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Outline

* Introduction
* |deal MOS differential pair

— Common-mode voltage
— Large-signal operation
— Small-signal operation
* Nonidealities
— Common-mode rejection ratio
— Input offset voltage

» Differential amplifier with active load
* Frequency response of differential amplifier
* Multistage amplifiers
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Why a differential amplifier ?

... differential voltage — polluted by common mode

* Many sensors provide a differential voltage

= When transmitting this differential voltage over cables, they become
susceptible to common-mode voltage (power lines, RF interference,
magnetic fields, ...)

—> Common-mode voltage also appears if ground of sensor is different
from ground of circuit

= Differential voltage can be small w.r.t. common-mode voltage

Power lines (50-69 Hz)
z

automotive sensors

ECG
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Ideal differential amplifier

only amplifies the difference between input voltages

G- + rVi1 =V, + Vlzd V. = Vi +Vi
A Ad TVO <V v = { c N 2V
Vi]_ o— — L i2 =~ Ve 2 |d i1 i2
ViZT I I L +V,
| V A: ( j A\j '(Vil _Viz)
= = = AV, + AgVig

* |deal differential amplifier
= High differential gain Ad

Vo =A '(Vil _Viz)

= Small common gain Ac
—> High input resistance

* How to build this in MOSFET technology ?
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Ideal MOS differential pair

2 matched transistors, biased by current source

e 2inputs are the two gates of the transistors

L : o
—> High input impedance !!! Assumptions:

A Vob A - Transistors identical
- Drain resistors identical
- Perfect current source
R1)§ g RD
¢ : ; ¢ Common mode and
N1 O  d DI 7 . .
differential mode:
——iGe o
. V _ VGl +VGZ
| - =
U Ci) * Ci) e 2
Vie = Vo1~ Vo2
— — g
- <+> ! - Vo =y 4 Vi
G1— YcMm +?
P
Y Vig
Vs Lvez = Vem _?
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Ideal MOS differential pair
Common-mode input voltage

* |dentical voltage at both inputs

VDD

4 A Symmetry arguments:

RD§ §RD i, =iy, =11/2
= Vo — 5Kp 0_‘¢/: /24’?—0 m = Vpp (I\’h — VDl :VDD — RDI /2 = VD2

‘ o 0, | = Vo = Vo2 ~Vo, =0
!

s (V2 12¥| Vi = Common gain is zero

Uem
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Ideal MOS differential pair

Max. and min. common-mode input voltage

A Vbp A Q, and Q, in saturation:
Vbs > (VGS _Vt)
RD§ § Ro = Vpp — RDi —Vs > Ve — Vs _Vt

o = Voo~ 3 Rp O—y1/2  1/2¥¢—0 U= Vop ~ 3Ry =|Vem < Voo Rl +V,

{l I Q, 0, I ||f

~ } VI/2  12¥| Vi
) = ® —
el % g = vy — Vi Current source must operate

properly:
= <¢>1 Voe™= Ve Vo = Minimum voltage V over
- [ o W
= V4 \//M,,/. | current source
Y Vs — (_Vss ) >Vcs
—Vss = Ve —Vas +Vee > Ve

=Vey > —Ves + Vs + Vs
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Ideal MOS differential pair

Differential input voltage: large-signal behavior

Voo
A N Via = Ves1 Vs L (e o
0= = Vg == (V681_VG82) |
R, Vs TVs .
Vy =V, —Vp1 = (Voo = Rolns ) = (Voo = Roin: )
o~ Vp2 ~ Vp1 pp ~ Nplp2 oo ~ Nplos
el — V
= =iy, -1, =—=
0, R 5 D1~ D2
\ RD
C+>1 |Dl +|D2 = |
mEEmEmm—m———————— -|
1, H
Y : IO Vo :
— Vi /| a1 -t !
N : 2 2R, i
=1 i
1
: fo Y%
1
1?2 2R,
' ;
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Ideal MOS differential pair

Differential input voltage: large-signal behavior

Voiis 1., W
A . A < Ipy = Ekn T(VGS1 _Vt )2
. 1., W
R”§ ;RD I, = Ekn T(Vesz -V, )2
O—Q¢jm 1'”\#0—0 ¥

o
——
<
Q>

=
&
AN
-~
N
I
|
=|r
—_—
—
9
|
-
(W)
N
N ——

UVid a — L S = . I
i ; Vv
o=t >
— 2 ZRD
= %
Ol 1
2 2R,
\j
_Vss
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Ideal MOS differential pair

Differential input voltage: large-signal behavior

Voo V, = RDVid kr'] V_V | \/ _Ekr W V

A A L 2" L2l
| / . v, 12)
Rl)§ §RD im:l+ k;v—vl(v;d) 1_(|d V\)/
—in iy St VI

=
o—| @ 0, I—-

+ ': :I L . I p W (Vd ] (Vid /2)2

Y Va2 = iy, =——k —1|=|[1-
R 2 VL2 e W

v,4 controls how much current flows through each
branch of the circuit

- V4 positive: more current through left branch
— Vs . .
- V.4 hegative: more current through right branch
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Ideal MOS differential pair

Differential input voltage: large-signal behavior

Note that whenv,,=0:

Voo
A A iDl = iD2 = I /2
R1>§ §RD Vst = Vas2 = Vs

Up Q—Q¢/jm !'.,,>¢0—0 Upo :l:—k, (VGS Vt)

e o 2 2L
(o b = T N o = ( :
iDl :IE_l_[VLjV;Zd\/l_(V\I; /2]

= CD/ = ” -
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Ideal MOS differential pair

Differential input voltage: large-signal behavior

* currentsipy, and ip,

Ividlmax = \/7: VO\’ lvidlmax = \/iv()l'
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Ideal MOS differential pair

Differential input voltage: large-signal behavior

V,y can be changed (e.g. by changing W or L for unchanged )

| 1
_:_kl_v 2
= Controls slope of currents

_____ 711 — —
Vv =02V ’_n_: 0.9+ ip ;i Vor =02V
2 , : 0.8 T : V()V =03V
Voy =03V 3
0.7 1 =< Vor =04V
V()\.-' =04V S 1 ¢

031
0:2F
0.1+

—500 —400 —300 —-200 -—100 0 100 200 300 400 500 vy (mV)
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Ideal MOS differential pair

Differential input: small-signhal behavior

Voo _ _
RD RD RD gR[)
%) U2 Y _.L’u:/‘)h( { ';q:'f—) — +~ O——O0 1 - l,\,”:[\’“(
— 8y R y Ui
Q 0 :‘I—OG S eml 3’¢ e T«; (v:4/2)
l 2 2
Vo = Vem
* +1’i¢!/2 H':Ql ﬁ k Qg‘__lH — '(J,-”'/z
o Biased at sar. o
®
AY;
Y
— Vs
V.. =V +Vid Vo1 :_RDIdl :_RngVgsl
cl1— Vem T4 ]
J 2 Voo = _RDIdZ = _RngVgsz
V.
— id _
V2 = Vem ) ={V, = 9, RpViy
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Ideal MOS differential pair

Differential input: small-signhal behavior

Vo = ngDVid . | |
with g, = =
— 'A\i — ngD VGS _Vt Vov
all current flows
C through left branch
AVO
......................................................................................................... R, |
ngD

all current flows J
through right branch
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Ideal MOS differential pair

effect of MOSFET’s r_

« NMOS output resistance plays role in final gain

* Resistance of current source for biasing plays no role in gain
=> prove this as an exercise!

m ELEC-H402/CH5: MOSFET differential amplifier 16



Nonidealities of MOS differential pair

Common-mode rejection ratio

A

m

* For aideal MOS differential pair: A, = =0

CMRR =
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Nonidealities of MOS differential pair

Effect of R, mismatch

Q1 has load Ry and Q2 has load Ry +AR

° Vol == RD Vicm T 0
2R
- R + AR, y R R, + AR,
02 = icm
2R, - —
= Acm T ZARRD Aj = ngD l: \ / ' O Ujep
SS

R 1asec 2R
CMRR = —In% f.i ,,._J
AR, /2R, ‘

_|CMRR = —29nRss
(4R, /R,)
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Nonidealities of MOS differential pair

Effect of g . mismatch

{Idl = gmlvgsl idl U1

. — = R R
— 1 D D
Id2 - ngVgSZ Id2 gm2
O—eO0— 1, +0—9¢—01,
. Vv |
— S ~
g, tlg, =—— Ry large= vy =v, b iy
SS Vv
:> idl + id2 E RI_Cm Uiem HEQI QI:I'_O Uiem
SS
i _ gmlvicm = o, =
dl —
(gml + ng) RSS
g R
i _ ngVicm
d2
L (gm1+gm2)RSS —y
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+g.,=2
Agm Sma” :{gml gmz gm
gml + gm2 — Agm RD
| = gmlvicm o —
29 R |
:>4 g m" 'SS %”
V.
| = m2 “icm .
d2 zngSS xoﬁl:Ql
= Vo = Vo2 ~Vor = —Ig2Rp +15:Rp W .
=V, = AgnRo V.
20,,Rss

Nonidealities of MOS differential pair

Effect of g . mismatch

_{CMRR = —29nPss

(A9, /9,)

s T

ELEC-H402/CH5: MOSFET differential amplifier
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Nonidealities: input offset voltage

Mismatches in circuit cause output offset voltage

* Imagine both inputs grounded
= Nonidealities will cause output offset voltage V,
= We divide V, by A, to get input offset voltage V
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Nonidealities: input offset voltage

Effect of R, mismatch on V.

(

( AR
RD1:RD+A§D Vo :VDD_ID(RD'I' sz

] AR =>4 AR Voo
Rp, =Rp - 2D Vo, :VDD_ID(RD_ Dj l
S 2
- Rp, Rp
| o } cL>—¢
:VO :VDZ _VDl = EARD o—-lE i sz}—o—
= ‘LII /‘Jl e
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Nonidealities: input offset voltage

Effect of (W/L) mismatch on V

-

(WY W 1 (W | I[A(W/L)j
— | =—+=A —j | =>+5
L), L 2°\L 2 2\ 2(W/L) -
< —
W) W 1, vxj 1 i{awiL)
\L L2 AL) 1272 2(2wiL) Ros Rpo
5% ot
=V.=R (l—l) oy | @ |F—o—
0 p\'1™ "2 L '—:V /lj ._.é.
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Nonidealities: input offset voltage

Effect of V. mismatch on V.

AV
V, =V, +—
2
A t VDD
Vt2 :Vt _T l
1,,W AV, Y B R
Il:EknT VGS —Vt— zt) DI D2
— 2 )
1,,W 2 AV, Yo 1
=2kl —(Vgs =V, )| 1-
2" L T 2(Ves V) —| 0 0, |F—o—
= 4 Il =
zlkr;vl(sz -V, )| 1- AV J i
2" L (Vgs —V,)
1 W AV y
1, ~ Zk! —(Vgs vt)2£1+ t J
L (Vs —V,)
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Nonidealities: input offset voltage

Effect of V. mismatch on V,

=V, =R, (I,-1,)

=V, =-R;| A—Vt Voo
VOV
=V =AY, Ry, Ry

—i[o 0. |F——

1!
~——
Lo
o
~
||}
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Nonidealities: input offset voltage

Combined effect of mismatches on V,,

* Circuitis linear and three sources of offset voltage are
uncorrelated Voo

=> superposition can be applied

v () T (5 o

*
3 %
+— g +
L4
o i Ampli parfait— 3 W —

= Input offset voltage in op-amp is
due to assymetries in NMOS
differential pair
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Differential amplifier with active load
Differential to single-ended conversion

Mulitstage circuits usually use single-ended voltages
— Voltage w.r.t. ground of circuit
= Differential output cannot always be used

V[)[ )

R
A D
V.

. id

Vo _ ngD 7
+ 034/ 2 0—|l__.Q' Q3:|| O = Viaf 2 —we lose a factor 2 (6dB)
. —> « wasting » the signal
®:

ELEC-H402/CH5: MOSFET differential amplifier
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Differential amplifier with active load

Active-loaded differential MOS pair

» differential pair Q1 and Q2 loaded in a PMOS current mirror

by Q3 and Q4
Voo
Qizlj_{ r:Q4
U 0—— ':Ql Q::I F——o ux

— V.s:x‘
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Reminder

PMOS current mirror

I * Current through Q3 determines
current going through Q4

Qijlj—l o Q3 saturation < Vg, >V, -V,
‘1"D4 S Vg, 2V, — VY,
<02>2-V,

= Q3 always In saturation region
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Differential amplifier with active load

Active-loaded differential MOS pair

* Q1 and Q2 have same common-mode voltage
= current |/2 flowing through Q1 and Q2
= current |/2 flowing throug Q3
—> mirror current => current |/2 through Q4
—> output current is zero I

—> equilibrium state Qljh\:_'lt&
1/2y

—— oV=V, —1
vi/2 /24 &
R —
— vi/2 12y i
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Differential amplifier with active load

Active-loaded differential MOS pair

* Differential voltage causes
— increase of i in Q1 and decrease of i in Q2
— current i going through Q3
= current i going through Q4
= output current of 2i

= Norton equivalent
- Vig T circuit:
| = gm 7
i Qs
= 21=0,V, _—.l" 'l%
\ ,¢
+ua/20—[_0, 0

0V
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Differential amplifier with active load

* Many intermediate steps...

_ | .
r 1/g,
ug 05 i*0, §' 4
Tza @ !
© *— I
Ro3 T'Tl@ R ¢ —o

] Q, §l| "uzg 0, |—/". —— |
°

—» < C—
r—3 ROl —_—
i @
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Differential amplifier with active load

<
>

I
o
@
~—~
x_ L}

+
(@]
3
@

<
w
)
w
~

X
¢
ixT VX r03
<+> " : R03 - o 1
= fie Ix + roSQmB
= 1
=>R,~x—
gm3

ELEC-H402/CH5: MOSFET differential amplifier 33



Differential amplifier with active load

Vx — R03|x + r01 (Ix + gm1V681)

R
03 ‘ VSG3:O_VX
iXT | _
[ VX = RO3IX T rol(lx o gmlvx)
v.. R.,+r, 1/g .+t
4' Ql §l'] :> Rol —_ -X — 03 ol — gm3 ol
3 ” i, 1+r,9 1+r,9
r—3 <€<— | X 0l9Iml 019mi1
= L IX
-+ , 1
e Y
— gml
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Differential amplifier with active load

i Vy = Rty + 1 (Ix - ngVGSZ)

7 ‘Vesz :O_Vs :O_Rolix
O i
Vx — Rollx + r.02 (Ix + ngRollx)
— = Vx
= =>R,=—=R, +r,+1,0.,R,
X
1
= R, &1, +(1+ gm2r02)
ml

‘ Ot = G2

— Roz ~ 2r.02
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Differential amplifier with active load

= = , =1+14+—2
‘ ' oy
{—14\ ‘ i=VX/R02
’z§ Qlj =|:Qt §’4 i = VX + VX
y%] ®|} TR, T,
| il
7 Vv Vv
Ros Tf!@ R , j“%@ ﬁ — Ix ~ X 4 X
| T | Cf)v 02 04
R
—i[,e §,-,,,R wg G "L [=R=r,lr,
= L2 | =
i @ — 'AH — Rogm

— A\j :(roz ” ro4)gm
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Differential amplifier with active load

Common-mode gain and CMRR

* Effect of current source resistance R

Equal current in both

» branches
=Split Ry into 2R on each

branch
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Differential amplifier with active load
Common-mode gain and CMRR

_I_:_ R¢s large => i1 — i2 ~ ZRSS
R,=R,=r +2R. +2g, IR

L 4
r,;% Qﬂ l‘:Q4 P ol
. T_l V‘ _ [ 1 j
. - \ —

VgS = _” r.03

gm3
. i g v
Uiem O—||:Q| ol roa QzZ]'—O Uiem » 4 gm4 g3

2R5_gi iﬂm e gm3 >

1 v, =r,(i,—,)

. 1 :
=Ty lrllgm4 (g_ ” I j_|2—|
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Differential amplifier with active load

Common-mode gain and CMRR

.. V.
Rgs large=> |, =1, =

-T- 2R
I',;% Qj ¥ ":Q.s Fos 1 V.
T_l V‘ Vo — Ir'o4 gm4 o ” r'03 1=
| * ‘ gm3 2RSS

iny % i__g_rﬁi_:__g.rff-.i V 1 r
= A== .
1 O—Il:Qu £ - Viem 1 2RSS 1+ Umalos
= Ay =
2Ry ngs Rss
= = CMRR =|— =[gm(roz I ro4):|[29m3RSS]

ifg,y =0, andr, =1, =1 = CMRR =(g,r,)(0,R )
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Frequency response of differential amplifier

Resistively-loaded MOS amplifier

* Capacitance C contains:
— C,, of Q;andC, of Q,

* No change for differential input

8—| 0,
v/d/ 2
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Frequency response of differential amplifier

Resistively-loaded MOS amplifier

e Common-mode half-circuit:

— Frequency of C/2 and 2R is much lower than frequency de to other
capacitances

=> Other capacitances (C, C,4 Cy,) Of transistors ignored

s’ ~gd’
i Reminder: A, =— ZAFTD i
Ry R R
L TR
" °—|': ss
:>A: ——ARD[l +J0)C }
) " 2 | Ry >
2R —
S8 —— 2 . 1

= A =- ARy (1+ joRyCy ) = f, =

L L 2R, 2R Ce.
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Frequency response of differential amplifier

Resistively-loaded MOS amplifier

* A_, increases with frequency
—> At some point, other capacitances of transistor kick in
= A, starts to decrease

A, (dB)
A

+6 dB/octave

l >
l (loe scale
Sz f(log scale)
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Frequency response of differential amplifier

Resistively-loaded MOS amplifier

e Differential signal
—=> common-source amplifier
—> See frequency response of CS amplifier in previous chapter

-
[ (log scale)

_ A, (dB)
—_ A
Rn; I
g : —6 dB/octave
—-o0V /2 |
|
o | ) |
i l__’g | I
vlu'/z :
l
Sfu
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Frequency response of differential amplifier

Resistively-loaded MOS amplifier

A
|
: —6 dB/octave
|
|
|
|
|
|
|
1 >
Su [ (log scale)
Ac| (dB)
A
+6 dB/octave
! >
WSS f (log scale)
/2= ZnCyRss YR

CMRR (dB)
A

—6 dB/octave

I
I
|
I
I
: —12 dB/octave
|

I

I
I
|
|
I
|

1 >
Iz Ju f (log scale)

—> CMRR decreases (strongly) with
frequency, starting at f,
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Frequency response of differential amplifier

Active-loaded MOS amplifier

* (Capacitance C_ formed by several capacitances:
Cm = ngl + Cdbl + Cdb3 +C
* Capacitance C, formed by several capacitances:

gs3 + Cgs4

CL=Cy2 +Cs +Cyas +Cyos +C,

N

Load capacitance

i : :
>0 '_T\—Ir__Q "
£ \,
L
sl \""“

(' 17] —

[, 8~
¢ f 2 r*/ S ‘ id —3 &

+V,/20— I:Q| Q::I F—o-V./2

0OV
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Frequency response of differential amplifier

Active-loaded MOS amplifier

1, =0,V,/2

m"id

=

V .= L C_ |l
'\'.],‘«—>.Q32|'_T\:\—|IEQJ " 93 g_m3 ” m | "dl
° L
g . . \# (—J g V'd
I P S SV, =-—9n ¥
= il Mp=g, Yu ==¢ Oms + Jow 2
= Id4 = gm4v 3
T od—nr TR gy
R B .\
0V a4 1+ Ja)Cm / (0o
I, =1y, + 14,
= = InVi /2 +0, (Vy/2)
1+ JoC, 19,
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Frequency response of differential amplifier

Active-loaded MOS amplifier

T]f —>Q1._’ v <—Q4
Sm3 : a3 R, \.. /2
. e | = 9m o/ + 0, (Vig /2)
G V n V., ¢ 1+ Ja)Cm/ng
.= o 3 — O ==
= e T v=L(RIG)
+V,,/20—] EQ| Q::I F—o-V./2
OV
=V, =g,R, (\i) 14— > A
2 1_|_ Ja)Cm 1+ Ja)CLRO
| gm3 _
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Frequency response of differential amplifier

Active-loaded MOS amplifier

) ; 1 1. jza)Cm
V. 1 1 g
vO:ngo(ij 14+ — _ = A, =(9.R : — 1
2 1+ chm 1+ JCOCLRO A\j (g )(14‘ JwCLRO) 1+ Ja)Cm
B ng _
gm3
— fp1 — 1 » Often dominant pole
27C R,
= f,, = Ins |
27C, » Very high frequency!
:>f . 29m3
, =
2nC.  —

» Note that f, due to current source is usually main cause of CMRR
degradation
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Multistage amplifier

Two-stage CMOS amplifier

N * Q1-Q2 MOS differential
Voo amplifier with active load (Q3-
} i ! Q4)

* Q6 common-source amplifier

Qsjf , I 'r—_Q5 =|;Q’ e Current mirror Q8-Q5 for
polarizing Q1-Q2

¢/ * Current mirror Q8-Q7 for
¢ polarising Q6
— +
o—lr__Q. szl—o | ot A =0, (r,T,)

IREFC¢5 D, ¢ H ) D, Az =One (ro6 ” r07)
= A = AA
Q:j—li-—l[:& —i[ o R, =(1, 1)

0

+ Capacitor C_ (see next slide)
Y Y Y domi |
S —>dominant pole
—-20dB/decade
—>stability
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Multistage amplifier

Frequency response

Ce

+ , |
oO——o0 . . o) ® O
R { 4
Vid GnViu R, =/=C; V,, GnVo @R =4/=0C V,
o—o0 = - = =

C1 = ng4 + Cdb4 + ngz + Cdb2 + Cgs6 Cz = Cdb6 + Cdb? + ng? + CL

== 27[?32
C
1 Choose C. so that f,; lower
= f,, = » than f, and f,,, in order to
2R, [Cl +C. (1+ G,,R, )] ensure -20dB/decade
G
— fP2 ~ m2
2
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