Design of Analog CMOS
Integrated Circuits

<Chapter 9>
Operational Amplifiers
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0.1 Performance Parameters

O Gain
v Open-loop gain2 feedback system0ll M 2| &=t & Z & - High open-loop gain

O Example 9.1

v 1+R/R,=10 A,
v Emordt 1% D12+017] 98t A2 F'"°—>—-.avm
Ve _ A _R+R, A —
T‘“r.-n_l_LA_ R, R1+R LA A,
R +R, | R, =
If A, > (R, + R)/R,, ou i %} _E;ﬂﬁzi] B
A, > 1000
Voo
O Simple CS stage — an open-loop implementation: o ,
v Error 1% 0] 2F 9FSD| 01 CH Voodlomt,

v 2?2 > NMOS, X & variation > ~20% L
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(J Small-signal bandwidth

Gain roll-off with frequency

dB
20log|A, | f
0 _\ N
fa B fu f(log axis)
unity-gain

 Large-signal bandwidth — slew rate

A(s)
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[ Output swing v
DD
v HE=2 AMAE 0 A= output swing & & 0| I:J
2 Op-AmpE Z R Z8tLH. M, Mg
X
O Linearity ) M [ m,
v" Open-loop op amp = non-linearity & &= I H|
gt =Lk Vout
v' input pair M1- M2 Ol Al 2= M1t drain 8%V, e r —]|
AFOI Ol non-linearity Jt & A4St Ch 3 Ma
°_' M1 Mz
Vin

 Noise and offset ° B
v 912 L 0| X 9 offsetOfl ©|5101 212 Feto| & ?'53

2 M ==0] 2L

O Supply rejection

v' Digital & & 10t &1 AtE EPE A0 2lg =
Ol 22 2 &l=0l, Op-amp2 UM 8
L OI2E NHot= A0l B 2 R0t ek,

=0l AtE = L

differential 3| £ J}
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9.2 One-stage op amps

 Simple op amp

*Vour VYoun © l
C"I Vinro—l[ M, o Vin2 IC"

Differential input & single-ended output Differential input & differential output

s =Lh

v" Low frequency gain = gmN (roN || roP). = submicron devices 0l A 20 & 7|

v" bandwidth =C 0fl 2lot0 2 & &l L.
v M1-M4 0f| QI8 0| X H& 2 BH=C
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1 Unit-gain buffer
v" Input common-mode voltage range
V. = Vess * Vs _ Vout

i, min

| = Voo — Vess! T Vi

n, max

» If Vi, =0.7Vand V_ =V 5-V4=0.3V,
» then Vi in = 1.3V and V1, = 2.7V
» Input CM range = 1.4V with V=3V

v" Output impedance

Rout,ﬂpen _ TuP”roN — 1

Rﬂu = - Pl
R ﬁAﬂ.DPﬂﬂ 1+ gnm'{rﬁp||?::w ) G

4
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L Cascode op amps
v =2 gain= ¥ ol M differential cascode At S
v" Low-frequency gain
A, = G Gy Tor?) | (Gimp 105°)]
v Output swing0| Z2H 5
2[Vpp — (Vop1 + Vopz + Vess + |Vops| + | Voprl)]

v' pole Z=Jt& - stability issue

Voo Voo

I:J M7 Mg 'IZJ

’—I "n vh3= h— I
Ms Mg

—" M, Ve r————"

— Vuu' — bllr|'.\ul°?
] Vi o |
“ql b1 | = "3 -ﬂh'

i

H
bl

ol

I
J

4
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[ Design of fully differential telescope op amp

v Vpp = 3V, differential output swing = 3V, power dissipation = 10mW,

voltage gain = 2000.
w C =60 pA/V2 1 C =30 puA/V2 A = 0.1V A, = 0.2vV-1

P ox

¥ =0, Vg = | Vgl = 0.7V

v" Power budget: V=3V =2 [=3.33mA

My,
Ly = 3mA, Ly, + L = 330uA
v Output swing: IRerz
Node X[Y) swing = 1.5V, M3-M; in saturation.
For Mg,
Vool + [Vops| + Vops + Vopy + Vope = 1.5V
Since M9 carrying largest current, I REF1
Vopg = 0.5V is chosen. Vel = Vo7l = 0.3V,
Vop1 = Vops = 0.2V. My, |
v W/L : =

By I, = (1/2)uCox{ W/ L) (Vg — Vg )?, we have
(WIL)_s = 1250, (WIL)s_g = 1111, (WIL)q = 400.
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L Design of fully differential telescope op amp (continue)

v" Gain:
A, = gml[(g,3T,aT.1)l (GmsT.sTs7)]- In order to Increase the gain,

we recognize 9,.1, =~24C_ (W /L), / WL/I,
where 4 = 1/L. We can therefore increase the width or length.

Choose (W/L); g = 1111pm/1um,

~ V,
then A, = 4000 |-J‘“? ", oD
My : |
v" CM level & bias:
, , I'Rer2 peMs Mg,
Min. allowable input CM level Vbz*—] 1
= Ve + Vope = 1.4V. v

Vo, min = Vgsz + Vopi + Vopg = 1.6V.

V2, max = Voo — ([Vgss |+ |Vopr|) = 1.7V, iggg I m, M,
o]
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L Folded cascode op amps

v telescopic cascode op amp2| A Q1 K| St=l output swing, 1nputJJ

output= HZ0tJ)| HH 2 X S Folded cascode op ampe= Ml HE =
UL
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L Folded cascode op amps (continue)

Voo Voo
’1(‘1’) I3 '16‘0 (‘l)

I2
Iss
- VM — Fmo—-—dl-
Vor e M Mz Vo |
My M, d) v. >l |_| My M,
o—“_;lh M, in,
IlII'Il'm +
o
? Isg Iss ? %)'ssz
(a) (b)

v & 3|22 X0

In Fig.(a), one bias current, Iss, provides the drain current of both the input
transistors and the cascode devices.
In Fig.(b), the input pair requires an additional bias current, Iss; = Iss/2 + Ips.

In Fig.(a), the input CM level cannot exceed Vi — Vgsz + Vi, whereas in
Fig.(b), it cannot be less than Vi — Vass + |V

| X
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1 Folded cascode op amps (continue)

Voo
Mg My, |:l
Vﬂ’—IFl

M; Mg
Vo —H- nd
fm +—o V10—
=y M2 Ve h.':" H=
3 4
II"I'Iln:__I I_I

v Max. output voltage swing:

Peak-peak swing = [V5 — (| Vo T [ Veopel)]l = (Vops + Vgps ) for one side.

v SwingO]| telescopic Cascode & Ct 3H &I Ct.

v' M52t M6 = nodes X2'Y 2| cap E&F= =0[J| ?Ioll A= overdrive
voltageE At=0H OF StL}.

| X
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L Folded cascode op amps (continue)

Small-signal voltage gain

ros||ron
Equivalent circuit with Equivalent circuit with
output shorted to ground output open
Al=G R Since (Gpat Gmpa) 1oz << TotllTos Rop (G T Gonsr) Tor Tos
i - Tm out .
Iﬂut = IDI' That IS Gm = Om1- RI:IH’E = RDP | [l:gm3+gmb3] ruE{?;:'l |r|:|5”

Thus, [A,] = Gni{l(Gmst Gmss) Toa(TorllTes)] | (Gmr + Gms7) Tor Teol}
The gain is usually two or three times lower than of a comparable telescopic cascode.

| X
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L Folded cascode op amps (continue)

Effect of device capacitance on the nondominant pole in telescopic and folded cascode

op amps
Iss
M, Vore—i[5 N
Vine—{[L M Ciot
‘ 1
VH-—IE -
Mg
Ciot = Cgsz T Csgz t Cppy T Cipy Ciot = Cgazs T Capzs T Com T Capr T Caps T Cpps

The pole at the “folding point,” i.e., the sources of M5 and M,, is quite closer to the
origin than that associated with the source of cascode devices in a telescopic

topology.

I
J
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A high-gain folded cascode op amp

Vbi'

/
REF1 . °_“-_-|‘“1 M, l_l
inc — Vb..r |

My LMy,

The circuit provides a higher gain because of the greater mobility of NMOS
devices, but at the cost of lowering the pole at the folding point,

wp,X = {ng + gmbB} / Cro!:.X‘

| X
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L Telescopic- vs. folded-cascode op amps: Discussion
v" folded-cascode op ampJ} Telescopic-cascode op amp & Lt swing & 2| J}

dl= &8 MH2lote 22 HE s JHEILH
v &H& ' higher power dissipation, lower voltage gain, lower pole frequencies,
and higher noise.

v" Folded-cascode op amp Jt H 0| AtE &l = 0] = =input common-mode
level2 & H =& Jisotd| H&0|CH.
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L Design of folded-cascode op amp

I
REF1 , o m, M,
il'lt_ Vb..r
1

Specifications:

Vop = 3V, differential output swing = 3V,

power dissipation = 10mW, voltage gain = 2000.
Assume u,C,, = 60 pA/V2, 1,C, =30 uA/V2 2, = 0.1V1, 1, = 0.2V (for an
effective channel length of 0.5 um), v = 0, Vi = [Vyge = 0.7V

| X
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L Design of folded-cascode op amp (continue)

Y
M; M,
e = i I rer2
I REF1 oo m M I:' I—T-o Vout
V, ! . v | I I'rers
in b1 *—1 1
° "M, Mg

Power budget: Ij;;; = 1.5mA, L + Lo = 1.5mA, Ly + Lyps T Lz = 330pA.
Qutput swing: one side o/p swing = 1.3V, My-M,g in saturation.
Choose |Vps ¢l = 0.5V, [Vops 4l = 0.4V, Viopr o = Vigpg 10 = 0.3V.
WIL : By I = (1/2)uCox{ W/ L)(Vas — Vg )?, we have
(W/L)s ¢ =400, (W/L)3, =313, (W/L);_;, = 335.
O/p CM level: CM_;, = 0.6V, CM,,,, = 2.1V, thus CM,;; = 1.35V.

| X
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L Design of folded-cascode op amp (continue)

Determine (W/L)12: min. input CM level = Vs + Viopss.
If input and output are shorted, then Vogo + Vgpip = 1.35V,
and Vgs; = 0.95V 2 Vgp; = 0.25V = (W/L); , = 400,
The maximum dimensions of M; ; are determined by the tolerable input
capacitance at nodes X and Y.

Gain: gm = 2Ip/ (Vas — Vral, we have
gmi2 = 0.006 A/V, gmss = 0.0038 A/V, gmrs = 0.05 A/V.
For L = x um, find r..

Note | Au| = gmilllgms + Gmsa)to3(ve1 || Tos)] || [(Gmz + Gms7) TorTeol}

| X
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[ Cascode op amps with single-ended output

Fig(a): Vx = Vpp - |Vess| — |Vesr),
limiting the maximum value of
Vour to Vop — |Vass| — | Vias?| —

Vruel and wasting one PMOS

threshold voltage in the swing.

Fig(b): To solve above issue, M; and
Mg are biased at the edge of
the triode region.

» swing 8 0| Bt 2 =0 =L

> Node X0l pole2 It &ICt. > feedback speedE XISttt

v" Differential O] 20| At= =L},

| X
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9.3 Two-stage op amps

High Gain High Swing

I"'mi ‘ Stage 1 ' ‘ Stage 2 Vout

3 Two-stage op amp2| S &

v" One stage op amp2| gain=g_x R_, > gain 1 = Cascoding = output swing |

out
()

v" Output swing = I H otHA gains 2 HH > Two-stage op amp—> pole &= S
Jb > feedback Al A& 0| M stability & A 244
v' Two-stage op amp & = stage #1 (high gain) + stage #2 (high swing)

21 otrg2] & 3Z Ch-9



L Simple implementation of a two-stage op amp

el

Gain: _ 1
Av,lat stage gml,?[rol,ﬁ || ?03.4]

Av,ﬁnd stage = ng,ﬁ(TOE_.ﬁ | FGT,S)
OVEFE” gain Au = Au,lst stage X Au,?nd stage

Output swing = Vpp — |Vops,e| — Vopr.s

| X

22 Ot

e
HU
o
I
N
ol

|2 Ch-9




L Two-stage op amp employing cascoding

M M VDD
Voa s ! Yy
M M
Voo ot ————
Vour1 =1 Vot e :r.. M, Mdl +— Voutz

To obtain a higher, the first stage incorporate cascode devices. The overall voltage gain is

A, = {gml.EHng:‘l + mea,4] ?"03,43’"01:2] I [me.ﬁ + meS,ﬁ} ?'95,53’"0?,3]} X [Q'mg:m[’hg,lﬂ ?"011:12”

| X
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9.4 Gain boosting

 Gain boosting
v Gain2 =0l= A2 &8 H&2 =0l= A 0IC

v" Gain boosting 2 CascodeE AIE0otAl X1 =4 &S =0 =L

P i

Vee—| M, Rout = GnaTonlot

M; operates as a degeneration resistor. ro

g

Ay
Vpo— +
_ M,
I_ X Rour = J""‘5-1 Umatezlo1

roi

| X
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@ Gain boosting S H

2| 2 Ch-9

NS
= /M

=22

j

0

Ve
(Q\l




(J Gain boosting in cascode stage
v o abdls S&HM, V=0

Rout
A ‘_ ” { Flout
Voo—I7 A,
>_| Hz M
[ X — 2
fos %r o1

|Av| = Umi {ng o2 rﬂl} (ng TDE)

VourZ Vop2 + Vass-

| X
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 Boosting output impedance of a differential cascode stage

i @ Iss If,:_“'_ﬂ‘m" ; ‘“zr:"—l
- - (?"'351

— )
Vy = Vgsst Vise: 0122, Vo= Vops + Vass + Viss:

| X
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1 Folded-cascode circuit used as auxiliary amplifier

_____Halfcircuit
1y My M, I Voas—[* M.,
i ; HDI.II
|: Fssz:.l L Voae—i[* m,, E ", ;
! | L
Vb'—l IM -+ X 'r"u—{M |_- Vy } I
5 6 . :
M Mg i Vere] o
; b2 I T X
: [T
; = i ”T 5:
—EI:IMi le:-"- Vo1 Mg
! s
C-T%-) - Auxiliary Amplifier '“O'_II:_LM1

If nodes X and Y are sensed by a PMOS pair, the minimum value of V,, and
V', is not dictated by the gain-boosting amplifier.
The minimum allowable level of V, and V, is given by Vp, ; + Vigg.

Output impedance: Since % = GpsFount
X

where Ry, =~ [GmrTor(T00l|Tos)] || (Gm1170117013): Rour = ImaTo301Gms Rour1 -

28 otrg2] & 3Z Ch-9




9.5 Comparison of various op amps

Gain g‘ﬂr}g Speed Disps?gai;on Noise
Telescopic Medium Medium Highest Low Low
Folded-Cascode Medium Medium High Medium Medium
Two-stage High Highest Low Medium Low
Gain-Boosted High Medium Medium High Medium
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8.6 Common-mode feedback (CMFB)

QFull differential circuits2| single-ended circuitsOfl CHSH & &
v'output swings S Jt
v'mirror poles Ul & == U U Al higher closed-loop speed
O _1 2L, high-gain differential circuits 2 common-mode feedback.
QSimple differential pair (2 & 1t &= = short Al Z)

v'Input & output common-mode level > Vpp — Iss Rp /2

+= +=
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O High-gain differential pair (2! & 1t =& = short Al 2

rls

X Y
2 Vour®
liw, o

Jeg Mb,-l-;]|;.—_| Me *fss
I -

m
LAAl
=
o
o
=
o
=
n
T

dnodes X and Y Ol A1 2] common-mode level ?
VS TRMI, M2t 8 F [ /2 E SUAIZICHHA, CM level 2 I, 2 I, It
A 0tLE 22010 2ot Z2 & = L
Effect of current mismatches: Mismatches in PMOS and NMOS current
mirrors
v'current mirror—> ID5 = I & ID3,4 = I /2.
VIfIp; 4> Igg /2, > M3 2t M4 = triode region = drain currents fall to ISS /2.

VIflp;, <lgg/2, > Vy 2Vy = OIS > M5E triode region > M52 &&=
2 X ID3,4'

-
) =08y 31
#.  CHUNGBUK NATIONAL UNIVERSITY
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Simplified model of high-gain amplifier

v'high-gain amplifiersil Al p-type / n-type 8 S E H & GFH L= OfF stCh
Voo
Ie Rp
Ll AV = (IP — Iy )(RPHRN)
In Ry

v'Mismatch = current error 248 > R,||[Ry Ol 2 - voltage error O] HE >

p-type / n-type current source J} triode region
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Conceptual topology for CMFB.

Voo
D
outt Circuit
"I M 4 M 2 I_ -
Vrer

v'high-gain amplifiers 0 M output CM level 2 & & =& It mismatch0i| 212
ot K| 8t differential feedback @ 2= A 3t A2 J] O & L.

v'CMFB network = 5 =& 2| CM level=2 &2 X| = bias current = olLIE &~ &

33 otrg2] & 3Z Ch-9



U CMFB with resistive sensing

b [ ¥ T

iy

T Vout2)/ 2

outl

v Output CM level 2 Vo = (V
v'Resistive divider level
9 Vout,CM - (RlvoutZ + R2Vout1)/(R1 + RZ) 9 (Voutl + VoutZ)/za if Rl - R2'

v R, 4t R, = open-loop gain0fl &= Al 2| PIlofN = M2 HOF
StC.
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JCMEFB using source followers

=S LY.
VRILR2, 11,12 2 8= & Al = 232 HO0F el

| ey, ]
35 Ot 27 A3 2 Ch-9




JCMFB using source followers

VIEV, ,, >V ., [0l = 8= It S EL0H

VIX= (Voo = Vot /(R; +Ry)

VR, +R,) £=1, 0l =0l ZX =otH > 1, ~0-> Voutcm Ol output CM
level = BFH 6HA| &2l

| X
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dSensing and controlling output CM level

Voutcm
VRer
37 Ofg2 ] EX3|2 Ch9




L Alternative method of controlling output CM level

| X
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9.7 Input range limitations

Differential input swing= £ & 0% & Al 2, unit-gain buffer®| &< &
2 input swing S 2 R £ otL}.

—

Voo
Ell Mg My L"
X |

Vm VOU[ M M l_-:r
—l[t 3 4”:1
vir|°_| M1 Mg I
Iss

° Vout

=

':] Ms Mg
l

||

I-j.- M; Mg <
\/Vin,min =~V

outmin — Yasi2 T Viss:
VIE Vi, < Vi min = MOS transistor (Igg) enters triode region = bias current |2
transconductance |
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Extension of input CM range

@%

I‘_‘ Variation of equivalent transconductance with
the input CM level.

G m,tot

| X
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9.8 Slew rate

Response of a linear circuit to input step

O dV  Jdt: Since V., = V,[1 - exp(-t/7)], where r= RC, we have

dv,

our

_ exp_[
dt T T

O dV,  Jdt < V; if we apply a larger input step, the output rises more rapidly.
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JResponse of a linear op amp to step response

O Assume op amp is linear,

R, 1 7
| Vr’n - Vuur - ¥V oout = 2+ Vﬂurcls
-. R +R, |Re Ri+R,

Assume R, + R, >> R_ ,, we have

Linear Op Amp
Yous 5)~- \ =
V:"n | 1+ A RI 1+ Rﬂurcf_ 5
\ R+R) 1+4R/(R+R,)

The step response is given by

s
A —1
V.=V . R, 1—exp C.R. u(t)
R +R, 1+ 4R,f(R +R,),

indicating that the slope is proportional to the final value.
This type of response is called “linear settling.”

| X
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Slewing in an op amp circuit
vAEEZ2 28 M S 0= exponential &= F SIIOHAIEH 2 2 MS M=
HdM o2 SItetll,

Actual Op Amp
Vinn—g— + "?uul I"‘r:n ..................
: _*'q i l “ Vout
e — H1 I cl. E:ponemlal
1 T -
TFHE .i"
— L
- {
A —1
V. .=V l—ex ult
out =10 R, PTTCOR,, ® (A)
1+ .4
R +R | 1+ AR /(R + R,)
43 ot =21 & &3 2 Ch-9




Small-signal operation of a simple op amp

v
i, oD
:"T I Y AV
Vv
ImAVL  GmAY ‘““_r—
2 2

Vin AV[ =-—||:Iu'|'1 i,

%)fss

| X
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Small-signal operation of a simple op amp

o
! n*.j_‘ LFE. Py
T 3
Vi h_||;.u, X I

(}j"“ r  Slope=1I,/C;
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Small-signal operation of a simple op amp
EIH
n;.j—'
cl.
Vin ‘ o— M, ]:' X
| n,
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Slewing in telescopic op amp

Moy N

I—lME Mg
ol J ] Lo
L; } W M.,I '—l'L
l"ino_I ol + "2 I-|

V. @and V,,» appear as a ramps with slopes equal to /55 /(2C,), and
consequently V, ,; — V,,» exhibits a slew rate equal to /55 /C,.

| X
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Slewing in folded-cascode op amp

® If /5=, the slew rate is equal to /o5 /C;, independent of /..

| X
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