Design of Analog CMOS
Integrated Circuits

<Chapter 4>
Differential Amplifiers
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4.1 Single-ended vs. Differential Signals

O Differential Signals
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Advantages of differential operation

 Reduction of coupling
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L Common-mode rejection occurs with noisy supply voltages
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4.2 Basic differential pair

O =H&:v, dtv .2 CM level H3l > bias current H 3t > gam H 5t

O oH Z: bias current source AtE > CM level H 3t & bias current 2 & - gain
245

Then Vouu=Vou=Vop-Rplss/2
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SIS IS = N
o o/ I/
v,
If Vin 1 >>Vin2 ’ o
Ml off > V. =V, fior Foz
_ Vi X ¥ Vouiz
M2 on 2 Igs 2 Vouo=Vop-Roplgs
If Vin1=Vin2 Vil My My b Vi
I =lpy=lgg/2 ; R = Fipy= g
Voutt™Vour™ Vop-Rplss/2 55
If Vin 1 <<Vin2 ’ =
1 H I 2 BHOY Voutt = Voutz




Common-Mode Response

Wi O M3t saturationOf| Al =2

Ao FAp V' > V>Vi5-Vis
Vout =1 X Y+—< Vouz V" 2 Viuem > Vasit(Vass V)
Vivens —p—L W, M, O M10| saturationO| Al =&
P I—‘ V' 2 VourVinem Vrmn
""h‘—q:f'a V' 2 Viuem < Voun™ Vi
= v =Vpp-Rplss/2+Vy,

. |
Vst + Vass —Vins) SV‘n,c:M <min[Vy, — Ry ? +Viu1>Vop |
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Vv Vourt = Vop = Rpilpy » Viouw = Vpp = Rpolp,
oo [Rpy = Rpy = Rpl
Ror Aoz = Vo = Vourn = Rpplpy = BpiIpy = Rp (py — Iny)
Vv, Vv
outt ou2 Assuming the circuit is symmetric, M, and M,
|""im°—| M, M, |—° Vin2 are saturated, and A = 0,
P Vit = Vie = Vias1 = Vs
Iss For a square-law device, we have:
- Therefore,
I‘ [
1l:";ri*rll _Prin2 = || EIDI - || 2IDE

W W
WuC.o— VuC —
|I|J‘fn oxL II|I|a‘!n uxL

Recognizing that I, + I, = I, we obtain
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2

(Vz'n - Vz‘nz )2 = —W(Iss -2 IDIID2)
= /uncox T
1 %%
Eﬂncox T(Vinl - Vvin2 )2 - ISS = -2 IDIID2
Squaring the two sides again and 41,1, = (I, + I,)*> - (I, - I,)* = L. - (I,, - I,,)?,
1 W 41
we arrive at  Ip; — Iy = = 14,Co. —(Vipy = Vi )\/—SS ~ (Vins = Vinz )2
2 L %74
ﬂncox_
L
Denoting AI, = I, - I,,and AV, = V_, — V.., we can show that
) _Mss _opype2
CAI, _ lﬂ E w,C W /L
AV, 2" L 41 2
o - A‘/m
1,Co W /L
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OAI L
CAV.

m

O ForAV, =0, G,=

W
= G, —1
Vi, =0 \/ L=

O Since A“'/out = Voutl - Voth RD AID RDGMAl/Ul’

the small-signal differential gain is given as

|A,| = G.R, = \/;JnCm%Iss Ry,

AV, | 2ss

O Gy =0 for V!’ W/L

Variation of Ip and Gy vs. AV,

-
=AVim +AVim AV,
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Small signal ol & (Half circuit O &)

O Differential pairJ} 2t & 6| symmetricet & %
3 Small signal 2| node PE virtual ground= & Ct.
O CS &2 A2 G > 2HEHGH A

(a) (k)
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Small signal ol & (superposition 0| &)

Q (1) V,,=0 2 I}
v" Neglecting A, and g, R*1/g,,

1 Differential Gain: Effect of V.

inl

on Vy
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d Differential Gain: Effect of V., on V
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v gmlzngng
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Q (2)V,,=0 2

d Vy-Vyas function of V, ,if V. ;=0
2R
(VX _VY )due_to_Vin2 = 1 > 1 Vin2 = ngDVinz
_|_
gml gm2

d Vy-Vyas function of V. ,and V,,

(Vx _VY )due_to_both =0, RDVinz —On RDVinl

\Y/
out2 — gm RD

inl in2

V.. —
d'ff — outl
A,(diff) = =

A(S.E.) = 92m R,
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Difterential Gain with A effect

Voo
Rp Ap
Vauti X ¥ Fout
for Toz
=
+ Vi ol M2 Y- Vins

J Based on the half-circuit concept, gain calculation is highly simplified.
d Vi Vi =-g,Rpllr,)=Vy/(-Vin)

inl

d (Vi-Vy)2V1=-gn(Rpllr,)
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4.3 Common mode response

V., Y V
Aew ===
Vin,CM Vin,CM Vin,CM
. Ry/2
1/(2gm) + RSS

M,+M, has twice the width
and bias current, therefore
g, is doubled.
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Common-Mode Response with asymmetric Ry assuming A=0

AV, _ O, R
AV 1+2g . Re. °
HD"’ -'!"H'I:l in,CM m" *SS
h"ﬂu AVY _ gm

- R, + AR
AVin,CM 1+ 2’ngSS ( 0 D)

AV, — AV,
X Y _ gm ARD
AVin,CM 1+ 2g m RSS

Rgs above represents the current source
- need large Rgg
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g mismatch

Iy, = gml(Vin,CM - VP)
LID2 = gm2(Vin,CM - Vp)
> (Gm+ gm2)(Vin,CM - VP) =Vp /Rss
(Ims + Im2)Rss

= Vp= n
g (gml + gm2)RSS +1 ™
(a) ib)
_ _ Gy
V. =—q . \V. ..,— V. = : R V.
X gm( inCM P)‘RD (0 + 9. )Rt 1 DVincM 9~
g = VX_VY: ( + )R-s +1RDan,CM
Vi :'_gmz(‘/in.CM_‘/P)'RD = (g +gm2)RS +1RDVin,CM s T G2 s
ml m2 S
— Agm'RD
Thus, the circuit converts input - Acs-ou (Gms + Gma)Rss +1
CM variations to a differential

Aoy - CM to DM conversion

error by a factor equal to
Agm = 9m1 — 92
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Common-Mode Rejection Ratio (CMRR)

A.DM

A —-D

Definition CMRR = ‘

If only g,, mismatch is considered

O Differential mode (assume V., = -V, )

inl
|K-'l | _ Ry Gmi + Gz + 49m1GmaRss
o 2 1 + 'gml T ng]RSS

O Common-mode to differential-mode conversion

A _ "ﬁngD
e {le + o JRss + 1
O CMRR
CMRER = Im1 + Imz + FIm1GmoRss

2Ag,.

= f—m[l + gngSS]

m
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4.4 Difterential pair with MOS Load

Vout Vo
¥, =l M,
n
B T

(a) ik
A, it =—0m (Trp || Ion 1 Top) A git == 9n (G [ Top)
z_gmN - _ /un(W/L)N
ng /up(W/L)P
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Solution to low-gain problem: Cascoding
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