aol

Cga2+Ct
1+A, - S

where
Cz‘ = Cgs6 + Cc ) (1 + Aoz) = CgsG + Cc ) (1 + gmGRZ)

o FOr g,,/[A01(Cygz + C)l < @ < g/Cyq2, C,. become resistive, and

1 C,
C, — R,.= 1+
gm2< ng2>

Z
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Output Impedance

with unity-gain feedback

Assuming g, > R, and A,, we have

1+sR(C,+Cy)

ZO=R2

1+ 59,,6RA,C. + s°R,C,R,C,

Imef11A2C C. |A, ) ’ o . R(C. +Cy)

Py ~
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Output Impedance

e For frequencies larger than z;, C, acts as a short, the Z, is a resistive 1/g, .

e The closed-loop Z, of the unity-gain buffer is

Z
7 ~2x_—22 .(1-5/2z,) for @< ®
ocC AV AV(O) ( / 1) u

where @, = g,,1/C,.
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Systematic Input O ffset Voltage

VDD

-& T ® @
M3 ] [ M4
Vi 1, .,
Vy d [ me Ip = szov(l + Alps)
Vos —e
A, = A A = A
Vie —( 9 C w1 M2 JFVie  c, ' Lo /3 :
*— Vo
’ A5 = Ipy = Ipp = T1a(Vy = 1))
*'ss
Vpq —HE | Al, , = |/ / —/SSAV V,
Bl |LM5 ||:M7 3—4—|D3|_|D4|—7 3(1_ Y)
1 -
VSS

The systematic input referred dc offset can be expressed as

1 V. 1-2
—Vos,s = — (A/1—2 - 4/3-4) = —

gml

(A + A3) (W, = V)
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Systematic Input O ffset Voltage

e The systematic offset is caused by asymmetry in the dc biasing of V/, and V;.

e To minimize Vyg 5, Want Vpgz = Vpss = V556, then

W/L)s _ W/L), _ (W/L)s
W/L)s  W/L)s 20W/L),

e Further, to minimize process induced variations choose

However, this constraint may conflict with frequency response and noise constraints.
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Random Input O ffset Voltage

W == v = sy, = M
i-i =il =Vl i-j = 5 i-j = Wil =11}l i-i = T o

(), ~()-(0, (), ()

Alp 34 _ AW/L),_, _ 2AVz‘,3—4 B Alp 15
Ip3_4 (W/L);_, Vovz—a  Ipaio
|/ov,1—2 A/D,l—z _ A(W/L)l—z
b1z (W/L),_,
|/ov,1—2 |/ov,1—2 A(W/L)l—Z A(W/L)3—4
AV 34+ - +

ov.3-4 2 W/L),.,  (W/L)s_,
Ims3 Vov1-2 [_A(W/L)l—Z N A(W/L)3-4]
W/L),.,  (W/L)s_,

—
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Input O ffset Voltage and Common-Mode Rejection Ratio

The output voltage change due to common-mode input variation is

AV, = A

(0]

AV,

cm’ i

Want to change differential input so that AV, = 0, then

AV A
S = o _ _TTem ’AVic
Adm Adm

-1
AVO=O>

4V,

Therefore, we have

CMRR = | 4"

| ovy
- aV/c

cm

OWVps\ *
(57°)

Opamp-I 13-27
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CMRR Due to Systematic and Random O ffset

Since
Vos = Voss + Vos r
We have
1 Vos.s N OVos
CMRR oV, oV,
oV oV oV ol
0ss _ 9Y0ss OVour Olg1 _ _E(Al £ 1)V - VY- 1 9m
aV/c aVovl a/dl aVic 2 gml 1+ 2(gm1 + gmbl)rOS
1 A+ A1)V, = V.
= _l(/ll + A3)(Vy = V) - ~ —( = )y - )
2 1+2(9m1 + 9mp1)los A9 m1 + Imp1)los
WVos r B WVos r . oV,1 . o B _l _A(W/L)l_z N AW/L)5_4 . 1
aV/c aVovl a/dl aV/'c 2 (W/L)1_2 (W/L)3_4 1+ 2(gml + gmbl)r05

- _A(W/L)l—Z N AW/L);_, . 1
W/L),_»  (W/L)ay | 29m1+ 9mp1)los
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Mismatches and Input Stage Transconductance

Define
9m.i+9m, Foi + 1o,
A9 i i=9mi=9m; 9mi-j = 5 Argi j="roi=To; loij= 5
Then
1 _ (Agm,1—2>2
20m1-2 I9m1-2
Gmd ~ gm,l—Z ) A GmC a _1 2 ’ (ed + 6l’f))
1 + < gm,3—4> + gm’1_2f05
2gm,3—4
where

€q

L1 A9 m1-2 (1 . 2/’05) 25 Aloao
gm3rol gm,l—z

_ 1 + (ng - gm4)r03 ~ 1 + Agm,3_4
1+ Gmalos 1+ Gmalos 9m3loz3  Y9m3-4

lo1 o1 To1-2

€m
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Power Supply Rejection Ratio (PSRR)

VDD
VDD évdd Vo = —AVig + AggVag + AssVss
-9 & ® - AV
PSRR,, =
M3.:|D_O| [ M4 Add
¢ A
oL PSRRgs = 7
—e SS
vid =4 [ m1 M2 | Cc | p A,(0)
! v 0 T S/P1
Vg1 : E — ”: M7 AV(O) — gmlgmg’ql’qz
+ é\:} .- A,(0)p; = - gl
VSS c
Vss g
A~Z2"  for @ >
VSS 74 SCC |pl|
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Power Supply Rejection Ratio (PSRR  &¢)

VDD
-¢ ® & -
I\/I3.:D_°1 [ ma
‘ I AL v o =’4vcm= AV
T Vew V™ CMRR
Ce LZG 7
V 6~ ~
C w1 M2 ] — Vo 9me
® 1
J- =
r r ! g07 + SC7
X CX o7/ C7
Vo _ Zs  Zs Gor+SCy
bssl -I;/ssz Vsso Lo +t47 £y 9me
VSS VSS
1 _ Vo/Vssl + Vo/Vssz _ 1 + (1 + Sro7C7)(1 - S/pl) " 1
PSRR.¢ A, CMRR 9,6 s7A,(0) CMRR
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Power Supply Rejection Ratio (PSRR p)

® .-
* M 9 ma (v “Vy )
Vdd? M3 :l I: M4 v Vad1 dd2
— 1 _— @ L 2
¢ d [ wme C
, Vdd2

T ggmB

C y

1%y
Cme - m2 ] — Vo = g . v
® y0 1 Ce

M5
Ve1 - j | [ m7
J_ L
VSS
Rid J—C 1d :
Vddi 9m6 (Vyqq -V )
T ddl1 "1 v,
] 1
» 1V Vagr @)

R, &
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Power Supply Rejection Ratio (PSRR )

The voltage gain from v, to v, is

Vo 1 N 1 .1
Vagr 1 4 1+01g+SC10)/(sCo) ¢ C1d/Ce
R2(910+5C14)+9ImeF2 Imef

For v,q, Input, since g,3 + sC, > G,q + SC,, the resulting current flow in M3 is

y0r
approximately
Iyo ® Vgg2+(Gy0 + SC0)

The current is mirrored in M4, and amplified by M6 and C_. The voltage gain is

Vo . gyo + SC)/O Vo Vo
=l Ay~ - = <
sC. Vaaz Vaai

Vaa2

Thus
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PSRRyp with Common-Gate Miller Compensation

VSS

Assume the M10 stage has R, = 1/9,.,,, and A, = 1. Neglecting R,, and C,,, we have

% 1 C, C
° = ~ . (1 +5—°
Vddl 1 . <& + &) + 1 CC gmlO
C R
1+5C./9m10 p  9me Imel2
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Supply Capacitance

| |
11
C
VDD
-9 <4 * .-
| M3 ] [ ma
Csup . C
gd1 ¢ o [ M6
Vn — - Vo o= | Vy
+ ————[m M2 B | e T o y
\V4 X \V4 0
e Nt ’
- Cgsi Id5¢ s
sup
|/o—_(;/"/n Vg1 H- | [ m7
1 -
VSS

e Both C 5, and C,,; can function as Cy,,, and noises at V, and V, can leak to the
output.
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Power-Supply Rejection and Supply Capacitance

e The Vj, noise can be coupled to V, through the diode-connected M3 device. The use
of cascode input stage can overcome this problem.

e If /- is modulated by the supply voltage variation, then v, =~ i s/(29,,,). The use of
supply-independent bias reference can overcome this problem.

e The noises at the substrate/well terminals of M1 and M2 can change the V/; of the
devices due to body effect, and cause V,, variation, introducing noises at V. A
solution is to place both M1 and M2 in a single well, and connect well and source
terminals together to eliminate body effect.

e Interconnect crossovers can introduce undesired coupling capacitors to the V_
summing node. Careful layout is required.

e Fully-differential circuit topology generally has better power-supply rejection
performance.

Opamp-I 13-36 Analog ICs; Jieh-Tsorng Wu



Device Noise Analysis

VDD VDD
- »w ® .- — - »w ® .-
+ +
M3 ] [ ma4 + M3 ] [ ma +
) T Vbs3 T Vbs3
n3
¢ ¢ ¢

— —>

| |
0 (0]

] L 1

Vn4
M2 M1 M2
an Vn2 VnT
lss 'ss Vv
VSS VSS

d 3 g9, WLC,,
9m3 ?
2 2 m
Ve o= v2 4+ v,fz + (—) (v23 + v§4)
gml
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Thermal Noise Performance

Assuming M1=M2 and M3=M4, and knowing /5; = /p5 SO that

2
. u,C, (W/L u,(W/L
(g 3) ) — ( / )3 - p( / )3 kl’7 = lunCo)( k,IID =lu,OCOX
Im1 u,C, (W/L), u,(W/L),

The input referred thermal noise is

V2 2
_Or _ A4kT (ﬂi) + (%) x AkT (ﬂi) = 4kT (ﬂi) X [1 + %

Af 3gml 9m ngS 3gml Im
w/L
= 4KT %- s x 1+\|up-( /L)
Ny A R e

e The load contribution can be made small by making g,., > g,,3 or (W/L), > (W/L),.

e g, should be made as large as possible to minimize thermal noise contribution.
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Flicker Noise Performance

The input referred 1/f noise is

2
Yanr 2K (%)2 Ko 2Ky HW/L) 2Ky
Af WL\ Coif  \Gpm) = WolsColf ~ WiLiCoif i (W/L),  Wsl3Coyf

_1x 2K 1+Kfp Hp Li
f WlLlcox Kfn Hn Lg

e K, Is typically smaller than K¢, by a factor of two or more.

e The load contribution can be made small by making L5 > L. But longer L5 can limits
the signal swing somewhat.

The width of load devices does not affect the 1/f noise performance. But make it
wider can maximize signal swing.

e Making W, wider can reduce 1/f noise.

Opamp-I 13-39 Analog ICs; Jieh-Tsorng Wu



2-Stage Opamp with pMOST Input Stage

VDD
- ® *-
Vp1 oH= o[ m7
M5
Vi
¢ Vo Output ,
@ V o)
Vi- o [ m1 vz Jl—  Cc Buffer
| | *
’1 ¢ l NG
M3 ] [ ma
= 9 ® ® o
VSS
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2-Stage Opamp with pMOST Input Stage

Comparing to the nMOST-input opamps, the pMOST-input opamps have

e Similar dc voltage gain.

Smaller g,,, and larger g .

Larger unity-gain frequency since @, ~ |p,| and |p,| = g,.6/C>-
e Better slew rate since both V, , and @, are larger.

e Better 1/f noise performance.

Poorer thermal noise performance.
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