5. Low-Power OpAmps 1/43

5. Low-Power OpAmps

Francesc Serra Graells

francesc.serra.graells@uab.cat
Departament de Microelectronica i Sistemes Electronics
Universitat Autonoma de Barcelona

paco.serra@imb-cnm.csic.es
Integrated Circuits and Systems
IMB-CNM(CSIC)

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



5. Low-Power OpAmps 2/43

Low-Voltage vs Low-Current
Subthreshold Operation
Class-AB Output Stages

Rail-to-Rail Topologies

Inverter-Based Pseudo-Differential
Multi-Stages Architectures

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



5. Low-Power OpAmps Intro

Low-Voltage vs Low-Current

Subthreshold Operation

Class-AB Output Stages

Rail-to-Rail Topologies

Inverter-Based Pseudo-Differential
Multi-Stages Architectures

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



5. Low-Power OpAmps Intro

Low-Voltage vs Low-Current

» OpAmp overall power consumption:

Vbbb

Ppp =1Ipp X Vpp
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5. Low-Power OpAmps Intro Subthreshold Class-AB Rail-to-Rail Inverter-Based

Low-Voltage vs Low-Current

OpAmp overall power consumption:

A Alternative supply sources
Vbp (battery, solar cell, scavenging)

1 .
DD ﬂ V¥ Poor power scaling
Pop = Inp % Voo V¥ Limited by technology
Low-voltage circuit techniques:
10 . . Rail-to-rail
7 N . Inverter-based
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5. Low-Power OpAmps Intro Subthreshold Class-AB Rail-to-Rail Inverter-Based

Low-Voltage vs Low-Current

OpAmp overall power consumption:

A Alternative supply sources
(battery, solar cell, scavenging)

H V¥ Poor power scaling
Pop = Inn X Voo V¥ Limited by technology

) Low-voltage circuit techniques:

Rail-to-rail

Vbbb

_ Inverter-based
A Strong power savings

Supply multipliers
V¥V Limited by noise and bandwidth Back gate ...

Low-current circuit techniques:
Subthreshold
Class-AB
Dynamic biasing

Duty cycle ...
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5. Low-Power OpAmps Intro Subthreshold Class-AB Rail-to-Rail Inverter-Based

Low-Voltage vs Low-Current

OpAmp overall power consumption:

A Alternative supply sources
(battery, solar cell, scavenging)

H V¥ Poor power scaling
Pop = Inn X Voo V¥ Limited by technology

) Low-voltage circuit techniques:

Rail-to-rail

Vbbb

_ Inverter-based
A Strong power savings

Supply multipliers
V¥V Limited by noise and bandwidth Back gate ...

Low-current circuit techniques:

Subthreshold V¥ Conflicts can arise between
Class-AB low-current and low-voltage
Dynamic biasing design techniques!

Duty cycle ...
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Low-Voltage vs Low-Current

Subthreshold Operation

Class-AB Output Stages

Rail-to-Rail Topologies

Inverter-Based Pseudo-Differential
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5. Low-Power OpAmps Intro Subthreshold Class-AB Rail-to-Rail Inverter-Based

Optimizing MOSFET Biasing

Each transistor has its own purpose
and requirements!

o b4

. Vout
Ibza,s Vian O—C{ M1 M2 }3_" V;jnp 1
C

comp
| |
[

e.g. single-ended
two-stage Miller M3 }*4{ M4 4{@6

OpAmp
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Optimizing MOSFET Biasing

Each transistor has its own purpose
and requirements!

o b4

. Vout
Ibza,s Vian O—C{ M1 M2 }3_" V;jnp 1
C

comp
| |
[

e.g. single-ended
two-stage Miller M3 }*4{ M4 4{@6

OpAmp

good current
matching
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Optimizing MOSFET Biasing

Each transistor has its own purpose
and requirements!

o b4

. Vout
Ibza,s Vian O—C{ M1 M2 }3_" V;jnp 1
C

e
|
e.g. single-ended
two-stage Miller M3 }*4{ M4 4{ M6
OpAmp
good current good
matching transconductance
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Optimizing MOSFET Biasing

Yep_VrH

. . log I'p Ise  mm Forward saturation example
Each transistor has its own purpose (neglecting CLM):
and requirements! g
| ’IW : Strong inversion
M8 F y C< M5 logIs4  Moderate Gmg T
()
)
Ip
Iy; Vout
bias ‘/znn‘)_c{ M1 M2 }D_" sz'np 1
Coomp -
1 :
e.g. single-ended . Viar — Vi )?
two—(s)taie Miller M3 }*4{ M4 4{ M6 / Leakage 271( 65 = Vra)
pAmp ' :
good current good :
matching transconductance Img + Viy Van
Al Vbp > Viat
o <I_D) T Vsp =0
D
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5. Low-Power OpAmps

Optimizing MOSFET Biasing

Each transistor has its own purpose
and requirements!

o b4

I ias Vout
’ Vinn O_C{ M1 M2 F_O Vvinp —
C

comp
| |
[

[ HEZ%

good current good
matching transconductance

e.g. single-ended
two-stage Miller
OpAmp

IC-based circuit design:

IC>>1  e.g. good current matching
m IC~1 optimized transconductance/power
IC<<1 e.g. translinear € functions

Design of Analog and Mixed Integrated Circuits and Systems
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A Individual operating point selection
by sizing + biasing:

\
M x (E) inversion
L coefficient

....................................................

Is = 2npU?

9Img

: : 1
T nU.
‘Strong = "'
-inversion :
Moderate
\ ] ) I . ] |
—4 —2 0 +2 147 logIC
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5. Low-Power OpAmps Intro Subthreshold Class-AB  Rail-to-Rail Inverter-Based 14/43

Specific Current Generator

proportional to
absolute temperature

(PTAT)
Is-based current reference: I

Neglecting CLM

V}otat =U;InP

ls-based PTAT ) N ﬁ7
current voltage MIyias = —— (Viias — Vrr — n‘/})tat)Q
— A — on

n
L (M + ]-)Ibias = 67 (‘/bias —Vru — E‘G)taz‘) V})tat

iy
1

MIbias Ibz’as Ibias
T I | In P
.' b | = VNV Ml
| RN | @ 2(M +1) ( \/N A )
L : :M1:] __{ M2 !
| N i\ P 1 .
i i :\___ ________________ ! Tpias = QIS7
EV M7 i VZptat
" I weak inversion sat. A By using |, for biasing circuits,
17 |C selection is independent

strong inversion cond. from tech no|ogy

& http://dx.doi.org/10.1109/JSSC.2002. 806258
F. Serra-Graells et al., Sub-1V CMOS Proportional-To-Absolute- Temperature References, IEEE Journal of Solid-State Circuits, 38:1(84-8), Jan 2003
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Specific Current Generator

Is-based current reference: A As a side effect, temperature
compensated voltage references
can be also obtained:

thermal
compensated |s-based PTAT
voltage current voltage QX
— N " Vies =2n\/7Ut+VTH
| ﬁ N T TN E | .
P T Veu(T) = Ven(To) - o (7=~ 1)
! | O

) M1, Lyios Lyias QX . 1 o
B S — VY =t

VO_H L[t e
Y N ii P 1 i V}efEOz—i-VTH(To)

Vtt
v \Y g pa
bias . . . . .
1 weak inversion sat. A By using ;.. for biasing circuits,
i |C selection is independent

strong inversion cond. from tech no|ogy

& http://dx.doi.org/10.1109/JSSC.2002. 806258
F. Serra-Graells et al., Sub-1V CMOS Proportional-To-Absolute- Temperature References, IEEE Journal of Solid-State Circuits, 38:1(84-8), Jan 2003
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5. Low-Power OpAmps Class-AB

Low-Voltage vs Low-Current

Subthreshold Operation

Class-AB Output Stages

Rail-to-Rail Topologies

Inverter-Based Pseudo-Differential
Multi-Stages Architectures
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5. Low-Power OpAmps Class-AB

Output Operation Class

» OpAmp power investment:

V;Zn Vout
—+
noise driving
performance capability

» QOutput stage operation modes:

outp
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Output Operation Class

OpAmp power investment: /\ /\

Vin Vout Class-A Class-B

o—I 4+ —
€ 7\ [\
noise driving
performance capability \/
\\-',' \-':
Class-G/H Class-AB Class-C

Output stage operation modes:

" o,

Voutn Class-E/F Class-D
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5. Low-Power OpAmps Intro Subthreshold Class-AB Rail-to-Rail Inverter-Based

Basic CMOS Topologies

Inverter-like stage: Push-pull type stage:
Class-AB
modulation
index
‘/biasp MP %ias'ri MN
+ Lot \ I Tout
‘/in Vout m = M ‘/zn Vout
+ Tyias
%iasn o F
MN / Voias MP
MN and MP

static bias current
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5. Low-Power OpAmps

Basic CMOS Topologies

Inverter-like stage:

Class-AB
modulation
Vi, MP index
1asp
+ Lot \ I
Vvin Vout m = | outlma:c

+ Ibias

%iasn MN /

MN and MP
static bias current

m High voltage gain
m Intrinsic high output impedance (1/g,.,)

m Suitable for capacitive loads only

m Optimized full-scale

Intro Subthreshold Class-AB Rail-to-Rail

20/43

Inverter-Based

Push-pull type stage:

%iasn MN
+
Iout
‘/in Vout
‘/bias; MP

m Unity voltage gain
m Intrinsic low output impedance (1/g,,)

m Suitable for any type of load impedance

m Reduced full-scale

Biasing circuitry to control l;,, against PVT (CMOS process,
supply voltage and temperature) corners and to reach high

Class-AB m-values?

Design of Analog and Mixed Integrated Circuits and Systems
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5. Low-Power OpAmps Class-AB

Class-AB Stage Examples

» Translinear loops:

e ®
el

Iout
) < Vout

Ip
by
Iin
Vi o~ | M5
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5. Low-Power OpAmps Intro Subthreshold Class-AB Rail-to-Rail Inverter-Based

Class-AB Stage Examples

Translinear loops:
p Ibzas Ip In I’“”L

(W/L), W/L)s  (W/L)s (W/L)a

Ibias$ strong inversion sat. || Ilg(js \/; \/; \/g
ol

weak inversion sat.

ccw
In I out

@ —<— Vout
I p

by
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5. Low-Power OpAmps Intro Subthreshold Class-AB Rail-to-Rail Inverter-Based

Class-AB Stage Examples

Translinear loops:
p Ibzas Ip In I’“”L

(W/L); (W/L);  (W/L)2 (W/L)4

Ibias£ strong inversion sat Ibms lin
& | B 53 62 Ba

L
it

weak inversion sat.

ccw

I out
@ —<— Vout
I

p

by

5 Ibias
4{ [:M3
ref

ﬂm
- inverter

based

E Ipias version
Ei/llo

) < Vout

V¥ High supply voltage
typically required...

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



5. Low-Power OpAmps Class-AB

Class-AB Stage Examples

» Class-A + dynamic biasing;:
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Class-AB Stage Examples

Class-A + dynamic biasing: %:Hf[/lz
AC I,
response 7
discrete time % continuous time + | fout
(e.g. SC OpAmps) — - - (e.g. RC OpAmps) Vyias O , —<— Vout
\ / ,

high
value I,
Ibias Iout
Cbzas —_ < VOUt
I, M3 F # M2
Vi, o [ M1 I
| E7 Ibz’as bias
1 Vout
I a8
V¥ Area overhead b
DC |
V¥ Noise excess from biasing response Vin © IEZM
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5. Low-Power OpAmps Intro Subthreshold Class-AB Rail-to-Rail Inverter-Based

Class-AB Stage Examples

Ip < 2Ibias
Telescopic topologies:

Vin 1 o——] | 2 ML Vi

Classic
21 1as
differential pair b

Asymmetrical M6
differential pairs

Lout I, > 2Iy,
‘/in 1 =< Vout (‘D Ibias T ° Vryef P vias Ibias

4{ [:‘l\/l2 Ml’:l I Vin T °—{ M2 M1 }_’—° ref
/ Ibias
M3 }— Constant M3 }— Viel T

voltage bias so

Vjin = Vref — Ip = Ibz’as

PVT compensated

V¥ Output range by symmetry...
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Intro Subthreshold Class-AB Rail-to-Rail Inverter-Based

5. Low-Power OpAmps

_ ( 8
Class-AB Stage Examples s [ M 1= 22 (Vi Vg

for strong inversion <
saturation | _ B (Vinn — Vi — nVa)?

Telescopic topologies: \ loias = 5,

2nI 2nlpias
Bl ind

I as V;,n

VI bias T \/ o2 o, ind

Asymmetrical M6
differential pairs
| Full-circuit analysis
[iM5 M4\:])D for M1=M2 )

In V In =V Ibias - \/ ﬁ‘/znd
Iout \ 2n
VVin ™1 =< Vout (‘D Ibias T ° Vref
Ip Iout 9 / 25—2)2'(13 Vvind

|
M2 M1
[:‘ ,:] I 2lpias| Classic
| diff. pair
M3 ‘/ind

V¥ Output range

F. Serra Graells
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5. Low-Power OpAmps Rail-to-Rail

Low-Voltage vs Low-Current

Subthreshold Operation

Class-AB Output Stages

Rail-to-Rail Topologies

Inverter-Based Pseudo-Differential
Multi-Stages Architectures
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5. Low-Power OpAmps Intro Subthreshold Class-AB Rail-to-Rail Inverter-Based

Why Rail-to-Rail?

Optimization of signal V¥V Necessary at OpAmp input?
full-scale (V) and
probably dynamic range (DR)

‘/;nc2 ref
S W
Compatibility with
Vin = \WWW\—
low supply voltages /\/ .y \ﬁ
(e.g. battery-powered, Vyes
energy scavenging)
Required by CMFB /\/ Vin
in fully differential — Vout /\/
signal processing inverter-like
stage v /\/
DD
____ Vsatp ‘/inC = ‘/zn
----—d| MP
A Already available %]( Required for certain
certaln
at OpAmp output v Veomas feedback configurations!
when no cascode o
is used:
4{ MN
Bl Vsatn
A4

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

Overall gain performance:

|G(DC) | = GinTout

/ N\

input output
transconductance resistance
V—1 7 — v

V¥ Input transconductor for rial-to-rail?

Wnc T

NMOS
] differential N
pair I,' \\\
/
N R S
\ / PMOS
S differential —
pair
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5. Low-Power OpAmps Intro Subthreshold Class-AB Rail-to-Rail Inverter-Based

OpAmp Input Transconductance

Overall gain performance: A Complementary differential pair
|G(DC)| = GinTout

Ay bl ¢

transconductance resistance
V—1 7 — v

V¥ Input transconductor for rial-to-rail? ;}7‘{ I | }‘4{27

< - &
Vine T NMOS T
. differential s
pair A
o PMOS
W differential ——
pair
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5. Low-Power OpAmps Intro Subthreshold Class-AB Rail-to-Rail Inverter-Based

OpAmp Input Transconductance

Overall gain performance: A Complementary differential pair

|G(DC) | = GinTout

VAN =

T
_C
input output
-

transconductance resistance
V—1 7 — v

T

i

¥ Non-constant transconductance (gain): ; ‘{ L

NMOS

PMOS

c

Specific OpAmp
biasing techniques
are required

for rail-to-rail
complementary
differential pairs

Design of Analog and Mixed Integrated Circuits and Systems  F. Serra Graells
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5. Low-Power OpAmps Rail-to-Rail

3-Times Current Mirror

» Complementary differential pair
raw input transconductance:

Gin

I
0 VDD VDD ‘/inc
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5. Low-Power OpAmps Intro

3-Times Current Mirror

Complementary differential pair
raw input transconductance:

Gin

0 VDD VDD ‘/inc

Subthreshold Class-AB Rail-to-Rail Inverter-Based

Equalization in strong inversion:

Imgn + Gmgp = const

\/Qnﬁnlbiasn + vV Znﬁpriasp = const

W/L)p _ Bun

“C WL~ Bup "

vV Iviasn + \/Triasp = const

( Vadlpias + \/6 = 2V 1Ipias NMOS

Ibiasp
%nc ° C{ F ° V{nc Ibiasn + \V/ Ibiasp = < \/Ibias + \/Ibias = 2\ /Ibias N—l—PMOS

| |
Ibiasn

\ \/6 + v Alpiqs = 2\/ Tpias PMOS
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5. Low-Power OpAmps Intro Subthreshold Class-AB Rail-to-Rail Inverter-Based

3-Times Current Mirror

Equalization in strong inversion:

Ibz’as (Jz)

T gy

gF% s Ol

9Imgn

I
0 Vyefy Vop Vine

( \% 41piqs + \/6 = 2v Tvias NMOS
\/Ibiasn + \/Ibiasp = 3 \/Ibias + \/Ibias = 2\/ Ibias N+PMOS

\ \/6 + v Alyiqs = 2\/ Tpias PMOS

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



5. Low-Power OpAmps Intro Subthreshold Class-AB Rail-to-Rail Inverter-Based 36/43

3-Times Current Mirror

Equalization in strong inversion:

not truly on/off Tyias é; ;’j )ﬁFﬂ( E

operation

o /: :\ Tpiasp
e e N e U = ol

mgn /|
| | v
I
0 Vrefn V;“efp VDD V:inc
(ST e i = 2T NMOS A Compact bias control
bias = bias
\/Ibz'asn + \/Ibiasp = 9 \/Ibias + \/Ibias = 2@ N"'PMOS v Non-exaCt SOlUt|On

\ \/6 + v Alyiqs = 2\/ Tpias PMOS
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5. Low-Power OpAmps Intro Subthreshold Class-AB Rail-to-Rail Inverter-Based

Current Switch

Equalization in weak inversion:

Gin

Vbb Vine

Imgn + Imgp = const

Ibz'asn 4 Ibiasp — const
TLUt nUt

Ibiasn + Ibiasp = const

A Compact bias control

V¥ Transconductance equalization
sensitivity to reference
voltage
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Low-Voltage vs Low-Current

Subthreshold Operation

Class-AB Output Stages

Rail-to-Rail Topologies

Inverter-Based Pseudo-Differential
Multi-Stages Architectures
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5. Low-Power OpAmps Inverter-Based 39/43

Cascade vs Cascode

» Low supply voltage

by avoiding cascoding -
circuit structures cascode | Vs
if . L g
amplitier out IG(DC)| g1 ( M)
4{ M2 9md1l 9md2
:I —_ C(loa,d g 1
- GBW = 219
Vin— | M1 e
zVsatn T load
17 A4 N
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Cascade vs Cascode

Low supply voltage

by avoiding cascoding T -
circuit structures cascode . Ot
lifi o 1
. amplitier ot G(DC)| a1 ( gmg2)
A OpAmp gain drop 4{ M2 gmd1 Gmd2
may be compensated ] = Cload Img1
by multistage topologies V; o_{ M1 B - GBW = 27Cload
satn
17 A4 A4
V¥ Increase in power
consumption
¥ Multipole frequency ::,‘:Sﬁ?g 1 Viatp

compensation can be
tricky! IG(DO)| (9’“91) (9m92>
gmdi 9md2
$ Cvcomp$

I L ° Vout GBW = Imgl Img2

Vji O_{ M1 4{ M2 Ioload . 27rccomp 27TCload

Vsatn

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



5. Low-Power OpAmps Intro Subthreshold Class-AB  Rail-to-Rail  Inverter-Based 41/43

3-Stage Nested Miller OTA

Inverter as transconductance
basic building block D Chompt @ ©

1
V}n"—{ M1 —{ M2 —{E7M3 Icload

9mgl 9mg2 9Img3
2TrC’com,pl fp fp3
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5. Low-Power OpAmps

3-Stage Nested Miller OTA

Intro Subthreshold Class-AB Rail-to-Rail

Inverter-Based

42/43

Inverter as transconductance T T T
basic building block D Chompt @ O
|
[
A Phase margin Ccolnlzpz
save design i T Vour
szno_{ M1 4{ M2 4{ M3 Icload
i . 9mgl . 9mg2 9Img3
. GBW = ——— = —2Js —
: 27TCcomp1 fp2 27-[-C(co7”n,p2 fp3 27T0load
‘ GBW GBW
! Om = 90° — arctan ( ) — arctan ( )
L, = T0° Ip2 Ip3
= 65°
j 60 V¥ Increase in power
i 50 consumption
0 i
0 1 2 3 4 5 6 7 8 9 10

Design of Analog and Mixed Integrated Circuits and Systems

V¥ Bandwidth reduction
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Nested Gm-C Compensation

Combination of nested loops involving: Pseudo-differential structures:

Positive/negative transconductors
Miller compensation capacitors v

e.g. 3-stage OTA 3

V. °—*{ + + |— — t
. 9Im1 gm?2 | gms3 L .

~ I
r Ly

o_{

— >
\y
— >
\y
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