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Universal Analog Building Block

Operational voltage amplifier (OpAmp)

‘/inp
Vout Viin = V;np — Vinn
‘/cm _ Vtinp + V;nn
Single ended ~ Vout = GVain +Ex<ch
case study 0

with G — oo

A Analog computing operations in closed loop:

Non-linear, temp. uncompensated...

Vin

Vout
V| rtual < Vou'[; o G i
t H

short circui Vin 1+GH N
! /
\
\ As far as OpAmp
gain and bandwidth
Wanted are large enough
performance
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Universal Analog Building Block

Operational voltage amplifier (OpAmp)

‘/inp

Vout den - ‘/an - Vlnn
Vinn o 2
Single ended Vout = GViin +EX<VCm
case study 0

with G — oo

A Analog computing operations in closed loop:

Non-linear, temp. uncompensated...

Vin
Vout

Virtual < Vout — ¢ 1
short circuit V; 1+GH , H

: /

\
\ As far as OpAmp
gain and bandwidth
Wanted are large enough
performance

UAB

FoM Mono

CMFB Folded Cascode

e.g. Instrumentation amplifier

e.g. |/V converter

Integrated Heterogeneous Systems Design

Gain

Vin

Multi-Stage

Vout
Vin
R
WA
Iz'n
o—&—4

F. Serra Graells




CMOS Operational Amplifiers  FoM Mono CMFB Folded Cascode Gain Multi-Stage

Universal Analog Building Block

Operational voltage amplifier (OpAmp) CMOS OpAmp known as operational transconductance
amplifier (OTA)
‘/inp 7#0
Vout Viin = V;np — Vinn Rout Vout
Vtinp + V;nn GinRout#00

Vem = 2 + Vout \ +

Vinn Viin Gden
Single ended Vout = GVain +EX<ch _H: ,
case study with @ = o0 0 out Vout .
Ginvdin Rout Vdin ot

A Analog computing operations in closed loop: 7o

Non-linear, temp. uncompensated...

OpAmp or OTA naming depends on the load conditions...

Vin
Vout

Virtgal < Vout _ G ~ i H

short circuit . v 1+GH ; H +°—°\7—H Y ~1 ..
\ e.g. switched capacitor (SC) filters Vin <=3 | — Veout

\ As far as OpAmp B H)_{ 7] T

gain and bandwidth N

Wanted are large enough 3

performance
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OpAmp Performance Parameters

Large signal static figures (ideal): Open-loop differential DC voltage transfer curve (VTC)
at constant common mode:
IR (=0 J
Input range ( ) J Finite
Output range OR (= Vpp) 1 G(DC)
Vbp
Equivalent input offset Vorr (—0)
Open loop differential DC gain G(DC) (— o0)
t V
Differential Sl
input ™~ Vigin/2
+
Vout
Common V.7 p
mode Vigin /2 ¥
input /-' 5
<> IR
0 i
—Vbb 0 Voff +Vbp
Vdin
Vpp = supply voltage Vorg £ (Vosy)

Systematic Mismatching
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OpAmp Performance Parameters

Large signal static figures (ideal): Input common-mode DC sweep:
Input range IR (—0)
Output range OR (— Vbp) v
DD '
Equivalent input offset Vorr (—0)
Open loop differential DC gain G(DC) (— o0) Voss
Common mode range CMR;n, (—0,Vpp)
Vout 5 g (/e
Vin | G :
Vout = ——=Vin E
"T1+a :
11+2G
‘/CT)’L = 2 0 T i T
0 CMR, . CMRy Vpp
Depending on feedback topology! V.o ~0 onin
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OpAmp Performance Parameters

Small signal dynamic figures (ideal): AC Bode diagram:
Open loop differential DC gain G(DC) (— o0) e
Bandwidth BW (= ) - T~ -20dB /dec
=, N
Gain-bandwidth product GBW (— o0) L .
<} R
Phase margin mg (= 90°) FX g
S N e Yt
Equivalent input noise Uneg (—0) - ‘EE\
0
% —100 ¥ N
N\
¢ N
b e —180
—200 4 i |
BW Frequency GBW
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FoM Mono

CMFB Folded Cascode

Gain

CMOQOS Operational Amplifiers

OpAmp Performance Parameters

Small signal dynamic figures (ideal):

Open loop differential DC gain G(DC) (— o0)
Bandwidth BW (= o)
Gain-bandwidth product GBW (— o0)
Phase margin me  (— 90°)
Equivalent input noise Uneg (—0)

Common mode rejection ratic CMRR (— o0)

Vors/2
+

Ucm

+ VoutO + Vout

+
chmO C’load

CMRR =

Q

cm

UAB

AC Bode diagram:

Multi-Stage

a(DC)
- . -20dB/dec
.'E. T\‘Nn
G } ™ Ty
L
= ANy N
=) i
N hﬁ\‘
H 4(: N
0
O —100 '
N \\
¢ \\
]
~200 . .
BW Frequency GBW
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OpAmp Performance Parameters

Small signal dynamic figures (ideal): AC Bode diagram:
Open loop differential DC gain G(DC) (— o0) ae) [0
Bandwidth BW (- o0) - Tl -20dB /dec
=, ~
Gain-bandwidth product GBW (— o0) L .
<} e
Phase margin me  (— 90°) E) 0 N
S N e Yt
Equivalent input noise Uneg (—0) - 4}\_
Common mode rejection ratic CMRR (— o0)
Power supply rejection ratio  PSRR,,_(— 00) .
Vdd .
G o
PSRR, = s
Uout/vdd . Vb Do &15 —100 S
N\
¢ N
ut0 T Vout G ] 180
: ~200 . 4 .
‘/;m0+ C’load B Frequency GBw
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OpAmp Performance Parameters

Large signal dynamic figures (ideal) Transient step response:
Settling time ts(z%) (= 0) Amplitude independance (linear behaviour)
Vout
-
0
0 Time

ts1,2,3(2%)
Vout
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OpAmp Performance Parameters

Large signal dynamic figures (ideal) Transient step response:
Settling time ts(z%) (= 0) Amplitude independance (linear behaviour)
Slew rate SR+/— (—> OO) Vout
.
Finite 0 T
| 0 ime
power! v a(2%)
Imax Vout
Vin ¥ Amplitude dependence (non-linear behaviour)
l Cload Vour | ASR,
Slope limit
[V/sl
0 i I —

oS> SR_E  Time
tSl(x%) tsa ts3
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OpAmp Performance Parameters

Large signal dynamic figures (ideal) Transient harmonic response:
Settling time ts(z%) (= 0) v Amplitude independance (linear behaviour)
out
Slew rate SRy, (= o0)
Maximum frequency fmaz (= 00)
Ybp CMR
2
f=GBW
Finite
power! 0 Time
Ima:c Vout
Vin T Vv Amplitude dependence (non-linear behaviour)
l Cload out ; T ;
VgD CMR
SR ; AT X
Jmaz = TR < ; )7
SR ! )
V., = 22  « COMR SR = min(SR., SR_) 0 Vinaz foaw  TiMe
e 2nGBW Small/large

signal boundary
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OpAmp Performance Parameters

Large signal dynamic figures (ideal) Transient harmonic response:
Settling time ts(z%) (—0)
Slew rate SRy, (= o0) Amplitude

compression

Maximum frequency fmaz (= 00) Vbp

Total harmonic distortion THD (— 0)

SR

3
N
Vout
Vin
l C’load
Vout >
0 N Time
CMR . Slope

limitation

Both static and dynamic non-linearity = signal distortion
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OpAmp FoMs

A Quantitative design comparison

A Useful in circuit optimization:

Design
modification

Electrical
simulation —

FoM ,pamp

Cost
evaluation
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OpAmp FoMs

A Quantitative design comparison ¥ Too many performance parameters!

. . . .« . . . ResOUrceg
A Useful in circuit optimization: oexformanc,

IR
w tsG(DC) ASi (SI a
pr CMRR

THD Pp (Pow
v,

w Uneq
CMR OR

Design
modification

Electrical
simulation —

V¥ Application specific FoMs...

)
CloadSR .
FoMopamp —load?? 7 e.g. line buffer
Pp
Cost 1
evaluation FoMopamp = =5 €& pre-amplifier
PDUnquSi
CloadGBW .
—load 777 e.g. RF amplifier
\ PD
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Single-Transistor Topologies

Supposing forward saturation,
) . drain is selected as output port
Operational voltage amplifier (OpAmp)? due to its high impedance (CLM):

Current-driven bias point
to control circuit power

Ibias / Ibias CD Ibias
‘/out Vout Vout
Vin
Vin®
Common Common Back
source gate gate

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Single-Transistor Topologies

Supposing forward saturation,
) . drain is selected as output port
Operational voltage amplifier (OpAmp)? due to its high impedance (CLM):

Current-driven bias point
to control circuit power

Ibias / Ibias @/) Ibias
‘/out Vout Vout
Vin
- =i v,
Vin®
Power
efficiency C:onl]:lggn AVsp =nAVgp Cogr:;?;on gg;::
AN m
Moderate G,,/Ip A Highest G,,/Ip V¥ Lowest G,,/Ip
A High input impedance V¥V Low input impedance V¥V Low input impedance
A Inverting amplifier ¥ Non-inverting amplifier A Inverting amplifier

N\
Easier % 2 V¥ Latchup *
feedback V Triple-well required

UAB Integrated Heterogeneous Systems Design = F. Serra Graells




CMQOS Operational Amplifiers FoM Mono Folded

Voltage Transfer Curve

Large signal analysis of common source amplifier:

Vout
M1 operating in Vin
strong inversion and o—{ M1

forward saturation: \

(%) V=0 unless specified
]i\tj\ﬁ Vas — Vou) [1+ A (Vpg — V.
D—%(GB_ TH) 1+ (1<— sat)]
5 CLM negligible
Tyins = = (Viias — VTH)2 in large signal

Vout

2nlpigs Vbias
‘/bias - Tb + VTH ‘/zn |
V — —\WW\~ M1

e.g. autobiasing

Vo Ve — Vru _ Viias — Vru _ 2 yias
sat n n 716

Cascode Gain Multi-Stage

G(DC)|'i
V; .
DD R
<>
i SO DU e e e e eeaaeean]
OR =Vpp — 2Vias
3
o~
M1 in saturation
Vtsat R e
\ M1 in conduction
0 [
0 ‘/bias VDD
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Gain and Frequency Response

Common source small signal analysis:

Ibias
v
out VGB — ‘/bias + Vin
Vin Vbp
o_{ M1 Cload VbB = — T+ out
1 Vsp =0
D
Go—3 +
ImgUgb D GmsUsh ImdVdb
Vgb Iy
Vsh Vdb $
S

0

Incremental equivalent circuit:

szas =0

Vin © ' o Vout
# 9mgVin § 1/gma Cload
v

M1 strong inversion  Ipias > Is = QnBUt2
and forward saturation
bias point Viias > Vro

Vout > ‘/sat

26[D 2ﬁIbias

Ge + + g _
mag —
9ImgVin /[\ gmso ImdVout g n n
Vs

m

Be

UAB

Imd = Mp = Mpigs
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Gain and Frequency Response

Incremental equivalent circuit: DC voltage gain

. Vout
G =
Ibias Vin
Vout

9md

9myg
, G(DC) = —Ime
Vin
b—{ M1 lCload

(%) T 3dB/oct

1 20
G(DC) = — =
Vin o i ° Vout ( ) /A nIbias T
+
) égmgvin él/gmd —|—Cload 6dB/OCt L T \
<~

Ipias 4 3dB/oct

—

)

In general, for CMOS amplifiers:

25-[D o 25[bias o
M1 strong inversion Img = \/ a— - |G(DC)| = ginTout
and forward saturation

bias point Gmd = Mp = Mpias input output
\ transconductance resistance
X % v —1 1 — v

UAB

Integrated Heterogeneous Systems Design
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Gain and Frequency Response

Incremental equivalent circuit: Spectral bandwidth
_ _9mg
G(DC) = —Img
dmd
open-loop  ¢|5sed-loop
I a8 4
’ v GDO) L

=
I

=

[

Q

S

IS

20log|G| [dB] g

/
N
C
O
A

0 ~
Vin © o VUout
" v, 1 i max. closed-loop
) Jmalin Jmd T Cload (i.e. follower) BW Frequency GBW
<~
W
2T Cload Ipias T 0.50ct/oct
M q o 25-[D _ 25[bias
1 strong inversion mg =\ T = n g 1 281
and forward saturation GBW = 27r2ng =5— - nws T
bias point N =\ load load /
Imd = D = bias

(%) 1 0.50ct/oct
x

S

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Dynam'c Range Thermal noise contribution only (f > flicker corner):

Noise equivalent circuit:

Vbbp
'Uin"_UO'-__'_ l ° Vout
nIk # 9ImgUlin #)inth § 1/gmd _|_ Cload V:)ut VFS
v
dv? di2 8 Vsat
nfk — ka? l Znth — _KTngmg 0
df WL f daf 3 Time

Equivalent input noise:

Uncorrelated phenomena and low-frequency:

[G(DC)[”

—— o Vout

2
dU’I%LO’LLt _ §KTngmg + ka: (gmg> l
df 3 972nd WL \ gmd f

Vout = Unout 1 G('Uzn - Uout)

8 9m K k 9m 2 f2
U?LOUt = =KTn 2 2 (f2 - fl) + ! ( Z In = o Gvin + Vnout Unout
3 Imd =——~— WL \ gmd fl Vout = ~ Vip + ——
BW 1+ G G

Unin

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Dynam'c Range Thermal noise contribution only (f > flicker corner):

Noise equivalent circuit:

Vbp
’UinO—O'-—_'_ l o Vout
Unfk # 9ImgVin #)inth § 1/gmd _|_ Cload Vout Vis
- R
2 '2 ‘/sat
dvnfk _ kal dis ., _ §KTTLgmg .
df WL f df 3
8 9m K Im )2 f2 2 . KTn3/2 BW
2 g Jk g -
Vnout = -KTn—== — +=—— | — In = Unin =
L3 92 M WL ( Gmd fi T
BW
1.5dB/oct
it Vbp 1 (&) 4 /
Bandwidt .
Temperature  Dynamic Ves/2V2\" _ 3V3 (Vop — 2Vear)> [B1s,
uppIy Range DR — FS _ DD sat bias T
Power Unin 64 KTBW n3
T 3dB/oct
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Full CMOS Circuit

Similar performance analysis: Large signal VTC:

:|_ Vbp

M3 )O,_C M2 M2 in conduction
Vout VoD ~ Vsarz M2 in saturation
Vin
Ibias Eo— M1 lcload
3 OR
All operating in strong inversion and
forward saturation bias points:
Viatl = 2pias Vieats = 2lbias - M1 in saturation
" nfz ot M1 in conduction
0
w 1
(T)2 0 Vbiast Vbp
Vin

OR = VDD - Vsatl - VtsatZ

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Full CMOS Circuit

Similar performance analysis:

il

M3 F*—C M2

Ibias Eo— M1

Vin © T i o Vout
. 1
# gmgl(U’Ln § gmd1+gmd2 —|_ Cloa’d

All operating in strong inversion and
forward saturation bias points:

26931 1as

LCC 9mdz = )\zIbiaS

UAB

FoM Mono CMFB Folded Cascode Gain Multi-Stage

Small signal gain and bandwidth:

G(DC) = ——Imat
Imd1 + Gmad2 (%)1 + 3dB/oct

1 201

DC) = —
¢(De) A4 A2V ndyigs

/I\

6dB/oct L1,2 T Tpias T 3dB/0Ct

2T Cload Ipias T 0.50ct/oct

GBW — gmgl — 1 / 2@’11bias T
2T Cload 2T Cload / n

(%) . T 0.50ct/oct

Integrated Heterogeneous Systems Design = F. Serra Graells
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OpAmp Figures of Merit

The Mono-Transistor Amplifier
Differential Circuits with CMFB

Folded Amplifiers

Cascode Topologies

Gain Enhancement Techniques

Multi-Stage OpAmps
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Multi-Stage

30/110

Fully-Differential vs Single-Ended

Single-ended OpAmps:

W
Ippp MU d) Ippa

Power rails Digital [LIL —— ° Vout Wm

resistive parasitics\ V., Mm\ [:Ml L
W \

Capacitive/inductive
coupling parasitics

A Compact area and power

V¥V Poor signal integrity Dynamic sources of interference:

Large signals (e.g. digital states)

Power supply currents
EM fields

Temperature gradients

Mechanical stress

UAB Integrated Heterogeneous Systems Design

F. Serra Graells




CMOS Operational Amplifiers  FoM Mono CMFB Folded Cascode Gain Multi-Stage 31/110

Fully-Differential vs Single-Ended

Pseudo-differential OpAmps:

Signal true info /MWW
\ Ippp M _
‘/ind = ‘/inp - ‘/znn Ibzas utn outp Ibzas |-|_|-|_|-|_ Voutd = Voutp - Voutn
Digital 1 TTIiT

Ve, & = M ,mpo_“tm_{ M2 Vi Voute = Voutp + Voutn
/znc 5 ‘ H"W'M 2
SV W

Signal baseline only

A Interference rejection

V¥ Area and power overheads (x2)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Fully-Differential vs Single-Ended

Pseudo-differential OpAmps:

Signal true info /MWW
\ Ippp M _
‘/ind = ‘/inp - %nn Ibzas utn outp Ibzas |-|_|-|_|-|_ Voutd = Voutp - Voutn
Digital 1 TTIiT

Ve, & = M ,mpo_“tm_{ M2 | —— Vi Voute = Voutp + Voutn
/znc 5 ‘ MMM 2
SV W

Signal baseline only

Vbp
A Interference rejection Voutn
Vbp
V Area and power overheads (x2) 2 §
A Full-scale extension (+6dB) SNR 0
¥V Noise increase (+3dB) (+3dB)
Voutd
—Vbp

Time

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Fully-Differential vs Single-Ended

Pseudo-differential OpAmps:

Signal true info /MWW
\ . Ippp M
Vina = ‘/inp — Vinn Thias Voutn outp Loias |_|_|_|_|_|_
Digital 1 TTIiT
Vténp + ‘/znn

V;nc —

UAB

/ 2

MAN\WW

Signal baseline only

Vbp — ST

A Interference rejection N Veutn

j . /‘\
V¥ Area and power overheads (x2) 2 Voutp
A Full-scale extension (+6dB) SNR 0
¥V Noise increase (+3dB) (+3dB) -
A Distortion cancellation (even harm.)
V Limited by device matching e Time

Integrated Heterogeneous Systems Design

F. Serra Graells

Voutd = Voutp - Voutn

Voutc —

Voutp + Voutn

2
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Fully-Differential OpAmps

Basic CMOS topology:

1 : 1

s b4

Voutn

Iias \J/
’ <> ‘/znp"_{ M1

Mﬁ I

1 2
\ device

1
M7 FJ
Youtp

M2 }_Q ‘/znn

( ‘/z'nd = Vvinp - %nn mUItipliCity
14
S —_
L inc — T /
’ . same
Voutd = Voutp - Voutn aspect
{ ratio
V. . Voutp + ‘/outn
L outc — 9

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Fully-Differential OpAmps

Basic CMOS topology: Differential input only:
1 : 1 1
b | s |b—d[ws
Vouzn Youtp ‘/out

Iias 4 Iias
vias O mepo—{ M1 M2 }—ean ’ ?o—{ M1 M2 }—e?

Mj;l I M4 M3 I I M4

1 2
\ device

( ‘/z'nd = Vvinp - %nn mUItipliCity
14
S —_
L inc — T /
’ . same
Voutd = Voutp - Voutn aspect
¢ ratio
V. . Voutp + ‘/outn
L outc — 9

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Fully-Differential OpAmps

Basic CMOS topology: Differential input only:
1 : 1 1
b | s |br—d[ws
Voutn

|
I
|
|
i
:
Vouty ; Vout
|
i
I
|
|
|

I 1as \J/ I a8
’ <> ‘/inp °_{ M1 M2 }_’@sznn ’ Vtinp °—{ M1

Mj;l I M4 M3 I I M4

1 2
\ device

( Vind = Vinp — Vinm multiplicity V¥ M5-6 current mirror asymmetry
9 Vi 4V M x W .
v, = Linp T Vinn /L V¥ Not full cancellation of unwanted terms
\ 2
. same 1 _ I 1
C Vit = Voutn — Vot et A Mostly used for single-ended signaling
) ratio
. Voutp + ‘/outn
Voutc —
~ 2

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Fully-Differential OpAmps

All operating in strong inversion
saturation + neglecting CLM

Basic CMOS topology: Large signal VTC: :‘ G(DO)|
1 1 Vbp :

M7 in conduction : {
M5 F M6 Voo = Vsarr M7 in saturation '

outn outp

I ias (&
b <> ‘/znp °—{ M1 Vi M2 }_’@sznn
tail

| 2

1 : 2 M2 in saturation |
Visata rmmsmmresmme et sl

M2 in conduction

( ‘/;'nd = Vvinp - ‘/znn
< 0 f
v . Vvinp + ‘/;nn —Vbp 0 +Vbb
| Vine = 9 Vind
( Voutd = Voutp - Voutn
2Ibzas V;jnc VTH
< Vsatr = Visata =~
V. . Voutp + ‘/outn 7157 n
L outc — 2

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Fully-Differential OpAmps

All operating in strong inversion
saturation + neglecting CLM

Basic CMOS topology: Large signal VTC: ',' GDO)
1 : +Vbp '
M;Ii] F M6 M1 in conduction
VDD — 2Visap1,2 renammensasessmsesemseneomagaf oo oo

outn outp M1 in saturation

I ias (&
b <> ‘/znp °—{ M1 Vi M2 }_’@sznn
tail

=
3 e e eiccccccccccccccccadecccccccccccccccccaacacaaend
| =
M3 | |
V.  — 2D
mc — 2
1 : 2 M2 in saturation |
_VDD+2‘/satl,2_ """" _'""""""_""": """""""""""""""
M2 in conduction / :
V¥V Reduced output range
—~Vbp :
Vine — V5 '
OR =2Vpp — 4Vsat1,2 Visat1,2 ~ WCTTH —Vbp VOd +Vbp

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Fully-Differential OpAmps

All operating in strong inversion
saturation + neglecting CLM

Basic CMOS topology: Large signal VTC:
. ‘/;'TLC ‘L

1 : +Vbp T
M5 F M6

—|i] VVinc — VTH

outn outp ‘/satl 2= T
I’LCLS ‘J’
’ <> ‘/znp"—{ M1 M2 }_’@sznn
‘/tazl 3
| £
M3 | M4
47, Qs
V;azl > ‘/;at4 — é
n B4
1
V¥V Reduced output range
—Vbbp
OR =2Vpp — 4Via11,2 —Vop VO +Vop
ind
Ibzas — @ (‘/;nc - VTH - n%ail)z
2n
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Fully-Differential OpAmps

Basic CMOS topology:

1

M5 )D M6
—|i] VVinc _

outn outp ‘/satl 2= n
Tpias
e <> ‘/znp °—{ M1 M2 }_Q sznn
‘/tazl
Mj; I M4
41y,
mazl > ‘/;at4 - —
nB4

1
V¥V Reduced output range

OR =2Vpp — 4Vsat1,2

Ibzas - lenQ (‘/znc - VTH - n%ail)z
21 a8
Vsat1,2 = D95 4 Viata
n51,2

UAB

Vra

Integrated Heterogeneous Systems Design

40/110

All operating in strong inversion
saturation + neglecting CLM

Large signal VTC:

‘/;'TLC ‘l’

+Vbpbp

‘/outd
(@)
|

F. Serra Graells




FoM Mono CMFB Folded Cascode Gain

CMOQOS Operational Amplifiers

Fully-Differential OpAmps

Basic CMOS topology:

1 : 1 : 1

s b4

Voutn

Iias \J/
’ <> ‘/znp"_{ M1

Mﬁ I

1 : 2

+
g
~

S

V¥V Reduced output range

V¥ More offset contributions

Threshold voltage
mismatching only

UAB

9Imgl,2

Multi-Stage

41/110

All operating in strong inversion
saturation + neglecting CLM

Large signal VTC:

+Vbb
T T A
Vors
—Vbbp —
—Vbbp 0 V;ff +Vbp
ind
Pelgrom's Law
2 2 9Img3,4 ’ 2 AVran B\up (W/L)s7 Armp
7 Vors) = o (AVemal | ) o (AVrner) = (WL)12+5 (W/L)1,2 (WL)g,7 !

negle‘rgible (WL)LQ T

Integrated Heterogeneous Systems Design = F. Serra Graells




CMOS Operational Amplifiers  FoM Mono CMFB Folded Cascode Gain Multi-Stage 42/110

Fully-Differential OpAmps

Basic CMOS topology: Small signal differential and common DC gains:
1 : 1 : 1 Voutn Voutp
| 9Imd1Voutn
| in 9Img1Vinp 9ms1Vtail Imd2Voutp Ims2Vtail Img2Vinn ip
M5 F C{ M6 | M7
Voutn'! V. " "
° f”i otp 1/ gmas vta“/ 1/gmaa 1/Gmar
Tpins i
e <> ‘/inp °—{ M1 : M2 }_Q sznn
‘/tail
| | Z'p = Img2Vinn — Ims2Vtial + Imd2Voutp Imd7Voutp = _ip
M3 | | M4
Iy = 9IGmg1Vinp — Gms1Vtial + 9md1Voutn Imd6Voutn = —ip
1 2

i + Z'p = 9md4aVtail

Gmsl — Gms2
Ims1 + 9ms2 + 9mda

(gmd7 +gmd2 ) Voutp— (gmdfi +gmd1 )Uoutn + (gmd2 Voutp +gmd1 Voutn ) —

9Ims2 — Ymsl
Ims1 + 9ms2 + 9mda

= Gmgl1Vinp — Img2Vinn + (gmglvinp + gmg2vinn)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Fully-Differential OpAmps

Basic CMOS topology: Small signal differential and common DC gains:
1 : 1 : 1 Voutn Voutp
: ' . ' 9Imd1Voutn . ‘ )
M;Ii] F C< M6 i M7 in 9Img1Vinp 9ms1Vtail Imd2Voutp Ims2Vtail Img2Vinn ip
V. i V 7;n/ ip
Ogitm i otp 1/ gmas il 1/Gmaa 1/ gmar
Tpins i
e <> ‘/inp °—{ M1 : M2 }_Q sznn
‘/tail
| | Z'p = Img2Vinn — Ims2Vtial + Imd2Voutp Imd7Voutp = _ip
M3 | | M4
Iy = 9IGmg1Vinp — Gms1Vtial + 9md1Voutn Imd6Voutn = —ip
1 2 _ '
i + p = Gmd4Vtail
differential output common output
Voutd Voutce

Gmsl — Gms2 \
Imd2Vou +9 d1Uoutn) =
Ims1 + 9ms2 + 9mda ( " v " ! )

(gmd'? +gmd2 ) Voutp— (gmdfi +gmd1 )Uoutn +

9ms2 — Gmsl
Imsl + 9ms2 T Imd4

Vind Vinc
differential input common input

= 9mgl1Vinp — 9mg2Vinn + (gmglvinp + gmg2vinn)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Fully-Differential OpAmps

Basic CMOS topology: Small signal differential and common DC gains:
1 : 1 : 1 Uoutn Uoutp
| Imd1Voutn
—Ii] ! 9Img1Vinp 9Ims1Vtail Gmd2Voutp Ims2Vtail Img2Vinn
M5 F C{ M6 | M7
Vouzni ‘-{OUtp 1/ 9mads Utail/ 1/ gmd4 1/ Gmar
Tbias @ |
bias <> ‘/znp"—{ M1 : M2 }_’@sznn
‘/tail
el ¥ A Perfect matching (M1=M2 and M6=M7):
3 | | 4
Gd - Voutd _ 9mg1,2
1 : 2 Vind Imd1,2 T Gmde,7 G
CMRR = =2 = x
G. = Voutd =0 GC
¢ = =
differential output Vine
Voutd

gmsl//gms2

(gmd7+gmd2)voutp (gmdfi +gmd1)voutn+ /

(gmd2 Voutp +gmd1 Voutn ) -

gmsZ//gmsl

= 9mgl1Vinp — 9mg2Vinn + gmglvinp + gmg2vinn)
/ m/KngZ + Gmda
Vind
differential input

Ims2 + 9Imd4a
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Fully-Differential OpAmps

Basic CMOS topology: Small signal differential and common DC gains:
1 . 1 1 'Uoutn. .Uoutp
i 9Imd1Voutn
| in 9Img1Vinp 9Ims1Vtail Gmd2Voutp 9Ims2Vtail 9Img2Vinn ip
M5 F C{ M6 | M7
Vou n: Vou in ‘
E i + tp 1/gmd6 Utail/ 1/gmpd4 1/gmd7
Iias 4 i
’ <> ‘/inp °—{ M1 : M2 }_Q sznn
‘/tail
| | A Perfect matching (M1=M2 and M6=M7):
M3 | | M4
Gd - Voutd _ 9mg1,2
1 : 2 Vind Imd1,2 T Gmde,7 Gy
CMRR = a - 00
H . Voutd c
: G. = =0
V¥ Real matching (e.g. V11#V1ho): —
Gmal2 = 9mgl + 9mg?2 om
mgl, 2 CMRR = 9Imgl,2 ( 9Imgl,2 + 1) T
2Agmgl,2 dmda
Ag — gmgl - gmg2 / \
mgl.2 2 Neglecting Matching 1 Tail current sink impedance 1

common output

/ 2Ag 1.2
(gmd1,2+gmd6,7)voutd - gmgl,2vind+2Agmgl,2vinc_ I (zgmgl,2vinC+Ag gl,2vind)
2.gmgl,Z + gmd4/n
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Fully-Differential OpAmps

Basic CMOS topology: Summary of design guidelines:

1 ; 1 ; 1 W w
OR — - Iias
T (171)1,2T (L>3,4T ’ i
s |b

C<M6

5 %

Vouzni Youtp O-(VOff) \L (WL)1,2 T <f> - T Ibias T

Ibias (\D i w
mepo—{ M1 V;:u-l M2 }_qvim Ga T <f> T Li2s67 7T Tpias 4
Mj; I I EZ/M CMRR T (WL)l ,2 T L3,4 T Ibias \L

W
1 : 2 GBW T <T> T Ibias T

1,2

W

U72Lin \L f) T Ibias T

V¥V Reduced output range

¥ Matching is critical \ ources
performance
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Common-Mode Output Issue

Single-ended differential OpAmps: Fully-differential OpAmps:
feedback V"

T b

‘/out

bias ‘/z M1 M2 bias C) M1 M2
M3 | | M4 M3 | | M4 ) .
| | | | High sensitivity to

technology mismatching
(M5-M6|7 and M3-M4)!

Vine = Vout = V; Vine = Voute =7
A Well-defined and stable V¥ Specific auxiliary control
common-mode level circuitry is needed in practice...

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Common-Mode Output Issue

Common-mode feedback (CMFB) loop:

] Vie
T T 0 Vetrt !
Ibias @/) (\D Ibias Voutc?

° Voutp T ° V;)utp

0

0
Voutn

utc? ‘/znp"—{ M1 M2 }_°‘/znn
2Ibias
V;"ef \ /

‘/outn

Vtinp D_{

Behaviorally
equivalent...
CMEB control functionality: Multi-stage OpAmps require one
, CMFB loops for each stage
Sensing common-mode output ac@racy
: ain
Computing error according to reference level CMFB control design? bandvﬁth s:‘ility

Applying needed common-mode correction

Not to be confused with CMRR!

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Continuous-Time CMFB

Resistive-based sensing:

Passive common-mode
output estimation

N
e

Ibias C‘D Ri o
Voutn

‘/inp “—{ M1 M2 }_" ‘/;nn R R
Y Voutc Voutc - 2 + —1Voutn

- = . Vou
Ry + Ry tp Ry + Ry

M3
Vetri ‘/ref Voutp + Voutn

Vvoutc‘RIER2 — 9

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Continuous-Time CMFB

Resistive-based sensing:

Passive common-mode
output estimation

IS

A

Ibias C‘D RL o
Voutn
‘/inp “—{ M1 M2 }_" ‘/;nn R R
N 2 1
Vou c Vou c = —Vou —Vou n
¢ t Ry + Ry tp+R1+R2 t
M3 }—<
Vetri ‘/ref Voutp + Voutn
Vvoutc‘RIER2 — 9
A OpAmp original OR is preserved
Ryo?

...or limited
CMFB bandwidth

V¥ Resistive extra loading...

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Continuous-Time CMFB

Resistive-based sensing:

A Resistive loading is avoided \

Voute = nViof + Vi + 1 | 2-baus
¥ OR severe reduction oute = MVref + VTH Brs
V¥ Power consumption overhead /

¥ Common-mode output level is technology dependent!

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Continuous-Time CMFB

Resistive-based sensing:

Master-slave
automatic tuning

M9 }_Q V;“ef

Iaua:
A Resistive loading is avoided %

V¥ OR severe reduction
‘/outcE ref

V¥ Power consumption overhead

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Continuous-Time CMFB

Resistive-based sensing:
Low-pass CMFB

/ filtering
T a
M5 EIZ/|6

R1 R2 Voutp
I OVoutn
bias
Vin M1 M2 Vinn
’ o_{ [j !:] }_q \ 2nIbias
Voute = Voo — Vry — 3
M3 I I M4 /5,6
1 2
A Compact circuit solution ¥ Common-mode output defined by technology
A No power consumption overhead V¥ Strong OR reduction

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Continuous-Time CMFB

MOS-based sensing: Supposing M5, M6 and M7 working in deep conduction:

Vetr
’:r Ictrl = 65 (Voutp - VTH +n . l) ‘/ctrl"'
M9 2
M8 F L‘ # M10

0O

Vetr
BG (Voutn —Vre +n : l> Vetri

) ‘/Z)Utp 2

0
V;)utn

By CMFB symmetry (M5=M6):

dIctrl =0
dVoutd

Ictrl - f(Youtp + Voutﬁ)

-~

Voute

By bias symmetry (M5|6=M7 and M3=M4):

‘/ctrl = %ias Ictrl = 2Ibias Voutc = Vref

Master-slave
tuning

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Continuous-Time CMFB

MOS-based sensing: Supposing M5, M6 and M7 working in deep conduction:

Vetr
’:r Ictrl = 65 (Voutp - VTH +n . l) ‘/ctrl"'
M9 2
M8 F L‘ # M10

Vetr
66 (Voutn - VTH +n . l> ‘/ctrl
Ibias J/) Voutn

0O

) ‘/Z)Utp 2

By CMFB symmetry (M5=M6):

dIctrl =0
dVoutd

Ictrl - f(Youtp + Voutﬁ)

-~

ocvoutc

By bias symmetry (M5|6=M7 and M3=M4):

/ ‘/ctrl = %ias Ictrl = 2Ibias Voutc = Vyef

Master-slave
tuning

A Resistive loading is avoided A Negligible OR reduction
A No power consumption overhead A Technology compensation

V¥ Gain non-linearity

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Discrete-Time CMFB

Switched-capacitor (SC) implementation:

e.g. fully-differential integrator stage

clock I__
Sigl o
o2 ] CoP

$1 CIP o2
+ o0—o" o
d\ | Sy
Vief o 9 9
¢2Z §¢1
¢1 CIN oo
[
1
C2N
H closed N
Gz = Dinit
L open
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Discrete-Time CMFB

Switched-capacitor (SC) implementation:

e.g. fully-differential integrator stage

o ey A

(blr‘— o 1
¢2 E-l_i_,_i C2P Ibias (\D outn
| Vinp—|| M1 Vi
/ 2
¢1

M2
¢
| ¢1 ‘/ctrl i ¢1
Mi]| o | M4 V;'efH ° l |__| ° HVref

O

b1 CIP @2

NS

V;“ef o

el e,

CFP| CFN

¢1 CIN  ¢o
1 Capacitive CMFB sensing
C2N
by = I closed q;\c A Reduced power overheads
z init
L open

V¥V Low loop-gain
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OpAmp Figures of Merit

The Mono-Transistor Amplifier

Differential Circuits with CMFB
Folded Amplifiers

Cascode Topologies

Gain Enhancement Techniques

Multi-Stage OpAmps

Integrated Heterogeneous Systems Design = F. Serra Graells
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Output Range Issue

Basic fully-differential topology (not showing CMFB): Voutd = Voutp — Voutn
1 : 1 ; 1 Vbp v
I-] FJ Vi — 2Vt 2 e e N
M5 M6 M7 v
T e

I
]
I
I
i
I
Voutn | ‘_{outp Voutp
I
|
I
]
I
I
I

Iias 4
’ <> ‘/znp°_| M1

VO'LL
M3 I I M4 td
—Vbp +2Viai1,2

1 . 2 _VDD

Time

¥ OR improvement requires

very large aspect ratios! I o [\/_< L) N T . N
= 2VDD — —un W + (W) ) 0 LA
V¥ Not compatible with other nf 12 . T )12 T)a

optimization rules (e.g. CMRR)
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Folded Topologies

Fully-differential folded OpAmp (not showing CMFB):

[

Voutp
o

Ibias [
/ M2 }—@ ?

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Folded Topologies

All operating in strong inversion

Fully-differential folded OpAmp (not showing CMFB): saturation + neglecting CLM
Still a single low-impedance
stage Opamp! nodes

Ibias

V¥ Static power consumption (x2)

¥V Device silicon area (x2)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Folded Topologies

All operating in strong inversion

Fully-differential folded OpAmp (not showing CMFB): saturation + neglecting CLM
Still a single low-impedance
stage Opamp! nodes ‘/satlo < Voutp < VDD - %atG
: 1
/ 2Ibias / 2Ibias
[fr t10 nﬁlo t6 nBG
Vouotn__ Voutp
Ibias Voutd = Voutp - Voutn
|
M7 M10 o
| OR = 2Vpp — 4 e —
nmin (Bun (F)s 10 Bur () 1)
1 1
V¥ Static power consumption (x2) A Full-scale OR optimization

¥V Device silicon area (x2)

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Folded Topologies

All operating in strong inversion

Fully-differential folded OpAmp (not showing CMFB): saturation + neglecting CLM

Vop > |Vi Vsa
pp > |Vass| + tl 2 bems
fun
: ; 1

—o‘ lf[/m Tpias = ﬁBS (|VGB3 5| — |VTHPD2

Vop 2nlpias (L
I | __‘/gutp Vbp > |VTHP‘ _|_\/ /Bbms (W) 4
bias - M2 }_Q‘/vznp up 3,5
2pias L L
' ' A
M7 | | M10 NBun W 1.2 W 9
1 1 Vb Dmin =~ 1 threshold + 3 saturation voltages
V¥ Static power consumption (x2) A Full-scale OR optimization
V¥ Device silicon area (x2) V¥ High supply voltage needed...
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Folded Topologies

Fully-differential dual folded OpAmp (not showing CMFB):

1 : 1 : 2
T

Voutn

Ipias © - }7_{ - Vz’gg{

ve]

1 : 2

V¥ Static power consumption (x3)

¥V Device silicon area (x3)
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Folded Topologies

All operating in strong inversion

Fully-differential dual folded OpAmp (not showing CMFB): saturation + neglecting CLM

1 1 Still a single stage Opamp!

: 1 : 2 : 2 :
Mllli] F # ’:FMQ c1] EM?’ i CI,| ’:rM4 # M10

Iow—im;&edance l_
Voutn Voutp Suposing: VGB5,7 > ‘/satl,Q
Iias d Vthn ‘/'m

vias D M6 F*{ M5 o—{ }—op MZ&] }——{ M8 Vbop 2 Vaps,7 + Vsats,a
|
]

2nIbias L 2Ibias L
Vop 2 Vran + (—) + (—)
1 : 2 \/ Bun W /57 nfup \W /34

VD Dmin =~ 1 threshold 4 2 saturation voltages

V¥ Static power consumption (x3) A Same OR optimization

V¥ Device silicon area (x3) A Compatible with low supply voltage
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Folded Topologies

Single-ended folded OpAmp counterparts:

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Folded Topologies
Single-ended folded OpAmp counterparts:

1 : 1

Mﬁ% JMQ Jm WLJW e
Vo | Vouts

Tyias @ V6 }_‘
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OpAmp Figures of Merit
The Mono-Transistor Amplifier
Differential Circuits with CMFB
Folded Amplifiers

Cascode Topologies
Gain Enhancement Techniques

Multi-Stage OpAmps

Integrated Heterogeneous Systems Design = F. Serra Graells



CMOS Operational Amplifiers FoM Mono CMFEB

UAB

Folded Cascode
Principle Basis

CMOS OpAmp general linear model:

Vin © n l o Vout
9inUin Tout _|_ Cload
~

‘G(DC) ‘ = GinTout

/N

input output
transconductance resistance

v —>1 1T — v

Qin X gmg Tout X L
9ms 9md

Enhancement by increasing
MOSFET output impedance?

Integrated Heterogeneous Systems Design

Gain  Multi-Stage

F. Serra Graells
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CMOS Operational Amplifiers  FoM Mono CMFB Folded Cascode Gain Multi-Stage

Principle Basis

CMOS OpAmp general linear model:

G2(DC)|

\Nh‘»
G (DC)| —
.4\"‘“%
Vin © n l o Vout '%‘ \[\ 'ZOC E /dG&C
— ™~
GinVin Tout Cload N.‘h'\
S N
_ ] T 0 <
% 'ED N
]
‘G(DC)‘ = GinTout
/ \ BW, BW,; Frequency GBW
input output
transconductance resistance 1 gi
v —1 71— BW = ——0 3 ——— GBW = =
27T7noutcload 27Tcloa,d
1
Gin X myg Tout X ——
9ms 9md

A Gain improvement:

Accurate feedback functions

Enhancement by increasing
MOSFET output impedance?

Lower equivalent input noise

V¥ No speed enhancement (GBW)
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FoM Mono CMFB Folded Cascode Gain

CMOQOS Operational Amplifiers

Principle of Operation

Output impedance multiplier:

I out
out
Rdev ((«@ Rout = Rdev
I dev out
Rd + Vout
((<<<@>
cascode R
deV|ce device out =

Introducing cascoding in OpAmps:

DC voltage Tbias
biasing level Vs
‘/bias o— M2 gas_code
evice
, transconductor
Vin M1 device

Multi-Stage

Ibz’as

‘/bias R a—

Vin o——

Aplicable to most analog basic building blocks (e.g. current mirror, voltage differential pair...)

UAB

Integrated Heterogeneous Systems Design

F. Serra Graells

voltage
attenuation
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CMOS Operational Amplifiers  FoM Mono CMFB Folded Cascode Gain Multi-Stage

Basic Cascode OpAmp

Low-frequency small-signal analysis: CMQOS OpAmp model:

Lout

° Vout
Ibias g%ginvin % Tout
V;) ut / {7

%ias o— M2 Vout -~ 0
‘/vCCLS
‘/in Ml 9Ims2Vcas

Ucas Lout
iout 9Img1Vin 1/gmd1
° Vout

2? 9Ims2Vcas égmcﬂvout €7 )
1
Veas out
é%gmglvin % 1/gmd1 9Img1Vin 1/gmd1 % 1/gm52
~ ~
Lout = Imd2Vout — Gms2Vcas . Tout Gms2
Gin = =9mgl——————
Vin 9ms2 + gmdl

Imd1Ucas = Lout — 9Img1Vin
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CMOQOS Operational Amplifiers

FoM Mono CMFB Folded Cascode Gain

Multi-Stage

73/110

Basic Cascode OpAmp

Low-frequency small-signal analysis:

Ibias
V;)ut
%ias L o— M2
chas
Vin——| M1
iout

° Vout

2? 9Ims2Vcas é 9Imd2Vout
Vcas
g%gmgl Vin %

~

1/gmd1

iout = Gmd2Vout — 9ms2Vcas

Imd1Ucas = Lout — 9Img1Vin

UAB

CMOS OpAmp model:

Lout

g%ginvin

° Vout
% Tout

s

AN

Vout =0 Vin =0 .
Lout
° Vout
9ms2VUcas %F 9Ims2Vcas égmtﬂvout
Vcas Tout Vcas
#gmglvm % 1/gmar % 1/gma
<~
iout
() . _ iout
9mg1Vin 1/gmdl 1/gms2 Lout = Imd2Vout — Gms2
9mdl
<~
. iout 9ms2 ke Vout . 1 1 9ms2
Gin = = gmgl Tout = = = +
Vin 9ms2 + gmdl Lout 9md2 9mdl 9md2

Integrated Heterogeneous Systems Design

F. Serra Graells
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Basic Cascode OpAmp

Low-frequency small-signal analysis: CMOS OpAmp model:

Z'out
° Vout

Ibias g%ginvin % Tout

V;)ut €7
%ias o—— M2 /voltage
i |
V...~ 8ain factor! o Gims2 N similar
Vin —— | M1 Jin = mal Ims2 + Gmd1 Jmal " transconductance
iout .
° Vout series voltage
combination gain factor!
9Ims2Vcas 9Imd2Vout
\ oy
Ucas o 1 1 Ims2 h|gher
Tout = + t t - d
Img1Vin 1/gmd1 9Imd2 Imd1l Gmd2 output impedance
< / \
output impedance output impedance
of cascode device of transconductor device
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Regulated Cascode OpAmp

Low-frequency small-signal analysis:

Ibias
V;)ut
mes M2 /
‘/CCLS T
Vino——| M1 even larger

attenuation factors!

Lout

0 Vout
gmg2 (_Greg)vcas <~]% # 9ms2VUcas Imd2Vout

,UCG,S

Img1Vin 1/ Gmar

~
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Regulated Cascode OpAmp

Low-frequency small-signal analysis: CMQOS OpAmp model: ° Vout
Tout
Tpias Gin = Gmal Ims2 T gmg2Greg ~ Gt
in — m — 9m
Greg V;)ut 7 9ms2 + gmg2G7‘eg + 9mdi1 7
‘/bz'as V;“eg
M2 . 1 1 9Ims2 + gmg2Greg 1 9Img2
Tout = + =~ Greg
‘/cas S 9Imd2 9Imd1 9Imd2 9Imdl Gmd2
Vine——| M1 even larger

attenuation factors!

Lout

0 Vout
gmg2 (_Greg)vcas <~]% # 9ms2VUcas Imd2Vout

,UCG,S

Img1Vin 1/ Gmar

~
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Regulated Cascode OpAmp

Low-frequency small-signal analysis: CMQOS OpAmp model: ° Vout
Tout
Tpias Gim = Gl Ims2 + gmg2Greg ~ oot
GT@Q V;)ut " "9 9ms2 + gmg2G7‘eg + 9mdi1 "
‘/bz'as V;“eg
M2 r . 1 + 1 9Ims2 + gmg2Greg ~ 1 ngQG
t —_— —_—
‘/cas —_—— o 9Imd2 Imdl 9Imad2 9Imd1l md2 o
Vin e——| M1 even larger
attenuation factors!
Minimalist implementation:
Z'out
° Vout G .
gmg2(Greg)Ucas<J% #gms2vcas Imd2Vout res =
Ucas -‘/;)’u/t
Img1Vin 1/ gmar

€7 |G(DC)‘ ~ gmgl 9Img2 I9mg3

9mdl 9md2 Gmd3
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All operating in strong inversion
saturation + neglecting CLM

Output Range Optimization

Basic cascode DC biasing: Regulated cascode DC biasing:
Ibias Ibias C‘D Ibias Ibias C‘D
Vout 1 ‘/out
Ma I Viias M2 supposing M2=M4: __{ I:M4 I: M2
2nl QS
v Ve + W > Vsatl

M3 }‘ KA M1 wn AL/ 3 %ias T~ satl

~{ M3 Vin o—{ M1
alternative low-voltage approach: operating in strong -

inversion conduction

n
Ibias = 53 <VGB3,4 - VTH + 5‘/1)2'115) ‘/bias

Ibias Ibias
Vout I L (v, v Vhias)?
Vias bias — T GB3,4 — VT H — NVbias
M3 I b M2 2n
—_ ‘/bz'as = Vsatl :

v ~ Vsatl

in < M1 2 L (W/Ln 1

(W/L)4 2(W/L)s (W/L)3 2(W/L),
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Practical Cascode OpAmps

Fully differential + folded + cascode topology example:

cascoding not
needed here...

optimized i :|— M4 :|—
DC biasing M3 F T # _M5
SR low-impedance
nodes
M7 1] M8 B
M6 | p——d - 4| m
65 )| )i R
° Voutp
Ibias C‘D Ibias (\D mnn °_{ M1 M2 }—" Vvinp
Voutn
2Ibias \\‘ dual
_____ cascoding
- required!
Mlj;I ||—M11 M12 M13
M14 I M15 M16
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OpAmp Figures of Merit
The Mono-Transistor Amplifier
Differential Circuits with CMFB
Folded Amplifiers
Cascode Topologies

| Gain Enhancement Techniques

Multi-Stage OpAmps

Integrated Heterogeneous Systems Design = F. Serra Graells
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CMOQOS Operational Amplifiers

Principle Basis

CMOS OpAmp general linear model:

Vin © n l o Vout
9inUin Tout _|_ Cload
~

‘G(DC) ‘ = GinTout

/N

input output
transconductance resistance

v —>1 1T — v

Gin X Img Tout X L
9ms Imd

Enhancement by increasing
MOSFET input transconductance?

FoM Mono CMFB Folded Cascode

Integrated Heterogeneous Systems Design

Gain

F. Serra Graells

Multi-Stage
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Principle Basis

CMOS OpAmp general linear model:
G2(DOY)| ——
|G1(DC)| <
Vin o o Vput — \m\\
in - i ou % N | NN i
JinYin Fout Cload — -20dB/ dec\““-\\\
_ ] S 0 ‘ =
% ED \\N‘N
S
‘G(DC)‘ = GinTout
/ \ BW  Frequency  GBW,; GBW,
input output
transconductance  resistance 1 I
v—1 i — v BW = —mm8 — GBW = —=
277 out Cload 2T Cload
1
9myg
Gin { Gms ou Gmd

A Gain improvement:

Accurate feedback functions
Enhancement by increasing
MOSFET input transconductance?

Lower equivalent input noise

A Speed enhancement (GBW)
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Partial Positive Feedback

Basic differential transconductor:

I outn I outp

Vinn o—{ M1 M2 }—onp

2Ibias

Ioutd = Ioutp - Ioutn

2Ibia,s s

—Vbp
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Partial Positive Feedback

Basic differential transconductor: Introducing local positive feedback:

Folded structure

Ioutn Iout
P Cross-coupled pair

Vi o_{ M1 M2 }_vap Partial feedback design by sizing ratio

2Ibias

cross-coupled

. devices
keeping same

Iouta large signal /\

/ range 1 : 1:1/N 1/N 1 : 1
e

Ioutn / D Ioutp

low-impedance Vin""_{ M1 M2 }_Q‘/inp

nodes

Vbop  Vind

21p;qs  still a single
stage transconductor...
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Partial Positive Feedback

Small signal transconductance:

1

-

Ioutn

9mg3 + 9md3
Zout'n

~
1
/gmdS 9Img5s + 9Imd>s
Zoutp
Vind
Imgi T

Vind
§ l/gmd2 ngQTnJ‘J%
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Partial Positive Feedback

Small signal transconductance: Half-circuit analysis:
Perfect symmetry (no mismatching)
1 : : 1/N 1/N 1 : 1
Infinite tail sink resistance
M4 )Oiﬂ( lil\r/l?’ M—TE] Iil\r/l8 M5 PH]( Mo Purely differential input

Ioutn

outn Ioutp

Vap

v (—Van)

1 d7 Img7\—Vzn

g 3+9 d3

M2 }_Q%np ; "

outn
v

2Ibias # Imgl—F5— ind 1 dl %

% 1 ioutn
]-/gmd7 Img7Vxp 1/gmd8 Vs
d
9mg3 + dmd3 Img8Vzn A Img5 + Gmads gmgl% 1/gmg3 _1/gmg7
toutn Uzp 'Lout

Vind Uznd
# gmng l/gmdl § l/gmdQ _gmg2
I S pap—
~

acn

‘/ténn °_{ M1

. Loutd
Ginp =
loutn = ~loutp common-mode = virtual ground Van = —Vgp boutd = Goutp — Goutn = |2ioutn|
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Partial Positive Feedback

Small signal transconductance: Half-circuit analysis:
! Perfect symmetry (no mismatching)
1 : DI/N 0 1/N s 1 : 1
i Infinite tail sink resistance
M4 )Oiﬂ( M3 M7 : M8 M5 PH]( M6 Purely differential input
I i I
outn outn acn i pr Ioutp outp <
| — ) . Gmg7(—Van)
‘/ténn"_{ M1 i M2 }_Q%np Gmgs T Jphds
7'outn
2Ibia,s # gmgl vlnd ]. dl %
v
ioutn
; —g Vind 9mg3 Vind
outn mgl 5 Gmas — Gmg? ( gmgl% 1/ 9mg3 —1/9mgr
gmgl 2 N > 1 €7
Ginp = Gmg1,2 Jmg3.5 { o0 N = S Loutd
9Img3,5 — Gmg7,8 Ginp = Vs
ind
0 N1

Loutd = Youtp — loutn = ‘2Zoutn|
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Practical Gain Enhanced OpAmp

Single-ended + folded + cross-coupled example:

Local positive feedback vs global negative feedback:

Iyl o

ano—{ M1 M2 }—onp o Vot V It can generate hysteresis

Vout V¥ Prone to instability

2Ibias

o] o

A Larger gain and GBW

A Compatible with folding and cascoding

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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OpAmp Figures of Merit

The Mono-Transistor Amplifier
Differential Circuits with CMFB
Folded Amplifiers

Cascode Topologies

Gain Enhancement Techniques

Multi-Stage OpAmps

Integrated Heterogeneous Systems Design = F. Serra Graells
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Splitting Functions

V¥ Single stage CMOS OpAmp limitations:

High gain:  cascoding
|G(DC)| = GinTout

UAB Integrated Heterogeneous Systems Design = F. Serra Graells




CMOQOS Operational Amplifiers

Mono CMFB Folded Cascode Gain

Splitting Functions

UAB

V¥ Single stage CMOS OpAmp limitations:

High gain:

cascoding
|G(DC)| = GinTout

Integrated Heterogeneous Systems Design

Multi-Stage 91/110

Introducing two-stage architectures:

G = G1Ga

|G1(DC)| = gin17Tout1 |G2(DC)| = gin2Tout2

High gain Vinaz < Vrs Large full-scale

input stage output stage
(low-noise amp, (power amp,

preamp) output buffer)

A Improved dynamic range performance
V Area and power overheads...

¥V Frequency compensation required!

F. Serra Graells
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Practical Example

Two-stage fully differential folded cascode OpAmp topology:

L 1
M;E])D Mlg—i}% |\/|4_|IS CIJ_M5 G{[f[m

T [—e e 4l
Iias @ Tias @ Vi Vinn—{| ML M2 |} Viny =V
M17 }7 2lbias —{ Ei/us
M0 I II_Mll M12 ] M13
v || MIS M16
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Practical Example

Two-stage fully differential folded cascode OpAmp topology:

L il
M}]F |v|191_1I rLﬁ |v|4>E Il° C|| }MS %[5[420
M6 F C||||:|v|7 |v|8_|lo #_Mgl

X X X X X high-impedance
Tpias O Iyias O Voutn =1 Vinn °—{ M1 M2 }—@ Vingp \/\ — Voutp ;c;cizslswith dynamic
Ml:; }7 2Ipias
M10 I I [M11 M12 ]
M14 I M15 - M16

I

V¥ Frequency compensation strategy is needed under feedback (closed loop) operation...

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Single Stage OpAmp Case

Basic control theory:

OpAmp

e

G — Vout

Passive 0<|H| <1
network
0 open loop
|H| =
1 follower
Vout 1

PR— G N —
Vi _1—|—GH/_H
G —

0
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CMOQOS Operational Amplifiers FolV

UAB

CMFB Folded Cascode Gain

Multi-Stage

Single Stage OpAmp Case

Basic control theory:

Single pole amplifier:
OpAmp

Go
o _— G(s)

14 =
G —o

out

Passive 0<|H| <1 Vout (s) = Go 1
network Vi 1+ GoH 1+ 5 (1+GoH)
— —_———
G6 wl’o
0 open loop /
[H| = G_6 — 1 ) 14+ GoH
1 follower Go 14+GoH p =1+ 6o
Vout _ G ~ l
Vio 1+GH / H
G —

Integrated Heterogeneous Systems Design

F. Serra Graells
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Single Stage OpAmp Case
open Single pole amplifier:
20log |G|[dB] k}Op
1+ GoH
( + O ) GO— Vout (S) — GO 1 -
‘/;: 1+GOH1+ wp(l—l—GoH)
— N——
/ 1 G’ w’
GO ~ T 0 P
w/
(H=1) 0 G():i £ — 14+ GyH
H p
Jw
4G root
0 locus
(H=1) (H = 0)
X, < X o
NG R ) —w, —Wp
=90 i I B I A B
= I o Barkhasuen criteria:
—1807 R
i . | N ZZZEI Lo R logu}
Wy w; GBW

|GH (jw)| =1 ZGH(jw)= —180°
A Intrinsically stable!
UAB

Integrated Heterogeneous Systems Design
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Two-Stage OpAmp Case

Double pole analysis:

° Vout

G(s) =
(1) (14 55)
pl p2
Vout GO
7 (8) =
in (1+wipl) (1+wipz>+GoH
Wy + W 1
Wy = _% + 5\/(“)1)1 + wp2)? — 4(1 + GoH )wprwpe
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Two-Stage OpAmp Case

Jw
Double pole analysis:
root
locus
H 71
‘/zn o—+
_G — Vout (H = 0) (H = 0)
A ¥ o
] —Wp2 —Wp1
2
G(s) = Go GoH < (wZiUJrszQ) —1
S S plWp2
(1 + w—> (1 + w—)
1wy | wpo in order to
Vout (s) = Go H < 4G0(wp2 Wy 2T cover up to H=1
Vin (1+55) (14 25) + GoHt
dominant w w
_ wpp w1 ole splittin p2 T or pl
w;1,2 S S + 5\/(wp1 + wp2)? — 4(1 + GoH )wp1wpa pis req?lired!g Gowp1 Gowpa
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Two-Stage OpAmp Case

Double pole analysis:
root

open locus
20 log |G| [dB] Ic;cp H1

~_ -20dB/dec: :

— Wp2 —Wp1

TNL -40dB /dec
AN ;
SR A R R (wp1 + wp2)
H _
ZG N :::::: B ::::::II B ::::::II B B GO < 4wp1wp2

1

1wy wpo in order to
H < 4G0(wp2 Wp1 -2)7 cover up to H=1

—180 dominant Wpo Wp1

A O A R A N N it pole splitting = G
Barkhasuen 1 logw is required! 0Wp1 0Wp2
criteria: Wp1 / Wp2

‘GH(]%U)‘ =1 ZGH(]IU) = —180° GBW ~ Gowp
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Principle of Operation

Transimpedance amplifier:

., Z
——

‘/in o ° Vout

Vout - - G‘/;/I’L

- V; — Vout

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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CMOQOS Operational Amplifiers

Principle of Operation

Transimpedance amplifier:

. 2
—_
Vvin°_ —° Vout
Vout = —GVip
r, = Yoo~ Vou
Miller effect:
Vin Vout
- g ~Z

UAB

FoM Mono CMFB Folded Cascode

equivalent input
impedance seen I,

from source ——

®) Vin

Gain  Multi-Stage

out

Iz _‘/in_vout _1+G

z equivalent output
—1 impedance seen
from amplifier
I,
Vi o— —° Vout
o)
VOU ‘/:)U,
Zout = : = - = G Z
_Iz Vout - ‘/z 1+ G

Integrated Heterogeneous Systems Design

F. Serra Graells
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Pole Adjustment

1

Transcapacitive impedance case:  Z(s) = Con
C’comps |
° Vout mn .V,
@Tbutl ?9177‘2’0‘7: %Touﬂ
= Gin1Toutl —GinaTout2 Miller

compensation

Vin Vg

two-stage OpAmp — ° Uout
small SIgnaI 9in1Vin Toutl Gin2Vx Tout2
model B

° Vout
?gznlvzn % Toutl |G2|Ccomp ?ginﬂ)w % Tout2 _|_ ~ Ccomp

A

dommant second
pole pole

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Practical Example

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

o b4

Iias

b ‘/inn‘)_# M1 M2 F—"mnp ° Vout
C

comp
| |
I _

. }‘4{ . 4{&% = Cioaa

stage-1 stage-2

A4
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FoM Mono

CMOQOS Operational Amplifiers

Practical Example

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

fp

step response

M8)D

CMFB Folded Cascode Gain

Multi-Stage

unstable Vout

/

Ib' me ~ 600
e ‘/inn‘)_# M1 M2 F_" ‘/inp X—r— Vout
Ccomp
| |
i - C'load \
M3 }‘4{ M4 4{ M6 slow
(H=1) % time
tage-1 tage-2
Stage Stage my > 60° = fl, > 22
fo1 ~ GBW

1 1
GBW = (ginlr%)(gN2)%r/;c (g 5 t2)
1o comp\Jin K/gu

Miller

GBW = Jmal.2 M22.2<1+
2T Ceomp Img1,2

UAB

Cload

Ccomp

fl gmg6
27T(Cload + Ccomp)

)

Integrated Heterogeneous Systems Design
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Design Variables

Single-ended Miller OpAmp example:

_____

I .
bias : M2 F_"‘/znp

° Vout

— Cload

~ e e e e e e | -~

25 design
variables!
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Design Variables

Single-ended Miller OpAmp example: Device matching groups:
T T T TSI T T T T m T s N m Current biasing
| |
' | L L
: M8 #E';IS ! Idiff = m Ibias Iinv = M Ibias
| | (W/L)s (W/L)s
N Iinv I N—— ——
' mdiff Minv
. [
Ibzas . M2 F_Q V;np : o Vout
Ocomp :
|| [
. : —_ Cload
|
|
[

25 design
variables!
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Design Variables

Single-ended Miller OpAmp example: Device matching groups:
)T TSI TS T T oo oo oo N m Current biasing
| |
| |
s {TMsu LWy LWL
! i dif f (W/L)g bias inv (W/L)g bias
N Iinv I N—— ——
| mdaqiff Minv
Ibias :
an“—G( M1 M2 )O_"Vinp | ° Vout m Null systematic offset
Ocomp :
| s <K> :<K> ;(K)
| 7 Cload L/, Lj, L Jgirs
I I
: LU U
/’I Y L)y \L/,
Laigs/2 _ (W/L)3
Iinv -
v [(D),, (7)., ()
25 design 8 design L J gisy L ) ging L)..
variables! variables!

Ibias Idiff Iinv Ccomp L
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Design Equations Vot

C’loacl
Single-ended Miller OpAmp example: 1 Vinp = Vin

Linw — Laify E
SR, = —
" CVcomp + Cload — Vinn = Vout

<
o

_____

Ibias

° Vout
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Design Equations Vin v
C’loacl
Single-ended Miller OpAmp example: 1
— Linw — Lairy
l/ SR —_=
: * CVcomp + C'load
: M8 ‘/znn = Vout
: . . SR = 4
“““ C’comp
Ibias ‘/inp = ‘/zn
° Vout
- Cload

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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Design Equations

Single-ended Miller OpAmp example: strong inversion

forward saturation
for all transistors

Linw — Lairy
SR, =
* C’comp + C'load

La;
SR_ ==L
Ccomp
° Vout g C
me > 60°: 2L >99 <1+ load)
gmgl,2 C’comp
T Clowd W/l oo I C
Qﬁ_N ( / )inv inv Z 2.9 (1+ load>
Be W/L)aifs Lairs Ceomp
A4

Laigp/2 _ (W/L)sing

I; (W/L);
m 1 W mnmv muv
GBW = Imgl2 _ \/B—P (—> Tairys
diff

27"—C’comp 271'C'comp

performance
Pp
Img1,2 Img6 2 \/251351\7 (%)diff (%)znv ‘

I
Y

[
X

G(DC) = =
(Do) Gmd1,2 + Gmd3.a Gmds + Gmas (AN + Ap)?

N

XX -

L

I dif f I inv resources

UAB Integrated Heterogeneous Systems Design = F. Serra Graells
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