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3. Multi-Stage OpAmps  Two-Stage

Splitting Functions

V¥ Single stage CMOS OpAmp limitations:

Large
Vout output
range

‘

High gain:  cascoding
‘G(DC)| = GinTout
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3. Multi-Stage OpAmps Two-Stage Compensation Miller Design

Splitting Functions

V¥ Single stage CMOS OpAmp limitations:

Large
‘/in Vout output
range
‘ Introducing two-stage architectures:
High gain:  cascoding G = GGy

G(DC)| = ginTou
|G(DC)| =g t G1(DCO)| = gin1rourr  |G2(DC)| = Gin2rout2

o — + o
A Improved dynamic Vin > > Vout
range performance o 4 .
o R Py e
G1
V Area and power ‘(

overheads... High gain Vimaz < Vis Large full-scale

. ) input stage output stage

\ 4 Frequency Compensatlon reqU|red! (|Qw_noise amp, (power amp,
preamp) output buffer)
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3. Multi-Stage OpAmps Two-Stage Compensation Miller Design

Practical Example

Two-stage fully differential folded cascode OpAmp topology:

M;E]F M19—|i”\ﬁ M4_IL[3 %EMS C{EI:/QO

M}]F C]H[:lvw |\/|8:|I|ID #[Mg
Tias Q@ Tyias @ Vo o—rt Vinn b—{ M1 M2 }—« Vinp — V7
Ml:; }7 2lvias 4{ M18
Mli“ ||—M11 M12 ] M3
M1 || s ]M16
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3. Multi-Stage OpAmps Two-Stage Compensation Miller Design

Practical Example

X high-impedance
nodes with dynamic

Two-stage fully differential folded cascode OpAmp topology: signals
|v|1911 L M4 i yjlvls Ifr
Ma F ilia P N C{ M20 I
M& F 1 M7 M8 | # Mo
L T
X X X X
Ibias (\D Ibias (\D Voutn o——¢ ‘/znn b_{ M1 M2 }—q %np \/\ t— Voutp

Ml:; }7 2yias I Ei/lls
Mli“ ||—M11 M12 M13 I

M15

L <

V¥V Frequency compensation strategy is needed
under feedback (closed loop) operation...
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3. Multi-Stage OpAmps Compensation

Two-Stage Topologies

Frequency Compensation

Miller Effect

Design Space
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3. Multi-Stage OpAmps Compensation

Single Stage OpAmp Case

» Basic control theory:

OpAmp

Vi o——+

G — Vout

Passive

network 0<[H| <1

0 open loop
[H| =
1 follower

Vout_ G
Vin 1+GH

~Y

1
H

G —
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3. Multi-Stage OpAmps

Two-Stage

Compensation

Miller Design

Single Stage OpAmp Case

Basic control theory:

Single pole amplifier:
OpAmp ex
/ G(S) - 1_|_ S
Vi o——+ “r
G —° Vout
_ Go
Vout( ) I+3= GO
s) = = ~
}7 Vin 1+ 8 H 14+ = +Gol
H Wp
. / 1% G 1
Passive ol () = 0
network 0<|H|<1 Vin 1+ GoH 1+ wp(HfGOH)
— ——
G6 w}’O
0 open loop
H| = 0 ! Y 14 GoH
1 follower G_O 1+ GoH _p =1+ 6o
Vour G 1
Vin 1+GH ;, H
G —
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3. Multi-Stage OpAmps

Two-Stage

Single Stage OpAmp Case

open

20log |G|[dB] Iaop
+(1+GoH) | % it
0 : i

06 = % _
(H=1) 0 i -
o follower ::e
/G -
0 .
—-90
—180
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GBW

Compensation

Miller Design

Single pole amplifier:

: log w

Barkhasuen criteria:

(s) = Go 1
Vin, 1+ GoH 1+ m
N———— ——
G6 w;
G~ Y 14 GoH
0 — H wp - 0
Jw
root
locus
(H=1) (H =0)
X, < X o
—w, —Wp

IGH(jw)| =1 ZGH(jw) = —180°

A Intrinsically stable!
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3. Multi-Stage OpAmps Compensation

Two-Stage OpAmp Case

» Double pole analysis:

Vi o1+

G —° Vout
-
G
G(s) = -
(1 a5) (1+55)
Wp1 Wp2
V. Gy
‘;ut (S) - S S
ST ) e
Wp1 + W 1
w;1,2 L 5 2+ 5 (wp1 + wp2)? — 4(1 + GoH )wprwpe
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3. Multi-Stage OpAmps Two-Stage Compensation Miller Design

Two-Stage OpAmp Case

Jw
Double pole analysis:
root
locus
H1
Vip o——+
G o Vou (1 =0) (1 =0)
A ras o
—Wp2 —Wp1
f %
2
Gls) = Go GoH < (UJZI + wp2) 1
S S wplwp2
(1 + wpl) (1 + w—p2)
L wpr | wpo in order to
Yout (s) = Go H < 4G (’UJpQ * Wp1 -1 cover up to H=1
Vin
[EES Ry
dominant w w
) WprFwpy 1 ole splittin 24 or Pl 4
Wp1,2 = _T + 5\/(’(1)1)1 + wp2)2 - 4(1 + GOH)wplwp2 piS req%ired |g G()’wpl Go’pr
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3. Multi-Stage OpAmps Two-Stage Compensation Miller Design

Two-Stage OpAmp Case

Double pole analysis:
root

open locus
20 log |G|[dB] I<;Op H1

G — g mafn ey g R e R

—20dB/dec (H = 0) (H =0)

—Wp2 —Wp1

R B RS IR T R I TR RS G R LG R E EAEY

I -40dB /dec
N
gl (wp1 + wp0)?

4U@1U@2

GoH < -1

L wpr | wpo in order to
i< 4G (wp2 Wp1 -1 cover up to H=1

Phas\e\’_‘j\i_§_§§
S O Cmargin | [\
—180 é ééé%g ééé:dﬁ ééffnm i L dominant

R RS I R R A ARt B A pole splitting
Barkhasuen s logw is required!
criteria: Wp1 / W

|IGH(jw)| =1 ZGH(jw) = —180° GBW =~ Gowp

Wp2 Wp1 4
Gbu@l GbU@Q

Design of Analog and Mixed Integrated Circuits and Systems  F. Serra Graells



3. Multi-Stage OpAmps Miller

Two-Stage Topologies

Frequency Compensation

Miller Effect

Design Space
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3. Multi-Stage OpAmps Miller

Principle of Operation

» Transimpedance amplifier:

I, <
——

‘/7277, o ° Vout

Vout - - G‘/;,n

. V;, - Vout
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3. Multi-Stage OpAmps

Principle of Operation

Transimpedance amplifier:

I, Z
—L
Vi, o— —° Vout
Vout = —GVin
r, = Yoo Vou
Miller effect:
Vin Vout

Design of Analog and Mixed Integrated Circuits and Systems

Two-Stage Compensation Miller Design
equivalent input 7
impedance seen I,
from source ——
)) Vtyn o— —° Vou
@) > :
Vin Vin Z
Lin = = [ = —
Iz ‘/;n - Vout 1 + G
Z equivalent output
—L impedance seen
from amplifier
I,
Vin o— —° Vout
@)
. Vout Vout G
Zout = = L =—7
' _Iz Vout - ‘/zn 1 + G
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3. Multi-Stage OpAmps

Two-Stage Compensation

Pole Adjustment

1

Miller

Design

Transcapacitive impedance case:  Z(s) = Ceom
C100'm,p$ |
° Vout V;n —° Vout
< ;gznlvzn %Toutl #gmﬂvw %Touw
Mill
DC = Gin1Toutl = —Gin2Tout2 e

/

/ Ccomp
Vin Vg

compensation

two-stage OpAmp
small signal
model

o—
+

#gmlvm %Tbutl #gwﬂvm %Touﬂ

Uy

° Vout

° Vout
~ |G2‘Ccomp #ginfvm % Tout2 T ~ Ccomp

?gmlvm % Toutl ——
.

dominant
pole

g
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second
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3. Multi-Stage OpAmps  Two-Stage Compensation Miller  Design

Practical Example

Two-stage single-ended Miller-compensated OpAmp topology:

b4

I a8
Ccomp
| |
[ 4
- Cload
[P E— Ei%
A4
stage-1 stage-2
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3. Multi-Stage OpAmps  Two-Stage Compensation Miller  Design

Practical Example

Two-stage single-ended Miller-compensated OpAmp topology:

Vin
—° Vout
’j step response unstable
" F CJ1 M5 #lf[/l? /
N mg =~ 60°
bias ‘/znno_c{ M1 M2 }:)—o‘/;np X out
Ccomp
[
' —_ Cload \
M3 }‘4{ M4 4{ M6 slow

(H=1) <~ time

pl =

1 1 9Img6
B — inllo mn U o / 2 = ;
GBW (g 1T/A) (QNQ) 2T T(}Ztl Ccomp (gzn2 ?i-qut2) pr 27T(Cload + Ccomp)

Miller c
GBW — 9Img1,2 9mg6 > 2.9 <1 4 load >
TCcomp 9Img1,2 Ccomp
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Two-Stage Topologies

Frequency Compensation

Miller Effect

Design Space
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3. Multi-Stage OpAmps  Two-Stage Compensation Miller  Design

Design Variables

Single-ended Miller OpAmp example:

\\\\\

I.
bias . M2 }:}_"‘/;np

° Vout

~ e e e e e e e e e | e e e~

\ 25 design
variables!
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3. Multi-Stage OpAmps  Two-Stage Compensation Miller  Design

Design Variables

N =

Ibias

Single-ended Miller OpAmp example:

;T T T T T T T T T T T T T T T T T T TS N, m Current biasing
|
O(If[/IS i Tusrs = (W/L)7 .
: ¥ (W/L)8 1as
i ; Iin'u I N——
| mdiff
M2 }3—" ‘/inp : ° Vout
|
Ccomp :
| | I
i : —_ Cload
I
|
I
i

\ 25 design
variables!
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Device matching groups:
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3. Multi-Stage OpAmps  Two-Stage Compensation Miller  Design

Design Variables

Lo ®)-,-1),,
L

Laigr/2 _ (W/L)3
Iinv
\

\ 25 _design ( K l/ K
variables! 8 design < L diff L sing L 1nv

variables!

Single-ended Miller OpAmp example: Device matching groups:
)T T TS TS TS T TS To oo oo oo N m Current biasing
|
I |
|
I | diff — 71177~ 1bias v — bias
. | (W/L)sg (W/L)s
| I’Ln’l} | W—/ D
Ibias i o o
Vinn"_o( M1~ M2 )O > Vinp | > Vout  m Null systematic offset
Ccomp :
| | [
1 .
|
|
|
|
|

N

L Ibz’as Idiff Iinv Ccomp L
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3. Multi-Stage OpAmps  Two-Stage Compensation Miller  Design

- < ‘/’L’I’L
Design Equations Vot

C’loa,d
Single-ended Miller OpAmp example: l Vinp = Vin

I’L’nv - Idiff
SR, = L o
* C1co'mp ‘|’ Cload 1 sznn — Vout

\\\\\

Ibias
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3. Multi-Stage OpAmps  Two-Stage Compensation Miller  Design

- s ‘/’L’I’L
Design Equations Vot
C’loa,d

Single-ended Miller OpAmp example: l

I’L’nv — 1 1
SR, = I
C1com]o + C(loaud

V;lnnE out
Ly
SR — —4ff

<
(3

_____ ) C1comp
Ibias
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3. Multi-Stage OpAmps  Two-Stage Compensation Miller  Design

strong inversion
forward saturation

DGSlgn Equat|0ns for all transistors

Single-ended Miller OpAmp example:

- Iz’nv - Idiff
g SR, =
i * Ccomp + C’load
| M8 7
: | SR - 2L
_____ comp
Ibias
° Vout
m C oa
me > 60° : M22.2(1+A)
gmgl,2 Ccomp
—_ Cload

BN (W/L)znv Iz’nv ( C1load )
2 >22(1+
\/ Bp (W/L)aigs Lairy

Lairs/2 _ (W/L)sing
Iz’nv (W/L)'an

I
7

(]
S

Pp

performance
W W
G(DC) = Ymgl,2 9gmg6 _ 2 E \/QBPﬁN (T)dz’ff (T)inv ‘

Gmd1,2 + Gmds.4 Gmds + gmde (AN + Ap Liif fLinw ' resources
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