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IX.1 IMPROVING THE TWO-STAGE ARCHITECTURE
Amplifiers Using an MOS Output Stage
PUSH-PULL CMOS OTA
This amplifier is a simple extension of the seven-transistor OTA
studied in Section 8.

Vbp
@
VDD—<_|—||M9 1 M7||_ Voo
— —
¢ Vout
— M1 M2l
— Vbp —e +
—1p i c
1l
| M8 — —C
HI ¢ ¢ IH
— M6
—, =
> | I
M3 M4
small-signal equivalent circuit:
Ce
Il Vout

omvi B O rlévl gevi () Ot T rzé * gm;AiVi

1

where gm1 = gm2, 1 = 0ds6 *+ 9ds7

——— 2=
Jds2 + Jds4 2
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Amplifiers Using an MOS Output Stage - Continued

Network equations:

[g1 + S(C1 + Cp)]v1 - SCeV2 = OmaVi

Im1AIVi
[g5 +SC]v1 + [g2 + S(Ce + CL)V2 == 5 —

i
A| isthe current gain from M1 to M7: A =%
_ -Omeé
A
02 O
_ 9192
P1= gmeCe
_"9m6
P2="c—
_ Im19mé6
AV =" g107

To guarantee that the zero staysin the left-half plane, A} > 2
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Amplifiers Using an MOS Output Stage - Continued

Example:
Vbbp Vbp
— M M7,
Vbp 1i| 2 II:— Vbp VDD_HIMQ M7IE Vop
M1 M + Vi) M2 +
—p— Voo == —i= = c
[ |_°
i CL — C. .
She =T @ | Sl
1
- L [ M \/ M6 ]
— e
RERLE M3 M4
Push-Pull (A = 3) Standard (A = 0)
140 —
120 —
100 —
Gain(db) B
Push-Pull phase
60 —
Standard gain
40 -
20 — Pu'sh-PuII
gain
0 Standard phase
-20 T T T T T 1
10t 102 10° 10* 10° 10° 100 10® 10°

Frequency
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IX.2 Two-Stage Cascode Architecture

Why Cascode Op Amps?

» Control the frequency behavior
* Increase PSRR

» Simplifiesdesign

Where is the Cascode Technique Applied?

» First stage -
Good noise performance
Requires level tranglation to second stage
Requires Miller compensation
» Second stage -
Self compensating
Reduces the efficiency of the Miller compensation

Increases PSRR
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Power Supply Rejection Ratio (PSRR)

Definition:

~Ug=0)

PSRR* = Av(Vdg=0) _ Vin
Add(Vin=0) ~ Vout, 0
vdd Vin=0)

Calculation of PSRR:

AddVdd
V ’o) Vout
Ay(v1 -v2)
Vout = AddVdd + Av(V1-V2) = AddVdd - AvWout
Vout(1 + Av) = AddVdd Extends bandwidth beyond GB
!
Vout = Add Add _ 1 Vou _ KAdd  Add

vid 1+ Ay = Ay ~ PSRR* Vad _ 1+KAy T Ay
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Intuitive Interpretation of Positive PSRR for the Two-Stage OTA

1) The M7 current sink
causes Vgsg to act likea

battery.
I——| 2.) Therefore, vqd
M3 4 |
L I\I/I6 couples from the source
I
M M2|—| T~ to gate of M6.
H|_|— —I_lbl}—Jj —oVou  3) The path to the output
= = Is through any capacitance
M5 M7 from gate to drain of M6.
+o I |[:
| |
VBias
+
Ves =
;|:_ 4.) Resultant circuit
model- — o Vou
Vi @ Ce %Rout
Must reduce C¢! Vout
Vi
A 1

0dB RoutCc -

-60 to Other sources of

-80dB |/ PSRR beside C¢
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Intuitive Interpretation of the Negative PSRR for the Two-Stage OTA

B
;VDD
M3 M4 I
I M6
II'C
— M1 M2 - C
'flﬂ— —HIT:F —0 Vout
LM Eai >
M5 M
— |
+[ 15 |
VBias__;_
Vss
Vss;:
Two mechanisms of vss injection:
M5 or M7 +i55 M
[ 4
V 'CE_
VBias__ Ves Bla"-'
= v L VSS_B
i VSS_—_

Transconductance injection

Capacitance injection
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Intuitive Interpretation of the Negative PSRR for the Two-Stage OTA -

Continued

Transconductance injection:

Vour
Path through the input stage: Vss
Not important as long as A
20to _|
CMRR s high. 40 dB
Path through the output stage:
Vout = issRout = 9m7VssRout
0dB
Vout R 1C \
E — gm7Rout out “~out
Frequency dependence -
010
Rout - R
out outll%ﬂum
Capacitance injection:
T
Vg ng7 Rout
Vout
Vss
A 1
0dB RouCod7 -
-60 to First stage
-80dB|  / transconductance
Injection

Reduce Cyg7!

Ll V]
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Problems with the two-stage OTA:
 Insufficient gain
» Poor stability for large load capacitance
» Poor PSRR

These problems can be addressed using various cascode structures.

We will consider several approaches:
» Cascoding the first stage
 Cascoding the second stage

» Folded cascode
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First Stage Cascode

Vpp
— M3 M4 —
Vbp —<-I|—4|I->— Vbp
— —
Vep MC2 1—
{?— Vbp
lj Vo1
VBN
2
= MC3 MCl—I
1< >
M1 M2
|_
V —
BIAS —||_
Vss

ro1 = (Omc2rdsc2)rds4 || (Omeirdsc1)rds2

Gain = gm2ro1

Omcldsc
2

Overall gain increased by =

Requires voltage translation to drive next stage

Requires additional biasing for cascode devices

Common-mode problem at drains of M1 and M2
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First Stage Cascode - Continued

Common-mode i mprovement:

_|
Vbp —<-II IP— Vbp
_l

Vgp MC2,I—
||.>_

Vss

Common-mode circuitry (M9) maintains Vs of M1 and M2
Av = gm1rol

ro1 = (Omc2rdsc2)rds4 || (Omeirdsc1)rds2

-1
P1=Clro
Om1
GB = Ay|p1| = CL

Output range of this amplifier is poor when used by itself. It needs an
output stage to be practical.
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First Stage Cascode - Continued

Implementation of I

VDD
> ..
lem
Vepo
Vss—>| > || &— Vss
--------------- MC3 MC1
Vin ool oo Vin Vin, g v Ves —P|f—o Uin
2 | 2 2 — o 2
Vss M1
........................................ ‘
Is+lcm
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Level Translator for First Stage Cascode

VDD

1
1
<
N

W

MC1 4”‘__

MC2

[ 1
|
r

)

VBIAS

VSS
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Improved PSRR For Two-Stage OTA

Use cascode to reject C¢ feedforward

[ Vbp
el
3 | M4 e
V |
Va1 o—] M8 | X
B MO'H Cc
” +—o Vout
o—|_M1 MZ’:ll—o‘F
g I
M5
Vs o ||_ Il:w
Vss

+PSRR is reduced by M9

Disadvantage -

: . 1
Miller poleis larger because R1 = Imo

positive input common mode range is restricted
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Complete Two Stage Cascode

VDD
M3 :II M4 - -
VBP MC2 Ir__ Me
| i MT1 4|E—
CMCP MC1 4”‘__
MC3 — (==
= B
\o VSS
—A= —i—
M1 M2
VBIAS M7
Il__. M5 ——|l__,

VSS
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Second Stage Cascode

VDD

VBP MC6

MC5
M1 M2 V%l:
M7
VBIAS |
[ ws —,

VSS
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LOAD COMPENSATED CASCODE AMPLIFIER

- VDD -
[z sy
M9 VDD—“—”—‘ |->—VDD
VDD—:|—|I ’_l M6I|-|: VDD
— —
MC2
MC3
Vep |t—
— |
Ve Voo - —fa— e
M1 M2 MC1
Is
MliJ VBN—||<—VSS
VB|AS—||<—
M8 _|I M |\/|7I|_
>l [y
Vss
dm2
Avi= dm4 E Om2
1 L Ay = 2gma) (9m6 * gme) Ro
Av2 =5 (gmé + gmg)RoH]
where
Ro = (Imc2rdsc2)rdss || (9meirdsc1)rds7 and M7 = M8
Or,

+ O
Ay = @D m12(_31m2D KRq

where
_ We/Le _ WollLg
K=Wals =~ Walls
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Design Example

Pertinent design equations:

louT
R="a

__9m2
Ay = 2(9ma) (Om6 + Im7) o

_ 9m2(gmé + gm7)
8 = 2AgmaCL

15
Vin(max) = VDD - \/3:3 - [VT3l(max) + V T1(min)

Vin(min) =Vss + Vpss + \/E—Sl + VT1(max)
Specifications:

VDD =-Vss =5V

SR =5V/usinto C. = 50pf

GB =5 MHz

Ay > 5000

CMR =3V

Output swing = =3V
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Design Procedure

1.) Design for maximum source/sink current
Isource/sink = CL(SR) = 50pf(5V/us) = 250 pA

2.) Note that -
Max. louT (source) = % I5

Max. louT (Sink) = Max. loyT (source) if S3 = Sg,
Sg=Sg and S7=Sg

3.) Choose |5 = 100 pA

[0 Sg=Sg=2.5S54=25853

4.) Design for £ 3V output capability
a.) Negative peak
Let Vpsci(sat.) = Vpsr(sat.) = 1V
under negative peak conditions, Ic1 =17 = 250 HA

Divide 2V equadly,

_ / 217 / 2Adct / 27 500 PA
H2v= KN'S7 * KNSc1 2 KN'S7 2\/17 HA/V2 S7

0 S7=Sc1=294 -> Sg=S7=29.4
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b.) Positive peak, divide voltage equally,

VSD6=Vepca =1V, > 2V = A\ oo 44 2 = o |28
Sb6 = ¥sbez = A, " VKPS \VKpSc2 ~ “ \KPSs

0 Sg=Sc2=625 -> S3=54=25

5.) Design of Vgpand VN

a) VBN (Assume max. louT (sink) conditions)

:J lout(sink) = 250 pA

MC1| -3
VBNo—||I<_— 5V
’ Vbsc1 = Vesci - VTei (ignoring bulk effects)
1=Vegsc1-1 --> Vgsc1 =2V
"__”:W 0 VeN = -2V
B

b.) Vep (Assume max.
louT (source) conditions)

—— +5V

____”t
+4

|_
Vgp o—|t
MC2 J | ouT(Source)= 250 A

| +3V

Vpsc2 =Vase? - [VTe2| (ignoring bulk effects)
Vscge2=2V 0O Vpp=+2V
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6.) Check max. Vin influence on S3 (1)
I5 .
Vin (max) = Vpp - \/8:3 - IV T03Imax + VT1(min)
+3=+45- 100 uA -12+0.8

100 pA
A
8 l</—2(1.6V)2

Sz = = 4.88 (Use Sz = Sy = 25)

With S3 = 25, Vi (max) = 3.89V which exceeds the specification.

7.) Find gm1 (9m2)
a.) Ay specification
Om1 EgmG + Om70

Ay = gma O > EJ R

gma = \[212KpSs = 141.1 ps

gme = \2l6KpSe = 353.5 s

Om7 = \217KN'S7 =353.5 us

Omcl = Om7

Omc2 = Omé6

1

fds6 = l'dsc2 = W =04 MQ

Fds7 = rdscl = j 7\N =0.8MQ

Ril = (Omc1rdscirds?) || (Ome2rdscardss) = 45.25 MQ

0
0 E&Tl 07 S 1226.24 MQ || 56.56 MQ) > 5000 V/V

0 gmi>44ps
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b.) GB specification

dm1(Im6 + 9m7),

GB = 20 (50pF) = 101106 rps
_(1on 106)(174(1)17 1 (:)L(é/fzi)(so 1012) _ o7 s
0 S1=Sp —Ig%— 231
gmiégmf’;gm?%R - 132171 D7O7HS§45 25MQ) = 71,080

8.) Find Ss from Vip (min)

|
Vin (Min) = Vss + Vpss + \/B:i + VT1(max)

-3=-5+ VDS5 + 100 pA +1.2

LA
17551
) 100 )
VDss = 0.8 - A /—(17)(231) = 0.8 - 0.1596 = 0.641
2(100 A
VDS (sat) = 0.641 = JTJ_AM
__2a00uA)
S5 = T7nANV2(0.641)2 ~ 280
9.) VBIAS-
KN’ 28 6

I5= (VBIAS + 5 1)2—1OO|.1A

VBias = 0.411 - 4 = -3.359V
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10.) Summary of design -

$1=5 =231 S7=S8=5c1=294
S3=54=25 Vep=2V

S5=28.6 VBN = -2V

S6 = S9 = Sc2=Sc3=625 VBIAS =-3.359V

11.) Check on power dissipation
Pdiss = 10(Ig + I5 + 17) = 10(125pA + 100pA + 125pA)
= 3.5mwW

12.) Design W's for lateral diffusion and simulate
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X.3 FOLDED CASCODE ARCHITECTURE

Principle

151 151

<
Vgpo I YE | M4

———o Vout=0m1RoutVin

Vin 0—||:M1 M2:]|—o Viy

¢|
o s
1.

Vss

Currents in upper current sinks must be greater than | to avoid zero
current in the cascode mirror (M5-M8).

Advantages
Good input CMR.
Good frequency response.

Self compensating.
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Folded Cascode OP Amp
Vpp
VB3
o IE 3 Il<__M4
°—|'I‘_— — o+ Vv o—|lt M14
— . B3
M1 Vour
? II‘_ IltMg o
— M8 L G

VBl°—|l:|\/|5

Vg2

M10

W[l
o

| |
T M12 'IIMB

Vss

High gain, High speed, cascode amp
GB = 10 MHz, Aypc = 100 dB
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XI. 4 DIFFERENTIAL OUTPUT OTA'S

|mplementation Using Two Differential-1n, Singled-Ended Op Amps

o +
_ 8 l R R
+
Conceptual Implementation of Differential In-Out OP Amp
Vbp
— — — —
+ 0—|t ﬂl— VDD—<—I_||— Vbp ﬂl I oVBias
Vin Ve
¥ - +
o N > o Vou o !
CL =— —C_
I Common j_:
= *—> mode <o -
feedback
|
@ - ’GP
Vss
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Schematic of a Fully Differential 1n-Out, FoldedCascode Op Amp

Vpp = +5V
MP1A
g >
MP1 || | © Vpiast
. | MP2A
Vbp —<-|_||— Vbp ﬂl 0 Vpias2
MP2 I\
T v
vV
I° a
+ o—| = ==
y l: T | mnza
IN =
* VSS—NI— VSS—N}—r—O VBIAS3
MN2 A
MN1 MN1A
Ves — > vss—ni—l‘ VSS—N}—r-o Veiass
—
s NI —
= MN3A
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Evolution of Class AB Amplifier

Vbp Vbb
LLJ:TH - e
ik o] l: Vout :I o vin | Vour
j|_° ViN Vin o—] [t
ety J=
Vss combine Vss
M17_:] M12 Mll'“_.szo_”jﬂm
ero—|_>|v|1 M2 ||—o Vin
Vin 0—| 4_I\?-<M4; |—o ViN
Ml{l oVer —|[:|v| 10 Mg |—— [I/I 13

Problem: DC levels of input voltages incompatible
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Ly Ly
|v|17_|l }lj/llz M11 ||
M5 M6
VBUT V|+NC I I M1 MZ_I :I
M7 & }{ Ly M8
= | M3 M4 —
10 IO
M18:l| [ M10 M ||

DC problem solved, but amplifier has low gain and requires CM

feedback
L)
M17" ||
> VB1
AV
s
YUt | vive—i5

}lj/llz

| M1

M7

| M3

e

L)
Mlill

M4 ||

M8

<
~

IlI/IlS

Gain improved using cascode
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IX.5 LOW POWER AMPLIFIERS

General
Objective is to minimize the dc power dissipation.
Typical applications are:
1. Battery powered circuits.
2. Biomedical instrumentation.

3. Low power analog "VLSI."

Weak Inversion or Subthreshold Operation

Drain current -

. WO gvesy
ip = %L_% ID eXp%ﬁgl +1vpsg)

Small signal parameters -

aip .
Om =i rds = (A\ip)-1

Device characteristics -

i [
ID D
A /
~ 100nA
100nA -
weak
inversion Ves <Vt

= VDS




Allen and Holberg - CMOS Analog Circuit Design

Op Amp Operating in Weak Inversion

Consider the two-stage op amp with reduced currents and power
supplieds,

Ay, = Im2gm6 _ 1
V' (0ds2*0dst) (0ds6+0ds7) | non(KT/0) 2( 12+ (I6+17)
where,
~Om1 D1 _2lp1 _ m1kTQO
GB="C “(nkTigc a4 SR=—¢" =2GBE=
Vb

M1 M2
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Design Example

Calculate the gain, unity-gain bandwidth, and slew rate of the previous
two-stage op amp used in weak inversion if:

ID5 = 200nA np=15 Ap=0.02v-1
L =10 um Ny =25 AN = 0.01V-1
C =5pF T=27C

1
AV = [15)(25)(0.026)(2)(0.1+0.02)(0.01+0.02)

= 5698

_ 100-10-9
~ (2.5)(0.026)(5-10-12)

GB = 307.69Krps or 48.97KHz

SR = 2(153.85-103)(2.5)(0.026) = 0.04V/us

If Vpp =-Vss = 2.5, the power dissipation is 0.2uW assuming Ip7 = I ps.
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Push-Pull Micropower Op Amp

First stage clamped (low gain, low bias current)-

Vbp
|
M?;‘)\‘ ’—{M4
M1 M2l
|
VBo—|| M5
Vss

Gain enhancement for Push-Pull Micropower Op Amp

}—l M10

T—|

M1l

M1

M12 r}

M2

M5




Allen and Holberg - CMOS Analog Circuit Design

Push-Pull Cascode Micropower Op Amp

Vb

—>
M:L‘!—‘ ’—1 M4
M8 || :

Ay = VtZ()\PZnP + )\NZnNZ)

self-compensating

Low power << 1 pW

| * || M6
Vg1
_| M1 M2 I— o | VoD
‘ ‘ M10
Vgoo— le——\V/ 5™
) VB°—| J\/|5 M1l =
M9 1 [ ™7
Vss
1 1
N np
= 10,000
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Micropower Op Amp

Vbp
@: M5j: M7 M8l :tMG <_I\_/I10
~ M16 e
Vg Vi Mli‘l | t [ M18
N o mMaly | J100nA
vi —| v U
" 17:1 . M19
M2 ]
Veias—t |—|_> I E/IM a
MEI : [ M12
JlZOnA 20nAl 20nAJ
Vss
Pdiss = [VDD-V ss|(260nA)
Vo = Vadmolo - VbIm1oro = Imofo(Va-Vp) ; 9m9 = 9Im10

where

and

lo = (r'ds109ma8rds18)ll(rds129maiords19)

np 1 + kO

(Va-Vb) = Va-Vp=po B HV2 - V1)

(See following pages)
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Small-Signal Analysis

‘ OmaV2

Va Vb

Om3aV1 J ggir]r-ﬁ J Om8Vb gm7Va¢ gir]r;eg
Va -V dm3 v dms
a="v1 dms b dm5s
v v dm4 dm7
b =-V2 dm6 4 gme

v Om3 _gm8
19m5 dm5 H
dm4 H dm3 Om49ms
Vo—— -1 -

v H 9m6 _ Y1gms * V2 gmsgme
a- 0 4 9m8 ] - _9m79m8

[] dm5 [] Im59m6

[l 9m7 L []

[ "Om4 i [l
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gm3
H -1 Vlgm5 H

9m7 yoomd gm4 H gm4 ‘v Im39dm?7
Vb = 9m6 “Imé _ 9m6 L gmsgme
] 1 9m8 ] ~9m79ms8
[] dms [] Im59m6
0 gy 0
U “gma -1 []
0 Om3 dm4dm8d O 9Im4 Im39m70
Vo Ve = %Vlng tv2 9m59m6% DGV Om6 Vi Om59m6L]
a~ Vb Om79m8
" Om59m4

On3 =0m4 =9dml ; Im5=9m6 = dmil ; 9m7 = 9Im8 = Imll|

Then
O  O9ml dmigmilig 0O 9 ImIigmliiQ
ey 3Yigmn * V2 gmi12 4 §V2gmn T VL gmi2 O
a~V¥b= gm mi112
gmi12
Defing: 20l _
amll
9ml OmI O
(27D g (1+K _ mi 10
VasVb= 1-Kk2 (V2o V) Tk
Va-vp=omL B L B,y
a Vb=gor o - kg(V2 - V1)

Consider dc currents under balanced condititions:
la=16+17

I3=Il5+1Ig
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(980 570
8= o5 17715 5
ls Sg : : :
=== 0
6 - S in W.l. gm is proportional to |
lg S8 _ 17 _S7_
6 % < 15 % K

Since under balanced conditions
I3=14; la=1l5
l4=1g (1 +Kk)
I3=15(1+Kk)

Again, sincegm | in weak inversion, then

l6
Oma U le(1+Kk) or gma=—F(1+Kk)

and

Om3 O I5(1 + k)
snce

l6

gm3=0gm4 =gm U ogm = —F(1+K)

Also
l6

Om4 =0mil = — T
then

Om _ONp O

gmil DnNg(l th
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finally:
\Y; -Vb—n—PEIL * kDV2 - V1
1+ Kk
S 1ok (V2o vy
Therefore,

A+kO
Vo = 9m9 Mo HVid
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OTA CURRENT OVERDRIVE

Need large sinking and source currents without having to have large
guiescent currents.

One possible solution uses "tail current boosting" -

Assumethat S3 =S4 =S11 = S13, S18=AS17, S15=S16=S17 = ..

'ZJ ’\4 o1+ 15-19)

4

o

T

M15 |—| M16 M17 |}=—| M18 M9 )—Enlo M19 |} - -

> > -

Wig _ \Wa7
Lig L17
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Principle in Achieving Current Overdrive

Differential amplifier transconductance characteristics -

[10(Overdrive)
2

l10(overdrive)

[10(normal)

[10(normal)

|

|

|

|

|

T

|

|

|

|

|

|

2 |
|
|
|
':

= VIN

W/

[10(overdrive) T

|
|
|
|
|
|
|
|
|
|
',
T \/ l10(overdrive)

e B
W I10(normal)
= B
Positive feedback -
. Imin) = 110 _ 110 - o
iouT (Max mm)"l- Loop gain ~ - 9m189m13 - _9m13
dm17 9mi4 gm9
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A Dynamically Biased Micropower Op Amp

o VpD
MEII jIMll M1z jl IE/ls Ma} =||:M13 M14|||: III/ISA
I P
(M1 w2 Vep DASB
[vaur
,ulo
I\/IEII—0 MIEll-%[@e Mlill-%[@lS MEII—'-IEm MEI""'IEZO MEII—AEZZ -|D/|6A
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Parametric Overdrive Curves for Dynamically Biased Op Amp

2 1 1 1
A=2
A=15
lout 1| A=1 -
10 A =03
A=0
O 1 1 1
0 1 2

VIN/NV¢
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|X.7 - DYNAMICALLY BIASED AMPLIFIERS

Dynamic circuits take advantage of the fact that many applications
are synchronously clocked resulting in periods of time where the circuitsis
not functioning.

Will examine:

- Dynamic or switched resistors

- Dynamically biased amplifiers

- Dynamically biased, push-pull, cascode op amp

Two Phase Clock
(]
A
@ Switches fp——————— — - = = p———— — — —
on ‘ \ ‘ |
@ switches _
off i 7 3 il T /T
()
A
@ switches - — - — - p———— - - - — —
on
@ switches -
off O T 2 Z 5> T

A Switched Res stance Redlization

¢ Ul
D

Pretune ()

circuit

J_G‘,<—Vss <— Reer
C
T° s o

Switched resistor
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A Continuous Time Resistor Realization with Increased Signal Swing
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Implementation of the Continuous Time Switched Resistor Realization
using Dynamic Techniques
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Dynamically Biased Inverter
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During phase 2 the offset and bias of the inverter is sampled and
applied to Cos and Cg.

During phase 1 Cos is connected in series with the input and
provides offset cancelling plus bias for M1. Cg provides the bias for M2.
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Dynamic, Push-pull, Cascode Op Amp

Simplified schematic -
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Dynamic, Push-pull, Cascode Op Amp - Cont'd

Phase 1 Clock Period
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A Dynamic Op Amp which Operates on Both Clock Phases
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1.6 mW dissipation Settling time = 10 nsinto 5 pF
GB = 130 MHz with C. = 2.2 pF 1.5 pm technol ogy

Used with a 28.6 MHz clock to realize a 5th order switched capacitor filter
with a cutoff frequency of 3.5 MHz.



