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Differential Pair (contd.)

Alternative Approach: = =
i .. _ R,)g R,
Drain current is given by:
- - V U s Ny s )
_ _ id ol . 0: - U2
lg1 = g2 = _2 / , |
gm ¢’(1 MT
Therefore G
¢ ! O_—l_’Ql Qz‘_ =
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,
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Differential Pair — Small-Signal Operation (contd.)

* Effect of r, on the gain How will the gain be affected if
- - channel length modulation is
g considered?
R Ko —>the circuit is still symmetric = the
- T gk A voltage at common source

. connection will be zero
"":II!J/"’ ¢ ,r gmvi(l/z

+Vi, | 20— [:QI rs rs Q2:]|—O—Vid /2 ﬂ

NO current through R
b Lo e ﬂ gh Rgs
gm gm
0410V
Ry Rss plays no role in differential gain

Finite output P
resistance of
current source
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Differential Pair — Small-Signal Operation (contd.)

* The virtual ground on the source allows division of two identical CS
amplifiers: —>differential half circuits

Vol — _gm V;zd(RD ” ro)

- SR V,
V02 — gm;(RD ” ro)
L3 S 2
Ur 1 O = 4 U() O 1)0'7
:>Vo — gmvid (RD ” ro)
* z’id/z O'—i_’ ’ €— |__O _vld/2

oA Vo
Biased Ad _V- _gm(RD”ro)
at I/2 o 'd
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Differential Pair — Small-Signal Operation (contd.)

Question: A MOS differential amplifier is operated at a total bias current
of 0.8 mA, using transistors with a W/L ratio of 100, p,C,,=0.2mA/V?, V, =
20V, and Ry = 5kQ. Find V,, g,., ., and A,.

21
| 1 W _ 0,=—>
E :E:unCox (TJVOZV :>VOV =02V VOV
I 0.8*10°°
— gm = = AlV
:VA _ V, _ 20V : _E0KO Voy 0.2
0 * _
I, (1/2) 0.4*10 - g =4mA/V

A =0,(Rp IIT,)=(4mA/V )*(5kQ2||50kQ) =18.18

(A =0n(RollT,)=(4mA/V )*5kQ = 20

-0
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Common-Mode Gain and CMRR

 The objective of differential amplifier is to amplify only the difference
between two different potentials regardless of the common-mode
value.

* CMRR is the ratio of the magnitude of the differential gain to the
common-mode gain.

 The input common mode range (ICMR) specifies over what range of
common-mode voltages the differential amplifier continues to sense
and amplify the difference signal with the same gain.

* In CMOS differential amplifier, the most serious problem is of offset
voltage.

* Intheory, the output offset voltage should be zero.

* However, in practical differential amplifier, there is always some
output offset voltage due to several constraints.
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Common-Mode Gain and CMRR (contd.)

Vi V..., : represents a disturbance or interference
signal coupled to both the inputs

Rp R, Unrelated to common mode dc level V,,

Vor - Fas N Uyn

.-

\}_—' Ql QZ "_—-O Yiem

CM Half-Circuit

Y
‘/55
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Common-Mode Gain and CMRR (contd.)

If r, is ignored then single ended gains

; T are given by:

v V02 _ RD

ol _

—0 V2 Vicm Vicm i + 2 RSS
wo—[ 9

\ Usually, Rc >> 1/g,

R Bi 1scd
at [/2

— Vol — V02 — RD

Vi V. 2R

R, 1
d|Al==9g R

——

If the output is taken single-endedly then: ‘A;m‘ =

Common-Mode Rejection Ratio (CMRR)
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Common-Mode Gain and CMRR (contd.)

V —
If the output is taken differentially then: ‘Acm‘ = 02\/ 1=0

ICM

and ‘Ad‘:VOZ_VCﬂ:ngD
Vid

CMRR is infinite even for finite Ry, - for
matched and balanced differential pair

* Effect of Ry mismatch: suppose the mismatch is to the tune of AR,

R, +AR,
Vor = Viem Voo =~ Viem
2R 2R
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Common-Mode Gain and CMRR (contd.)

AR _
=V =V =~ : Viem Ac = Yoo ~ Vou =— ARD
2R " V. 2R
icm SS
* The mismatch in R, will have negligible effect on the differential gain:
Voo =V o
0 V 0 ~ _ngD
9..Rp Some finite value - unwanted!
AR, / 2R

Similarly, mismatch in g also affects CMRR
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Immunity to Environmental Noise

Clock Line
La

Signal Line
= Line-to-Line
Capacitance

T" ——"\y

Line L, carries a small and
sensitive signal

Line L, carries a large clock
waveform

Due to capacitive coupling
between the lines, the
transitions on line L, corrupt

signal on line L,

Advantages of Differential Signaling

v
=

M, L

The small and sensitive signal is
distributed as two equal and
opposite phases

The clock signal is placed
between the two

The transition disturb the
differential phases by equal

amounts, leaving the difference
intact
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Advantages of Differential Signaling
2. Immunity to Supply Noise

Voo '
RD RD
VGUt/\J X Vy /\/ Vy
—"I M1 —_l M‘l
* If Vpp changes by AV, V, * Noise in V, affects V, and V,, but not

changes by the same amount. V, -V,
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Advantages of Differential Signaling

3. Reduction of Coupled Noise

* Differential signaling can also be employed in noisy lines - for
example, distributed clock can help in removing noise from signals

CK*V;—f |

wpo— | []]

Noise coupled from L; to L, and L, to L, cancel each other.
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Issues with Differential Signaling

e Sensitivity to the Common Mode Level

Rp
X

Vi1 o M,

Vuuﬂ Il"t:»utz

~Y

* Excessive low V; ., turns off Devices -> leads to clipping at the output
* Solution?
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MOS Differential Pair

Variation of input CM
level regulates the bias
currents of M, and M,

. =» Undesired!!! )

M, and M, are [ensures M, and Mz]
in saturation <
v

perfectly matched
(at least in theory!)

Solution?:

Current source is ideal:
constant current, infinite
output impedance

[To overcome the

issues emanating from non-ideal CM Ievel]
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MOS Differential Pair

Qualitative Analysis — differential input

* Let us check the effect of V. , — V. , variation from -eo to e

* V,,,is much more —ve thanV, , then:
* M, if OFF and M, is ON

Voo Iz = lss
Apr FApz * Vourr = Vpp and Vg, = Vpp = IssRp
V, X Y V :
outt 42« V. is brought closer to V, , then:
Vimo—ll, M, My = Vinz * M, gradually turns ON and M, is ON
* Draws a fraction of I and lowers
RD'I = an= RD‘ Voutl

fss
* Iy, decreases and V,, rises

* Vin1 = VinZ
Vout1 = Vourz = Vpp- ISSRD/ 2
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MOS Differential Pair

Qualitative Analysis — differential input

* Let us check the effect of V. , — V. , variation from -eo to e

Voo * V. ,becomes more +ve thanV, , then:
Ao, Rog « M,if O[\I and M, is ON
* M, carries greater I, than M,
Vout1 X Y Voutz
Vinro—l[a M, Myl Vinz * For sufficiently large V, , -V, ,:
* All of the I goes through M; 5 M, is
ISS RD'I = an= RD OFF

Vout1 = Vpp — IssRp and V.., = Vpp
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MOS Differential Pair

Qualitative Analysis — differential input

Minimum Slope € Minimum Gain

* Plotting Vourr = Voury Versus V, . =V,

The maximum and minimum\
levels at the output are well
defined and is independent of

input CM level (V.. _ ) )

in,cm

Maximum Slope
<~ Maximum Gain

Voun = ¥out2

+RD’SS-

-
Vini= Vin2

~ fAplgs

/~ The circuit becomes more ™\
nonlinear as the input voltage
swing increases (i.e., V. , = V. ,
increases) €> atV, ,=V. ,, the

circuit is said to be in

\_ equilibrium -
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MOS Differential Pair

Qualitative Analysis — common mode input

* Now let us consider the common mode behavior of the circuit

- : N
(As mentioned, the tail current source is Does this enable us to set
used to suppress the effect of input cMm 0 any arbitrary level of input

L level variation (Vm en) L CM (Vi cm) )
% To understand this: A
Vout Vout2 * Set V|n1 = sz = Vm c™M
v E * Thenvary V;, ., from 0 to V,
'"’CM I_‘ _* Also implement Ig; with an NFET

Vh'—l

* Lower bound of V;, .: V, should be sufficiently
high in order for M, to act as a current source.

* Upper bound of VIn w: M; and M, need to
remain in saturation.
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MOS Differential Pair

Qualitative Analysis — common mode input Yoo

* What happens when V, ., =0?
* M, and M, will be OFF and M; can y
be in triode for high enough V, ‘""”"T" M M2 j
* Iy, =1y, = 0 € circuit is incapable of £ -
amplification

Vout1 X Y Vou 2

LAk

* Now suppose V;, ., becomes more +ve
* M, and M, will turn ON if V; ., exceeds V;
* Ip; and I, will continue to rise with the increase in V;, .\,
* V,pwill track V;, ., as M; and M, work like a source follower
* For high enough V, \,, M; will be in saturation as well

Vin,CM 2Vc551,2 + (Vess _VT3)

* If V;, v rises further
* M, and M, will remain in saturation if:

I
[Vin,CM _VT SVoutl] :>[Vin,CM SVDD o ? RD +VT ]
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\ MOS Differential Pair

Qualitative Analysis — common mode input

e Alternatively: the common-mode input range can be identified as:

* For M, and M, to remain in saturation:
I

VGSl,Z —V; SVDs1,2 =>Viiem — V5 £V — % R,
| |
:>Vin,CM SVT +VDD _fRD [ (Vin,CM )max :VT +VDD _?RD]

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

V. em V(3812 >Vies — Vs :>Vin,CM Z\/(331,2 + (VGSB _VT3)

: I
[VGSl,Z + (VGSB _VT) SVin,CM < min |:VDD - ? RD +VT ’VDD:|J
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MOS Differential Pair

Qualitative Analysis — common mode input

* Thus, Vi, v is bounded as:

[VGSLZ + (VGSB _VT)

Vo < min{vDD —% R, +V; ,VDDH

*  Summary:

'or: 1oz vp b
v - " 7/ -
rH V TH Vin
M,=M, M,;=M, i“’c']\/lsz M,=M, meh
=Off =On =Off =On
M,=Linear M,=Linear

Vautt: Voura 4

Voo

M,=M,
=Off

Vout

M,=Linear
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MOS Differential Pair

Qualitative Analysis — common mode input

* How large can the output voltage swings of a differential pair be?

| | Voo m
RD % q p ? HD [ Vout,max :VDD ]
Vin.om P\ohy - Lopee b do o
\} ¢VTH J.[
L;M1 ------------- M z:.l Vout,min :Vin,CM _VT]

SN

The higher the input CM level, the smaller
the allowable output swings.
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MOS Differential Pair
Quantitative Analysis — differential input
* For +ve V., 9 Vg, is greater than

VDD
Vg, Ip; Will be greater than |,
Aot HAp2 l
Vouti X Y Vauﬂ
V. . (=Vy — 15,Ry) >V (=V,, — IR
M1 P M2 [ 0Ut2( DD D2 D) outl( DD D1 D)}

Vin1o—i o Vinz

For +ve V,, - V., is greater than
Vgs: 2 I, Will be greater than I,

J

[Voutl(ZVDD - IDlRD) >Vout2(:VDD - IDZRD)]

Ani= Apa=Ap °
leg '101= 2= Fp

" ltis thus apparent that the differential pair respond to differential- A
mode signals - by providing differential output signal between the
two drains y

\_
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Differential Pair — Large Signal Analysis

Quantitative Analysis — differential input

Voo * The idea is to define I, and I, in
Apy Rpa terms of input differential signal

Vouti X Y Vauﬂ Vinl - Vin.Z ] ]
Vol My b Mo 2l Ving * The c.|rcmt .doesn't .lnclude
connection details considering that
these drain current equations do

Jee HD1=Ap2=Ap

SS not depend on the external

circuitries

Assumptions: M; and M, are always in saturation;
differential pair is perfectly matched; channel length
modulation is not present
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Differential Pair — Large Signal Analysis
Quantitative Analysis — differential input

VGSl V Z_VGSZ >
Vlnl Vi VGSl VGSZ

We also know:
2 2|D

=V.

inl

Isg Rpy=Apa= Ap (VGS _VT) = W :>VGS =
= M oxr
Therefore: Mruzari%
2| 21 2 2
Vinl _Vin2 = Dlw — DZW (Vinl _Vinz) = lu—v_v(lm + |D2 2 IDll DZ)
M ox L ' ox L UL
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Differential Pair — Large Signal Analysis
Quantitative Analysis — differential input

2
(Vinl _Vin2)2 = . '(Vinl _Vin2)2 = Iss 2 ID1ID2
W
Moo
L
1 W
m‘g\ [z(luncox fj (Vinl _Vin2 )2 B Iss =2 ID1I D2 ]
1 AN W
Z(ﬂn X Tj (Vinl _Vin2)4 + |st o ISSIUnCOX T(Vinl _Vin2)2 4 DlI D2

W

1 W)
Z(ﬂn oxX Tj (Vinl _Vin2)4 + Is?s B ISS:unCox T(Vinl _Vinz)z — IDl + |D2 )2 _(IDl B IDz)2
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Differential Pair — Large Signal Analysis
Quantitative Analysis — differential input

1 W) W
(IDl o IDz)2 — _Z(ﬂn X Tj (le sz)4 + ISSIUnCOX T(Vinl _Vin2)2
g 1 W 4] .
| los— 1o = E(ﬂn ox T](Vinl _Vinz) —SSW - (Vinl —Vin )2
Hooox
_ L Y,

Observations

* Iy, = Iy, falls to zero for V., = V., and |l,; — I,| increases with
increase in |V, , = V.,]|

* Therefore, Iy, — 1, is an odd function of V, , - V. ,

* Its important to notice that I,; and I, are even functions of their
respective gate-source voltage
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Differential Pair — Large Signal Analysis
Quantitative Analysis — differential input

* Equivalent G, of M, and M, - its effectively the slope of the characteristics
Lets denote: | —I_,=Al,

Vinl _Vin2 = AVin /-\ 4ISS 2

Al 1 W Moo 7
AID:E M, ox\ﬂ AVin 4ISS _Avir? g ; :—(’uncox j -
A e oav, 2\ U T,
n~’ox L Vl in
ILII’] 0X L
OAl W
ForAV, =0: G,=—22" =\/unCox—|ss
OAV. L V. .-V W
In . outl out?2
. | A\/ |: = lunCox N ISS RD
AV L
Furthermore: V .-V ., =R,Al=R.,G AV_ -
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Differential Pair — Large Signal Analysis
Quantitative Analysis — differential input

4] 2 /\
—>_— —2AV.
W ) G, falls to

1(% Oijﬂn OXT zero for

"2 L 2
W AVin \

AV, , represents the maximum

G

4l

Hooox
L
differential signal a differential
i pair can handle.
Ip2 Y
: G}
= AVin *AVine  av,, -
= AViny +aVine Ay,

Beyond |AV, , |, only one transistor is ON and
therefore draws all of the I
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Differential Pair — Large Signal Analysis
Quantitative Analysis — differential input
fo1-/p2 § SS Constant Ipi='o2 Linearity
_________ +les \ <|+iss Improves
At Reduce AV, 2> b ' \vav,,
AV AV, increasing W/L “ava L AV,
—lggfrn - Iggf

W/L Constant

Increase AV, ;
increasing I

Ipi-1p2 &

Linearity
Improves

+1gs2

+ AVIM

~AVim

-Iss2

AV,

Linearity of a differential pair can be improved by decreasing W/L and/or
increasing I
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Differential Pair — Large Signal Analysis
Quantitative Analysis — differential input

* The equilibrium overdrive (i.e, when M, and M, are drawing equal portion of
lis) is given by:

(VGS —V; )1,2 -

| PR | | |
—-14 =10 —06 —0.2 0 02 0.6 1.0 1




