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Lecture 25

ADC Design

— Pipeline



Review from last lecture

Performance Limitations
(consider amplifier, ADC and DAC issues )

= ADC : N
— Break Points (offsets) Kk P A
—> DAC ! :
— DAC Levels (offsets) N =T R N )
« Qut-range (over or under range) = ~ R
e  Amplfier TS
—y— Offset voltages . .

— Settling Time
— Nonlinearity (primarily open loop)
= Open-loop
— OQut-range
— Gain Errors
= |nadequate open loop gain
« Component mismatch
=) Power Dissipation ,
— KT/C switching noise



Review from last lecture

How Much Gain?

Depends upon how much of the overall error budget is allocated to
the effect noninfinite gain has on required performance parameters

If require n ENOB, can %2 LSB be allocated to effects of op amp gain error?

e.g. If INL specification of a 12-bit ADC is ¥2 LSB, can Y2 LSB be allocated
to the noninfinite gain error?

Sources that may contribute to INL errors in pipelined ADC:

Finite Op Amp Gain

Capacitor Missmatch

Incomplete amplifier settling

Amplifier nonlinearity

Input S/H error

Parasitic capacitance nonlinearity
Offset voltage (in ADC, DAC, summer)
DAC errors

ADC nonlinaritry



Review from last lecture

Error Budgeting

Sources that may contribute to INL errors in pipelined ADC:

Finite Op Amp Gain

Capacitor Missmatch

Incomplete amplifier settling

Amplifier nonlinearity

Input S/H error

Parasitic capacitance nonlinearity
Offset voltage (in ADC, DAC, summer)
DAC errors

ADC nonlinaritry

If entire error budget (e.g. %2 LSB) is allocated to the Finite Op Amp Gain, what
error budget must be allocated to all remaining contributors?

What will happen if each error source is allocated an error budget of (e.g. %2 LSB)?
How should the error sources contribution to overall error budget be allocated?

Zei = %LSB (maybe a little bit overly conservative)
i=1 4



Review from last lecture

Power Dissipation
. ap2d %
S CL

d Vier .
C, is the parallel combination of any interconnect capacitance, the capacitance
of the B network and the sampling capacitance of the following stage

OUTK

For MOS implementation (with ref SE op amp or telescopic cascade op amp)
2| 1 P\ 1 For convenience, define
— DQ

- VEBCL B (VDD -VSS) CL VEB Vsup =Vop —Vss
P=V_eGBeC oV

* P increases linearly with GB
+ Keep Vg small, C, as small as possible, GB as small as possible

« At high speeds, diffusion parasitics will cause P to increase more
rapidly than GB 5
» Total amplifier power is sum of power in each stage




Review from last lecture

Settling Time

Conventional Approach: Assume want to make at most %2 LSB error in
settling for worst-case step in each stage

4 Vour

Step response (if slewing is neglected)

VRer
(1-&)Vrer —

Design requirements for GB of Op Amp
0.7(n_+1)

ts = Tamp

BGB s

) 4. | |

t=t = L = T
2 2f -

s 1.4(EST+1) . GB = 0.22(Bn3T+1) .

Note: GB requirements drop from stage to stage 6

GB




Review from last lecture

Power Dissipation

GBL|M —————————————————

Linear P:Vsup eGBe CL ¢ VEB

with P

oV

.
1 XouTk

Xink Amp >—+

M ]
' ' X
XINk H 1 NOUTK
]

Cik

VRer

Interleaving can dramatically reduce power requirements (e.g. two interleaved stages reduce GB requirements a factor of 2 on

each stage thereby maintaining power requirements on linear slope region) for high speed data converters but introduces some
calibration challenges



Review from last lecture

Power Dissipation

Scenario 4 —»

GBLIM
Scenario 3 —p

Scenario 2 —»

Linear
with P

Scenariol —p
>

P

GB, i strongly technology dependent

What do we do if system requirements are in the respective scenarios?



Power Dissipation

v v v v

L e

CLK

X
N, sH Stage 1 1 Stage2 —2- eee —»| Stagem

Y

ee 0 —» Stagek

Ny nz Nk Nm

<b;> <b,> <b> <bn>

Pipelined Assembler N
(Shift Register Array) n Xout

Capacitor sizing to meet noise requirements

For each stage: P=[V, ¢GBeC ][V, ]

KT/C noise is contributed by each stage

If calibration is used to manage capacitor mismatch,
capacitor sizing determined by noise requirements

Should capacitor area be allocated to put dominant noise on input
stage or later stages?

If part of the total noise comes from latter stages, size of capacitors on
Input stage can be reduced



Power Dissipation

¥ ¥ 1

S/H —» Stagel N Stage2 |2 ees—» Stagek

>QN

(B p— Stage m

<bn>

<b,> <by> <b>

Pipelined Assembler N
(Shift Register Array) N Xour

P=[V,, «GBeC ][V.]
_14(n,+1)
RPS B CLK

Example: How do the op amp power requirements change from one-stage to the
next with two bits per stage in a 16-bit pipeline. Assume a charge-redistribution
gain stage and the size of the capacitors are scaled to keep the noise contributions
the same in each stage. Assume the first stage has a total sampling capacitor of
value C, and all noise is captured on input samples for each stage

Will keep the dc op amp gain for each stage the same

vV - /kl
ni C
]- <::::]- F:) ::::><: (::l-‘fl-i- :l{) L1

V _ kT S— C2 - 1 F 1
2 =y 16 P=X_(12+1)~.C_ =0.05eP
2 CoT 16 1

V,=4V_  _|

n

CCCCC

GB

L

10



Power Dissipation

) i ) L)
Xin n 7 e
—— S/H |—»| Stagel |—"+| Stage2 |2 see— Stagek |—* ese—| Stagem
‘f ny f ny ‘f Nk ‘i\ Nm
<b,> b, PrS

<bz> <b,>
Pipelined Assembler R
(Shift Register Array) " Xour

Example sol continued:

P=X_ (14+1)C

L1

P=X_(12+1) 116C

L1

P =X (1O+1)1C . qugr completely dominated by first_stagg
T . *  Will likely not scale C so much so noise will
_ 1 be dominated by first stage
P=X, (8+1)163Cu * No benefit from scaling power in latter
1 stages

P=X (6+1)16“C“

5

P=X (4+1)125Cu

6

P=X (2+1)126Cu

7



Power Dissipation

CLK

! v v v
XL S/H Stage 1 n, Stage 2 12 qee—n Stage k LTk eee—» Stage m
ny n, Nk Nm
<b;> <by> <b> <bm>
Pipelined Assembler N
(Shift Register Array) " Xour

Capacitor sizing to meet noise requirements

For each stage: P=[V, ¢GBeC ][V, ]

Should capacitor area be allocated to put dominant noise on input
stage or later stages?

If part of the total noise comes from latter stages, size of capacitors on
iInput stage can be reduced

An optimal noise distribution strategy should be followed!



Pipelined Data Converter Design
Guidelines

Issue

ADC offsets, Amp Offsets, Finite Op Amp
Gain, DAC errors, Finite Gain Errors all
cause amplifiers to saturate

Op Amp Gain causes finite gain errors
and introduces noninearity

Op amp settling must can cause errors

Power dissipation strongly dependent
upon GB of Op Amps

2.

Strategy

Out-range protection circuitry will remove this
problem and can make pipeline robust to
these effects if a,’'s correctly interpreted

a) Use Extra Comparators
b) Use sub-radix structures

a) Select op amp architecture that has
acceptable signal swing

b) Select gain large enough at boundary of
range to minimize nonlinearity and gain
errors

Select GB to meet settling requirements
(degrade modestly to account for slewing)

Minimize C,, use energy efficient op amps,
share or shut down op amp when not used,
scale power in latter stages, eliminate input
S/H if possible, interleave at high

frequencies. Good (near optimal) noiselS
distribution strategy should be followed.



Power Efficiency and Settling
Time Enhancement

Minimization of Power in Operational Amplifiers
— Reduce Power in Less Significant Stages
— Share Operational Amplifiers Between Stages
— Interleave Amplifiers Between Parallel Paths
— Interleave Pipelined Stages
— Power-Down Operational Amplifiers When Not Used
— Dynamically Bias Operational Amplifiers

— Use Operational Amplifier Architectures that are More
Energy Efficient

15



Energy-Efficient Operational
Amplifier Architectures?

« Settling Time Inversely Proportional to
GB of an OP AMP (during linear
settling)

 How does the energy efficiency of GB
for various op amps compare?

16



e GB=

Power Dissipation

9.
C

L

Ref SE Op Amp

For Single-stage MOS implementation (with ref SE op amp or telescopic cascade op

amp)

P=

[V..*GBeC ][V, ]

Fixed by ADC requirements r\

Select architectures that minimize
architecture-dependent term

GB=

P

1
V.C ||V

SUP LL 1L —

Architecture
Dependent

lo_
C
=
.

v

17



Power Dissipation
- eB=Y f]TH

C ....................

L

For Single-stage MOS implementation (with ref FD op amp or telescopic cascade op
Ref FD Op Amp

amp) -
p=[v_«ZBec [[V.]

| Fixed by ADC requirements_ r\

Select architectures that minimize _
architecture-dependent term Architecture
Dependent

GB= 2P 1
'V, C ||V, s




Figure of Merit for Comparing Energy

Efficiency of Op Amps
For Single-stage MOS implementation (with ref FD op amp or telescopic cascade op amp)
2eP| [ 1]
GB = e

_VDDCL | _VEB .

Architecture Architecture

Independent Dependent

GB+V C _| L
FOM — 2r - FOM"Generic MOS Cascode-Type OpAmp" o V
2P | EB1 __|




Consider the Basic Single-
State FD Op Amp

C, on Differential Outputs Not Shown
CMFB Not Shown

20



Consider the Basic Single-
State FD Op Amp

Differential Half-Circuit

gm1/2
A(S) =

VDD ( ) SCL + [903 + gol]

Vewmrs _ gm1/2
M3::] AO i gol + goS

Vour N
. BW — gol goS
VDIFF“ M1 CL

\vg GB — Omi 2|

V.-V, V P 1
V|N — IN 2 IN — DZIFF GB :|: :||:V :|
L

21



Basic Single-Stage FD Op Amp

VDD

e

C, on other output Not Shown

CMFB Not Shown

T —F
I Vi M | I

CL

VDD

>

ng] Vewmrs

Vourt

Vbire 4‘ D\Al

C

Fom { ! }
Ves:

22



Consider the Basic Single-
Stage FD Op Amp

Differential Half-Circuit GB{ P }{ 1 }
2VDD(:L VEB
V .
T Observations
VCMFB
MS;“ > GB (settling time) improves
Vour linearly with P
- Cp
Voire ‘”jv'l »  GB (settling time) improves
Y with decreasing Vg

A4

23



Consider the Basic Single-
State Op Amp

Differential Half-Circuit GB { P }{ 1 }
2VDD(:L VEB
Vor Observations
5 >  GB (settling time) improves
Vewrs linearly with P
M }7
i v Is there any fundamental limit?
1 s GB (settling time) improves
T with decreasing V
VDIFF 4{[:M1 . . - . .
v Conflict with conventional wisdom
that speed (f;) increases with Vg?

A4

»  What assumptions implicit to draw
these conclusions?

C, dominates parasitic capacitances



Energy Efficiency of
Popular Op Amps

Assume parasitic capacitances on
output negligible compared to external
load capacitance

25



Energy Efficiency of
Popular Single-Stage Op Amps

Basic Single-Stage Diff Amp

Current Mirror Op Amp

Telescopic Cascode

Folded Cascode

Gain-Boosted Telescopic Cascode
Gain-Boosted Folded Cascode

-gm Compensated Single-Stage
Telescopic Cascode Positive Feedback

26



Basic Single-Stage FD Op Amp

VDD
T

V
ng}ﬂ[.\h

N +
Vour Vour

. Vemes
coo y- TG Ms ’7
Vi e | >

A V4 A V4
Vpire 4‘ M,

Vg2 4{[: Mo Y

VDD

Vourt

C

1
FOM =
C_ on other output Not Shown \/

CMFB Not Shown 7



Q5

Q7

Current Mirror Op Amp

!VDD
T e o
Vit | Q1 Q2_ | Vi
Vb2
e

VDD
1:M
Q4 —— | Qs
VOUT V
= Q2_ Vi 1.
VH[QS i
bl
V4
FOM :[ M H 1
M+1] | Ve || .




Telescopic Cascode

|VDD V
DD
o7 Vs
LV - Vpy | QF
Qs | Q6 y N
E———— Vbzf 7Q5
@ —— o - — - Your
Vi+ L Vbg | Q3 1 CL
! { [ Q1 Q2 ] %Vi- Y N
Vin 1 Q1 vV
\V4

29



Folded Cascode

TVDD J VDDJ
Vbl }Qlo Vbl # 3Qg
oL Q8 Voo | Q7
b2 Vour IDlQl Vour
} Q6 — CL |::> Vb:j Q5 — CL
Vis V VlN# @1 v
oL V. Q3
b4
l Ibsq
ID3Q — OIDlQ v V4

FOM :[L} 1
14+0 | | Vg, 30




- \ -
Q7 bl. - Q8 Vi
Q5_> o J Vb2 L = <_Q6 L
B A3 + + A4 L Vout Vb;[%
T e >
Q3 _| < > L4 G Vos 4>
A, Ay A
Vie | g1 Q2 | Vi- v
IN
v 9 =
b4% [Q F)AiTotaI o ePTeIescopicCascode
V
1 1
FOM = [—} { }
1+0] | Ve

Gain-Boosted Telescopic
v — Cascode

31



Gain- Boosted Folded Cascode
I DD

Vv Q9
Q7 v o

VDD

I
N ®

d > | [ J
e TIR g
-

— S e
o

v A i }Q v L Vi QL | }QB N

1 Q2 Vi Vis " Voa
%[Q ]% Q3 WQ4 lID3Q

. V4
! ID3Q — e2|01Q
Qll] P’bes Vbs.% [le I:)AiTotaI = e1F)F0IdedCasc:ode

' FOM =L+19j Lf@j {V;j




-gm Compensated Single-
Stage

:VDD VDD
V
Vpz—| Q5 Q?]W ﬁ Q4 Q6 b2 Vo4 Q6] Yoz
T VAT — v
. 1 CL L
il L o - Q2_ Vi vCL
V V4
blo—‘ [Q7
V4

FOM ={ L }
Vee:

33



Telescopic Cascode Positive
Feedback Op Amp

A\/z “ 91 G2 Y FOM =|:
gol(g02 "Oms — Jos ng)

VEBl

|

34



Energy Efficiency of
Popular Op Amps

« All of the Op Amps in the comparison have an energy
efficiency for a given settling requirement that is, at
best, as good as that of the basic simple structure if
the parasitics are small compared to C,

« The settling time of most of the amplifiers decreases
linearly with P (i.e. improves linearly with P)

* The linear settling time is minimized If Vg, IS
minimized!

35



Settling Energy Efficiency of
Popular Op Amps

Questions:

« Are there any structures that are more settling energy
efficient than the basic amplifier?

 Is the linear settling time proportional to the reciprocal
of the power even If parasitics are considered?

* |s the strategy of minimizing Vgg, to minimize settling
time justifiable even if parasitics are considered?

36



Settling Energy Efficiency of
Popular Op Amps

Questions:

» Are there any structures that are more settling energy
efficient than the basic amplifier?

37



Improved Energy Efficiency Op
AMmps

|VDD Voo
st% — Q4 —I Q3
Vour |::> Vour
T ™~ —cC T~ G
Vb2'|_ Vb2 Vb2
1
Tla T @,

VY4
vbﬁ%zsa
FOM ={ L + L }

VE Bl VE B3

38



Improved Energy Efficiency Op
AMmps

|VDD Voo
st — [ —I Q3
Vour |::> Vour
" M~ ™L &
Vi2 " b2
Vi-|4: QL Q2| % il QL @VIN V7
W
Vs %9 1 1
FOM = +
VEBl VEBB

Another was presented at ISCAS 2001 - Amourah

39
There may be more (will consider two-stage structures in a bit)



Settling Energy Efficiency of
Popular Op Amps

Questions:

> |Is the linear settling time proportional to the reciprocal
of the power even If parasitics are considered?

40



Is the linear settling time proportional to the reciprocal of the power even if parasitics are
considered?

DerivTion
d Cosn = Ceornh W, +2Cg, (d Wn) =W, (CBOTnd +2Cswn ) +2Cspnth
1
T- Cogp = CaorphW, +2Cq, (d, + W, ) = W, (Cyr0; + 2Cq, ) + 2C .0,
W CTOT = CL + Wn (CBOTndl + 2C:SWn ) + Wp (CBOTpdl + 2CSWn ) + 2d1 (CSWp + CSWn )
i L2MIN BOTnd +ZCSWn L2NIIN BOTpd +ZCSWn
CTOT C " I: VEzBl( I‘MIN(: " VEZB3 I‘MIN(: 2d ( s CSW”)
. . Define Cy by
Layout of simple MOS Transistor c - (Coy + Cpor dy)
LG
MIN ™~ OX
vV
_ HVes Crar = C, +20,(Capy, + Cay )+ | L0, Lo
(DT = 27[ fT = N ToT L 1( Swp SWn) Vo MnVEZBl !"LpVEZB3 Xp
2C:TOT 2c:TOTVEBl 2VDDC:TOTVEBl
Assumption: W>>d, cg_ L P
Y 2 2
> VEBl(CL + 2d1(CSWp + CSWn)) + P{ LM'N C VEBlL2M”\‘CXp:|
where: Voo | Mo Vess M, Vegs
for TSMC 0.25u . Csw is the sidewall capacitance density
_ . Cgor is the bottom diffusion capacitance density
CXn =.83 . Ly is the minimum gate length
CX = 90 . d, is the minimum spacing from poly to diffusion

Note: C is a dimensionless process parameter

N1



Is the linear settling time proportional to the reciprocal of
the power even if parasitics are considered?

g Define C, by
1
T W C. = (Csw + Cpor d,)
Y =
LvinCox
vV
. . w; =2nf, = H Yee
Layout of simple MOS Transistor L2
MIN
ion: W>>
Assumption: W>>d, where:
« Cgy Is the sidewall capacitance density
*  Cgoris the bottom diffusion capacitance density
?r T§M8% 0-25u * Ly is the minimum gate length
Xn * d, is the minimum spacing from poly to diffusion
Cyp = -90

Note: C, is a dimensionless process parameter
42



Is the linear settling time proportional to the reciprocal of

the power even if parasitics are considered?
F)

2V.C

for differential output 5T op amp

TOT EB1

Differential Half-Circuit

for Basic Op Amp DOF — {VEBl’ VEBB’ P}

VDD

By adding parasitic diffusion capacitances, it can be shown that

VCMFB
M
3|j }7 1 P

GB =

Vout 2V, Pl L2 Vo L2
) Ve, (C, +2d,(Cqpy + Conn ) + MIN_C 4 —EBLIMIN G
1 C_L EBl( ] l( e )) VDD|:“nVEBl § “pVEZBs Xp:l
Vpirr %[:Ml I
or in terms of the f; parameters of the process as
A4
GB:l i C. C V_
V. [V.C +2d(C,+C_ )|+P
Cror =CL +Cpar W, w Ve,

where w+ is the f; of the process in rad/sec 43



Is the linear settling time proportional to the reciprocal of
the power even if parasitics are considered?

Differential Half-Circuit
for Basic Op Amp
VDD

DOF = {VEBl’ Vegs» P}

GB - 1 P

Vewrs 2Vpp P| L VA
Msj] % Vegs (Co + 20, (Caup + Cown ) )+ S| Gy NG,
DD

Hn Vegr Hpy VeR3
Vour

1 CL

Vbire —H:Ml 1 1

< FOM = Z C C 5 ”
+
VEBl (1_‘_ 2d1 Spr SWn j + C T/ |: LQA/IN an + VEB\]_/LZMlN Cxp:|
V4 L L Voo | Mn VeRL Hp Vers
CTOT — CL + CPAR
GBsV C
FOM — suP L 44

2P



Is the linear settling time proportional to the reciprocal of
the power even if parasitics are considered?

1 P
. ZVDD P L?\/IIN VEBlL?\/IIN
VEBl(CL + 2d1(CSWp + CSWn ))+ V u V CXn + u \/2 CXp
DD n VEB1 p VEB3
A
GBMAX

Linear with P

C, dominated P
— |
GB = l 1
" 2 I‘2|\/IIN VEBlI‘f\/IIN
N7 CXn T2 CXp

1, Veg, H, Vegs 46



Is the linear settling time proportional to the reciprocal of
the power even if parasitics are considered?

A

GBMAX

Linear with P
C, dominated P

>

No — reach a point of diminishing returns as power Is increased
GByax INdependent of C;

What is a practical point of diminishing returns?

GBCRIT: GBMAX — 1

2 2 2
4 LMIN C + VEBlLMIN C
TRV VA

a7



Settling Energy Efficiency of
Popular Op Amps

Questions:

> Is the strategy of minimizing Vgg, to minimize settling
time justifiable even if parasitics are considered?

48



Is the strategy of minimizing Vgg, to minimize settling time
justifiable even if parasitics are considered?

Recall:

Implication:

Speed increases with Vg

49



Is the strategy of minimizing Vgg, to minimize settling time
justifiable even if parasitics are considered?

1 P
%, Vees (C +20, (Caup +Coun )) + P | Lun ¢, Vesbun ¢
EB1 L 1 SWp SWn VDD HnVEBl Xn “p |§|33 Xp

DOF = {VEBl’ Vegss P}

To maximize GB, want to make Vg, as large as possible
without causing signal swing problems

51



Is the strategy of minimizing Vg, to minimize settling
time justifiable even if parasitics are considered?

No — but an optimal value of Vg, can be obtained

GB]

GBuax

»

VEBl,MAX

»

VEBl

Vv

1

EBLMAX —

C, +2d,(Cspp + Cown)

l"tnCXp

+
Hp

P I_f\/IIN

Vo K,

CXn

|

V2

C:Xn EB3

54



Is the strategy of minimizing Vg, to minimize settling
time justifiable even if parasitics are considered?

GB A

GBuyax

VEBl,MAX VEBl

For large P, obtain
l"lpCXn
MnCXp

VEBLMAX - VEBS

Substituting into GB,,,x expression, obtain

MIN 4\/CXHCXD My 56



Is the strategy of minimizing Vg, to minimize settling
time justifiable even if parasitics are considered?

[

VEBl,MAX

»

VEBl

GB,y = ——
MAX [ : :
4 Xn =~ Xp IJ

by

If GB,,ax IS not high enough, interleaving may provide a viable solution in a given technology node
A

GB Required—»|

GBMAX

Interleave
Region

Linear
with P

57
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Settling Energy Efficiency of
Popular Single-Stage Op Amps

v" Other single-stage op amps have settling
performance properties similar to those considered
here

v" Increasing power improves settling time but a point of
diminishing returns will limit the benefits

v Maintain large Vg5 t0 minimize effects of parasitics
associated with p-channel transistor

v’ Set Vg, at critical point to maximize GB for a given
power dissipation

58



Energy Efficiency of
Popular Single-Stage Op Amps

Basic Single-Stage Diff Amp

Current Mirror Op Amp

Telescopic Cascode

Folded Cascode

Gain-Boosted Telescopic Cascode
Gain-Boosted Folded Cascode

-gm Compensated Single-Stage
Telescopic Cascode Positive Feedback

What about the 2-stage structures?

59



Energy Efficiency of
Popular Two-Stage Op Amps

Basic Two-Stage

Cascode-Cascade

Cascode-Cascode

Telescopic Positive Feedback Cascode-Cascade
-gm gain enhancement

What about the 2-stage structures?

60



Two-Stage

|VDD
o [
AY Vour
Vr é:l
VIIG“KMl MZZ]F N ¢ o~ CL
o v
VBZA'KMQ Vsz—H: Me
Vss

Single-Ended Output

61



Two-Stage

A

/|

VBZ—¢ [: Mg

Fully Differential
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Two-Stage

VDD

/1

\/
A

V3

Fully Differential
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Two-Stage Cascode/Cascade

f/DD

= Vo1 Q8 Q12— |

Q7 — ] [ a3

Q5_> V2 <_Q6 Ce Re —* Vout
— M e

Q3 b3 Q4 }—/M’
- ~ C. Rc

Viﬂ [Ql Qg] %Vu [Qlo Qllj %
Voa QO Vos Q0
[Park — ISSCC 2001] V

CMFB Not Shown 64



Telescopic Cascode Two-Stage Positive
Feedback Op Amp

H b {};
! L

= . i:l— )

A\V ~ _gm ) gmz ) gm3

CMFB Not Shown



Two-Stage Negative R
Compensation

Vbp
:

AR a

Q] " To8

Cc R !

Vi++ [Ql Q2

r\ﬁw

Vbl._{ [Q9

5 Q6]F‘

66



Enhanced-Gain Two-Stage
Negative R Compensation

VDD
b
R% Qiﬂ Vb3 os R Q7] Vba [Qs
Cc R.® e \Vout
C
d HW‘ - C,
CC RC m
® ﬁ ® v
Veler e W O
Vblo—{ [Q9 Vb;—{ [Qlo
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Improved Energy Efficiency Op
AMmps

+
Vour

For some closed-loop gains the two-stage op amp is more power efficient than the
single-stage Op Amp

See ISCAS 2005 Power Dependence of Feedback Amplifiers on
OpAmp Architecture

Vipul Katyal, Yu Lin and Randall L. Geiger 68
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Stay Safe and Stay Healthy !







