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Differential pair opamp
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Differential pair opamp

Gm Om1

Gout Ods1 + 9ds3

Ao 9m1/(9ds1 + Jas3)

Acm gdso/gm3

Ci Cgsl/2

Wu 9m1/CL
Pk, Zk | P2 = —9m3/(Cdb1 + Cdbz + 2Cys3); Z1 = 2p>

Svi 16KkT /3gm1 (1 + gm3/gm1)
TG0 oGg71 + (9m3/9m1)* 073
Vem > V11 + Vpsary + Vpsaro

< Vad — Vbsarzg — V13 + V12
VOUt 2 ch - VT]_
< Vdad — Vpsars

SR +lg/CL

Isupply I0 + Iref
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Cascode output resistance

Rout = Ime/GascImt + Gasc +Hgm
(negligible)
Rou = 1/0asc(1+Gmc/Om1)

Rout = Oncluscs + /G + Ugese Rout = Omcluseost +Hase—+-Lio: vad
l l (negligible) l
Vaase—{[_ - Vaase—{[_ - Voss—{[ g J—Vees
Gs Vmasi—{ Gs=Qus1 i COm
M i

1
differential pair: M, degenerated
by M;’s source impedance (g,,;)

@ Output resistance looking into one side of the differential
pair is 2/9gs1 (Im, = 9m, in the figure)




Opamp: dc small signal analysis

@ Bias values in black
@ Incremental values in red
@ Impedances in blue

Total quantity = Bias + increment

Nagendra Krishnapura EE539: Analog Integrated Circuit Design



Differential pair: Quiescent condition

My M,

M Vag-Vess (by symmetry)

VaaVess

Vh\asﬂ‘*
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Differential pair: Transconductance

M, M,

lgmvd/z

V
gmvd/ZL vy

Vo]

+vgyl2

* InVal2

F v

-vgl2

v, ~0

waaso{
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My My

\/ngi]/ZT
Vo]

-
V10gs1/2

waaso{

gendra Krishnapura

Differential pair: Output conductance
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Telescopic cascode: Quiescent condition

Vbiaspz

Vaa-Vess
Vbiasnz
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Telescopic cascode: Transconductance

M, M,

gmvd/zi

Vbiaspz

gmvd/2l

Vaa-Vess
Vbiasnz
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Telescopic cascode: Output conductance

M, M,

VngsE.gdsl/Zng

Vbiaspz

Vbiasnz
V194s59ds1/29mg

ch
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Folded cascode: Quiescent condition

Mg Mio
Vaa

1o/2+1. 1o/2+1

Ms Mo

o S T

zero current

M M

F Vblasnz Vesa
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Folded cascode: Transconductance

M, Mio
Vaa
lg/2+1 lo/2+1
Mg Mg ”
V.2 ImVf
Vel T j Vbiaspz
1 Iy
2| Yanvez o,
) —
ch-* \» Vem T InVa/2
+Vyl2 Val2 Vbiasn2 Vesa
Vv, ~ 0
Val2
Vb\aso‘* GV Thi
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Folded cascode: Output conductance

Mg Mio

vdd
1o/2+1. 1o/2+1

g g M Mg
3 C?—: j VbiaspZ
4 4 [ 11 | Vruss(9usa/2+9dSe)/Oms
o $
> = Qust/2 zero current

I/ 1

S A V1(055(Gas1*+ 450/ Gms *+ Gas70ss/Ir)
M; Mg

F Vblasnz Vesa
— +vy

/29,
Vr0assGasi/ “0ms l |1i F% ill i Vr9uss9us1/20ms + Vr9as7dsa/Im7

My M,
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Differential pair: Noise

ino/2+ig/2-inol 2+ing ino/2+ig/2-inol 2+ing

ih3 i L .ji iﬂ4
in1-lng+ing-ing
o222 §| e |} oo Zin/24ial2
1 r Vaa-Vess
Ve Ve

ino/2+in1/2-1,/2 i "l ino2-ina/2+inal2

Ino

59

@ Carry out small signal linear analysis with one noise
source at a time

@ Add up the results at the output (current in this case)
@ Add up corresponding spectral densities
@ Divide by gain squared to get input referred noise
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Telescopic cascode opamp

M, M,

Vbiaspz

Vbiasnz

inp _| |_ inn
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Telescopic cascode opamp

Gm Om1
Gout Ods19ds5/9ms + Jds39ds7/Im7
Ao 9m1/(9ds19ds5/9ms + Jds39ds7/9m7)
Acm Jdso/9Im3
Ci Cgsl/2
Wy gml/CL
Pk Zk P2 = —9m3/(Cdb1 + Cab3z + 2Cgys3)
P3 = —9ms/Cps
P4 = —Om7/Cp7
p2.4 appear for one half and cause mirrror zeros
Svi 16kT /3gm1 (1 =+ gm3/gm1)
TG0s 071 + (9m3/Im1)*0ra
Vout > Vbiasnl - VT5
< Vbiaspl + VT?
SR +lp/Cy
Isupply lo + lref
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Folded cascode opamp

M9 MlO

Vdd

MS MG

out

M7 Mg

A Vb
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Folded cascode opamp

Gm Om1
Gout (Qds1 + Ydsa)9dss/9ms + Jds3ds7/Im7
Ao Im1/((9ds1 + 9ds9)Jdss/Ims + Jas30ds7/Im7)
Acm 9dso/9m3
Ci Cgs1/2
Wu gml/CL
Pk Zk P2 = —9m3/(Cdb1 + Cab3z + 2Cgys3)
P3 = —Oms/Cps
P4 = —Om7/Cp7
p2.4 appear for one half and cause mirrror zeros
Svi 16KT /39m1 (1 + Om3/Im1 + Ome/Gm1)
‘7\2/03 U\Z/Tl + (gm3/gm1)20\2/T3 + (gmg/gml)za\Z/Tg
Vout > Vbiasn1 — VT5
< Vbiasp1 + V17
SR j:min{lo,ll}/CL
Isupply lo+ 11 + lref
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Body effect

@ All nMOS bulk terminals to ground

@ All pMOS bulk terminals to Vgq

@ Acm has an additional factor gm1/(9m1 + Imb1)

@ gms + Ombs instead of gms in cascode opamp results
@ gm7 + gmb7 instead of gm7 in cascode opamp results
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Two stage opamp

bias

5

ref

Ry

I I
I I
| |
I I
I I
I I
I I
I I
I +
I I
I I
I I
I I
| |
[ i I Voutblas
{inn _| M, M, |_ inp | I
I I
I I
I I
I I
I I
I I
I I
| |
I I
I I
I I
I I

Co
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Two stage opamp
Om1 Vdd

inp -
inn

+

single stage
opamp out

@ First stage can be Differential pair, Telescopic cascode, or
Folded cascode; Ideal g1 assumed in the analysis

@ Second stage: Common source amplifier

@ Frequency response is the product of frequency responses
of the first stage gy and a common source amplifier driven
from a current source
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Common source amplifier: Frequency response

Vo(S)
Va(s)

as

ap

aj

<9m19m11> SCc(Re —1/gmygy) +1

G1G.

Rcc]_CLCC

G.GL

C1Cc + CcCL + CLCy + RcC(G1CL + C1G)

azsd +as?+a;s+1

GG,

(1)
(@)
(3)

Cc(Im1y +G1+GL + G1GLRe) + C1GL + Glcl,4)
\

G1G.

@ G;: Total conductive load at the input
@ G.: Total conductive load at the output
@ C,: Total capacitive load at the input
@ C,: Total capacitive load at the output

Nagendra Krishnapura
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Common source amplifier: Poles and zeros

G
Pr ~ — g G : G (5)
Ce(Fgt+1+ 3 +GiRe) +Ca(1 4+ )
Ce C:.+C Cc
0, ~ _omucic tOLT e FO10Ree e
- C1Ce RcCe(G1CL1GLC
GG + O+ e
1 /1 1 1 G, G
SV ey (e B 7
P3 (RC <CL+CC+C1>+01+CL> (7)
1
z = 8
! (1/9m11 — Re)Ce ®
Unity gain frequency
wy =~ Im1 (9)
G, G, G1G Re G, G,
CC (1 + gmll T gmll + gmll ) + Cl (gmn + gmll)
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Common source amplifier: Frequency response

@ Pole splitting using compensation capacitor C
@ p; moves to a lower frequency
@ p, moves to a higher frequency (For large Ce,
P2 = gmll/CL)
@ Zero cancelling resistor R moves z, towards the left half s
plane and results in a third pole p3
@ z; can be moved to oo with R¢ = 1/9mq;
@ z; can be moved to cancel p; with R¢ > 1/0m;; (needs to
be verified against process variations)
@ Third pole p3 at a high frequency
@ Poles and zeros from the first stage will appear in the
frequency response—Y 1 (s) instead of gmq in Vo /Vi
above
@ Mirror pole and zero
@ Poles due to cascode amplifiers
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Compensation cap sizing

gmllL
C1+Cc
P2 ~ — g (10)
Cl+CC+C|—
wy ~ gC—mcl (11
Phase margin (Ignoring ps, z4,...)
oy = tan*1M (12)
Wu
2| = tanoy (13)
Wu
2
Omi11 Cc> Cc ( C, ) C,
— | = = 14+ —)tan + ~Ltan 14
el G & (1+ 2 ) anow + Zanow (1)

@ For a given ¢y, solve the quadratic to obtain C./C_
@ If C; is very small, p; &~ —gm2/Cy; further simplifies
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Two stage opamp

Ao | Om19m11/(9ds1 + 9ds3)(Dds11 + Ods12)
Acm 9ds09m11/9m3(Jds11 + 9ds12)
Ci Cgsl/2
Wy 9m1/Cc
Pk > Zk See previous pages
Svi ~ 16KT /3gm1 (1 =+ gm3/gm1)
T0s ~ 071 + (9m3/Im1)*0r3
Vem > V11 + Vpsary + Vpsaro
< Vad — Vbsarzg — V13 + V12
Vout > VpsaT 12
< Vdad — Vbsar11
SR+ |0/CC
SR- min{lg/C¢,11/(CL + C¢)}
Isupply I0 + I1 + Iref

Nagendra Krishnapura
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Opamp comparison

Differential | Telescopic | Folded | Two
pair cascode cascode | stage
Gain — ++ + ++
Noise | = = high
Offset | = = high =
Swing | — — + ++
Speed | ++ + — +
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Differential pair

@ Low accuracy (low gain) applications
@ Voltage follower (capacitive load)
@ Voltage follower with source follower (resistive load)

@ In bias stabilization loops (effectively two stages in
feedback)
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Telescopic cascode

@ Low swing circuits
@ Switched capacitor circuits

@ Capacitive load
@ Different input and output common mode voltages

@ First stage of a two stage opamp
@ Only way to get high gain in fine line processes
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Folded cascode

M, Mjo

vdd
M5 M5

out

M, Mg

H Viiasrz
.

M, M,

Higher swing circuits
Higher noise and offset

Lower speed than telescopic cascode
o Low frequency pole at the drain of the input pair

Switched capacitor circuits (Capacitive load)
First stage of a two stage class AB opamp
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Two stage opamp

bias ' stage 1 ' stage 2

&

ref

inn_| M, M, |_inp

e

5
T

|
R. Ry
Voutblas
Ce

Co

J

@ Highest possible swing

@ Resistive loads

@ Capacitive loads at high speed

@ “Standard” opamp: Miller compensated two stage opamp
@ Class AB opamp: Always two (or more) stages
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Opamps: pMOS versus nMOS input stage

@ nMOS input stage
@ Higher g, for the same current
@ Suitable for large bandwidths
@ Higher flicker noise (usually)
@ pMOS input stage
@ Lower g, for the same current
@ Lower flicker noise (usually)
@ Suitable for low noise low frequency applications

Nagendra Krishnapura EE539: Analog Integrated Circuit Design



Fully differential circuits

bias
M My, e
s |——| s : :
vip | | VOp
Vom Vop E :
1
I||—1 1
Vip_l |_Vim E | :
M; M, Vim ! ! Vom
o 1 1
1 1
1
_____________
bias \& )
-I Mo half circuits

@ Two identical half circuits with some common nodes
@ Two arms of the differential input applied to each half
@ Two arms of the differential output taken from each half
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Differential half circuit

Line of symmetry

1
1
T
1
1

-Vy/2 AV -Vy/2

VemtVgl2 _|

Vem Va2 Vyl2
2 v J- ]

_| M zero increment Differential
due to symmetry half circuit
and linearity

= Symmetrical
linear (or small signal linear) circuit under fully
differential (antisymmmetric) excitation
@ Nodes along the line of symmetry at 0V (Symmetry,
linearity)

@ Analyze only the half circuit to find the transfer function
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Common mode half circuit

pbias
bias
Ms [ M. Ms,ai |L
VOCI‘H Vocm Vocm_‘

V,
Voo A, w JF Voo 4

nbias_l Mo nbias_l My
- - Symmetrical
circuit (maybe nonlinear) under common mode (symmmetric)
excitation

@ Nodes in each half at identical voltages (symmetry)
@ Fold over the circuit and analyze the half circuit

Nagendra Krishnapura EE539: Analog Integrated Circuit Design



Common mode feedback

VOpl
5.5
£8%
SE%

Voml

Fully differential opamp Common mode feedback circuit

@ Common mode feedback circuit for setting the bias

@ Detect the output common mode and force it to be Vo cm
via feedback
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Common mode feedback loop

break the loop for
analyzing cmfb loop gain

fgsa},zi

common —_

mode " °
detector b}’zﬂ

@ Common mode feedback loop has to be stable
@ Analyze it by breaking the loop and computing the loop
gain with appropriate loading at the broken point

@ Apply a common mode step/pulse in closed loop and
ensure stability
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Fully differential circuits: Noise

M3E| |fM4_ M;
In3 [ CM FB ] Ina In3 [ —
- n Vi half

half circuit(small signal)

Shful = 2Sq hait

@ Calculate noise spectral density of the half circuit
@ Multiply by 2x
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Fully differential circuits: Offset

Vdd
™
AN AVq, AV —
V,
Vot full offhalf
Ay : * AV, AVr
ch ch

i half circuit(small signal)
2 — 2
—— \Y off,full — 2v off,half

@ Calculate mean squared offset of the half circuit

@ Multiply by 2x if mismatch (e.g. AV+) wrt ideal device is
used
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Fully differential circuits: Offset

M, |_( :)_| M,

AVr3, AV,

Voft nalf

Vot ull
- +
AVT12 AV,

i half circuit(small signal)
2 — /2
—— \4 off,full — \4 off,half

@ Calculate mean squared offset of the half circuit

@ Multiply by 1x if mismatch between two real devices is
used
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