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Differential Amplifier

 Why differential?
 What do we want from an amplifier?
* robust operation - free from external effects such as noise
* High output voltage swing - optimal headroom / legroom
* High gain - such as cascode configuration
e Linear Performance
» Differential amplifiers exhibit/provide following features:
* robust operation - noise do not affect its performance
* Higher output voltage swing
e Higher gain in comparison to single-stage amplifiers
* Linear Performance and simpler biasing

Major Drawback: more area on a chip (however not always true!)
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Differential Amplifier (contd.)

Differential amplifier deals with differential signals

Single-ended signals Differential signals
Z Zs
ZS /\J = + Vout =
£ — 1 i vV
Vin y Vout t Vin1 (). \ f _;IL -
- i =  Level
= = .
Defined with Defined between two
respect to a fixed nodes that have equal and
potential opposite signal excursions
(usually ground) around a fixed potential

The fixed potential in differential signal is
called “common-mode” CM level
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Differential Amplifier (contd.)
MOS Differential Pair

VI)/)

A |
R
Upi ¢ Ipi Ip \# Unm
o 0
. \#’.1)1 Ip2 ¢
U1\ _ IS

What is the need?

Loads (active!) > must ensure
that the transistors remain in

saturation

These transistors are
perfectly matched (at least

in theory!)

Tail Current

Current source is ideal: constant
current, infinite output impedance

-to overcome the issues emanating from non-ideal CM level
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Operation with a Common-Mode Input Voltage

VDD
Vo, =V., =V
RD Rl) Gl G2 CM
Vo ZV —lR V1/2 172y Upy = Vop — éRD * Since Q1 and Q2 are
D1~ YDD D
matched, the symmetry
O Ql:j' 5 gives: I
3 "1/2 1/2+ Vas iD1:iD2 —
= -1 - 2
Us = Yoy — Vos
e gy * Source Voltage is:
< I [T W) V.=V, —V
4/ =V + \;,1/(1("1.) s — Vem ~ Ves
* Where, Vis obtained from:
—Vss | 1
Ezzlun ox( j(vGS V)

N—

* Voltage at each drainiis: v, =V, =V, —=R;
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Operation with a Common-Mode Input Voltage (contd.)
* Drain Voltage Difference: v, =v,, —v,, =0

* Voltage difference is zero - what does it suggest?
* The differential pair doesn’t respond to CM input signals

* Let us look further: suppose v, is varied in such a way that Q;, and Q,
remain in saturation - “/” will divide equally between Q, and Q, - the
drain voltages (v,, and v,) will not change - difference in drain voltages
will remain zero

 This clearly supports the hypothesis that the differential pair
doesn’t respond to CM input signals - alternatively, differential
pair rejects variations in CM input signals - provides protection
against any abrupt changes in CM level originating from any
factors such as noise etc.

* How about the common-mode input range? - The range of v, over
which Q, and Q, operate properly
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Operation with a Common-Mode Input Voltage (contd.)

* For Q, and Q, to remain in saturation:

|
Vs = Vi <V = (Vem —Vs) —Vr <V, _E Ry — Vs

I I
= Vo SV; +Vp, _E Rp (VCM )max =Vi +Vop _E Ro

* The lowest value of v, is determined by the need to keep the
constant current source operational:

Vewm _VGS — (_Vss) 2Vcs = Vem _VGS +VT _VT 2 _Vss "'Vcs
Vo —Vou =V 2V +Ve =Veu 2 V. +V +V,, +V;

(Ve Jmin = Vs +Ves +Vou +V4
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Operation with a Differential Input Voltage

§ 7 koo * Simple differential input: v,4 to the gate
of Q, and grounding of gate of Q,:
R) R[) —_
| § Ves1 = Vig — Vs
Up) O_—’¢ ip] '1)3\L‘ Upo .
Veso = Vs
l::Q' Qz;_—l.L o B
Vin inn ¥ Via = Ves1 — Vas2
Vi, 1 2l
= ¢ For +ve v,y > v, IS greater
= CD, - iy, Will be greater than iy,
: -y
Vs Vb2 (:VDD - IDZRD) > VDl(:VDD - IDlRD)

4

« Differential output voltage: Vp, —Vp; >0
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Operation with a Differential Input Voltage (contd.)

* For-vev,; > v, is greater - iy, will be greater than iy,

4

Vb2 (:VDD — iDZRD) <VD1(:VDD - iDlRD)

4

Differential output voltage: Vp, —Vp, <0

-It is thus apparent that the differential pair respond to
differential-mode signals - by providing differential output
signal between the two drains
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Operation with a Differential Input Voltage (contd.)

 Differential pair as an amplifier

* Consider the scenario: (for small v;4)

* For +ve v;4, a small increase of v;; will bring an increase of Al in
the current “I” through Q, and a decrease by same amount in current
“I” through Q,.

Therefore:
—AIR, : develops at the drain of Q,

AIR, :develops at the drain of Q,
Thus, additional differential output:CAv, = 2AIR, oc v, : d@

Amplifier Action
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Differential Pair — Large-Signal Operation

* The idea is to define iy, and iy, in
terms of input differential signal
Via = Va1~ Va2

* The circuit doesn’t include

QZ_]}——o—— connection details considering
+

: that these drain  current
s ( © )Y equations do not depend on the

external circuitries

Assumptions: Q, and Q, are
always in saturation; differential
‘ pair is perfectly matched;
channel length modulation is not

present

: 1 W . 1 W
Ip1 Eluncox T(Vem _VT)2 Iy, = Eluncox T(Vesz _VT)2
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Differential Pair — Large-Signal Operation (contd.)

<_:un X | CDC/Un 0X | GSZ

\/7 \/ 14,C oy — (Vg VT) \/7 \/ 1,Cox — (Vs — T
l

. . 1 W
r \/E_ Vb2 = \/Eluncox T(VGS& _VGSZ)
. . 1 W \
Jio

Y, Iy, = \/E :unCox T'Vid

Vas: —Ves2 = Vo1 — Vo2 = Vig
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Differential Pair — Large-Signal Operation (contd.)
Now: \/E— , /iD2 = \/%luncoxwr'vid and: I, +15, =1

iDl — li /un(':ox\ﬂI (V;dj 1— (Vid /2)W
/ : . 2 \ I /(/UnCox

L
ip; has same polarity as v,; - here +ve

2
it Lo W (Ve h (e 2)
D1 ) Hi o ox L 9 W
V I/(/unCoxT)

2
=lp, =1 -l Zl—\/,unCOXV—VI (Vij 1— (Vig /2)
: L V200 e,
V n — 0X L
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Differential Pair — Large-Signal Operation (contd.)

!
2
| 1 1

Vis: = Vas2 :VGS jazgﬂn ox (VGS V) _Elun ox (Vov)

* Atbiaspoint:v, =0 =y = iD2 =

* Therefore:

Drain currents in
terms of v,

Basically
describes the
effect of
differential input
on drain currents
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—— —— ———— o o — — —— — —

V,\: overdrive voltage for
Q, and Q, for 1/2.

ip; =iy, = 1/2: for v,; =0

Making v,, +ve causes
ip;, to increase while

|
|
|
|
|
|
|
|
|
|
|
|
|
|
Uid 1 —
. v+ making vy —ve causes

—14 —1.0 —06 —02 0 0.2 0.6 1.0 1.4 ipz to increase
‘Vid ‘max = \/EVOV ‘Vid ‘max = \/EVOV

V., = \/EVOV: the current | is steered through Q,

V., =2V, : the current | is steered through Q,
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Differential Pair — Large-Signal Operation (contd.)

Observations:

* The currents are nonlinear due to presence of square term
* Our interest: linear amplification €2 how to achieve that?
* By keeping (v,;/2) much smaller than V,

e e
2 |V, L2 vV, 2\, \2) 2
AL (v_j /2 L [ (m)zl_i
22 v, )\ 2 Vv, 2 \v, N2) 2 °
. ( | ](Vidj
Where: I, =
Vg, )\ 2
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Differential Pair — Large-Signal Operation (contd.)

Observations:

However, reduction in v,4 leads to reduction in g, - consequently
reduction in gain

How can we increase g_.?
* By using smaller (W/L) € for a constant bias current

Linearity can also be improved by increasing V., - however this
results into reduced g, ¢€> g can be increased by increasing bias
current but at the expense of higher power consumption
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Differential Pair — Small-Signal Operation

ton ? Input Voltages
R/) £ RD VGl = VCM + 1Vid VG2 = VCM - EVid
2 2
Uy O———0 — U, + O— Ui
O e e * Vo i common-mode dc voltage
61 = You + /2 un=Vey —uv,2 =2 is Needed to set the dc voltages
0% (biasing point) of the NFETs

a)’ * In general, v, is at the middle of
l the power supply - therefore, for

dual-rail supply it is typically zero

* The differential signal v,; is applied in a balanced manner - v,
increases by v.,/2 and v, decreases by v,,/2

Q: Do you expect any difference in performance while applying the
differential signal v,; in a balanced manner or in an unbalanced manner?
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Differential Pair — Small-Signal Operation (contd.)

What is the small signal voltage gain? From large-signal analysis:
g 2o _2172) |
2 - m - - _
VOV VOV VOV
RI) RI)
For CS mode Q;:
Upl = —glnlel)( 'U“//Q) 5 + U2 = +anR1)( z"i(i,/z) V
; .Uu = gl"R[)?'.'l! V e ;d R
gn.v(z"iu'/z)¢ ¢gm( 7"[:[/2) ol gm 2 D
+7,4/2 O_—ll:Ql Q, —==0 =y3/0
+ il H b For CS mode Q,:
o ,| Biased at R ce :
U,q.\l vld/-' 1/2 “'y.\l' et 1',,//2 V
o T ——— V — g i R
0V 02 m 2 D

Virtual Ground! - Why?

C Discards the need of a bypass capacitor for ac grounding
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Differential Pair — Small-Signal Operation (contd.)

For single-ended operation:

v, 1
:L:——ng % = = — mR
A y g9 A " 5 9nRo

For differential operation:

Voo = Vot : : :
A, = TW|ce the single-ended gain
V.
id

Is it always advantageous?
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Differential Pair — Small-Signal Operation (contd.)

Alternative Approach: = =
i .. _ R,)g R
Drain current is given by: g D
- - V U s Ny s )
- - id ol : o T O C Uy
lg1 = g2 = _2 / , |
gm ¢’(1 MT
Therefore G
’ ! O_—l_’Ql Q3<_ =
Vld Vd - Ui(/
Vo]_ — _gm ? RD V02 — gm ;2 RD -U“! Z}_ __T (2/gm) ‘l‘ j_}_

/ B
...A“:Voz_volzg R G, 0— )
Vid m" "D /F
1 1 2

Total Impedance= +

g, 9, 0,




