Single-Ended and Differential Operation

* A “single-ended” signal is one that is measured with
respect to a fixed potential, usually the ground [Fig. (a)]

* A differential signal is one that is measured between two
nodes that have equal and opposite sighal excursions
around a fixed potential [Fig. (b)]
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* The “center” potential in differential signhaling is called
the “common-mode” (CM) level

— bias value of the voltages, i.e., value in the absence
of signals
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Single-Ended and Differential Operation
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* Suppose each single-ended output in Fig. (b) has a peak
amplitude of V,

* Then single-ended peak-to-peak swing is 2V, and
differential peak-to-peak swing is 4V,

* For example, if voltage at X (w.r.t. ground) is V ,coswt +
V., and that at Y is -V, coswt + V,,, then the peak-to-peak
swing of V, -V, is 4V,
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Advantages of Differential Operation

* Higher immunity to “environmental” noise in differential
operation as compared to single-ended signaling

Signal Line
= Line-to-Line L m, Ls
Capacitance

(a) (b)
* In Fig. (a), transitions on the clock line L, corrupt the

signal on sensitive signal line L, due to capacitive
coupling between the lines

* If the sensitive signal is distributed as two equal and
opposite phases as in Fig. (b), the clock line placed
midway disturbs the differential phases equally and
keeps the difference intact, called common-mode (CM)
rejection
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Advantages of Differential Operation

* CM rejection also occurs with noisy supply voltages
AW

— Voo
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(a) (b)
* In the CS stage of Fig. (a), if V,, varies by AV, then V__,

changes by roughly the same amount, i.e., output is
susceptible to noise on V,

* In the symmetric circuit of Fig. (b), noise on V,, affects V,
and V,,butnotV,-V =V_,

* The differential circuit is more robust to supply noise
than its single-ended counterpart
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Advantages of Differential Operation

* Differential operation is as beneficial for sensitive signals
(“victims”) as for noisy lines (“aggressors”)

* Clock signal is distributed in differential form on two lines

* With perfect symmetry, the components coupled from CK
and CK to the signal line cancel each other
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Advantages of Differential Operation
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* Differential sighaling increases maximum achievable
voltage swings

* In the above differential circuit, the maximum output
swing at Xor Yisequalto V,, - (Vs — V)

* For V, - V,, the maximum swing is 2[V,, — (Vs — V)]

* Other advantages of differential circuits include simpler
biasing and higher linearity

* Advantages of differential operation outweigh the
possible increase in area
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Basic Differential Pair: Introduction

Voo
Rp= = Rp
Vout1o—¢ X Y +— Voutz

* The simple differential circuit shown incorporates two
identical single-ended paths to process the two phases

* The two differential inputs V, , and V, ,, having a certain
CM level v, ., are applied to the gates

* The outputs are differential too and swing around the
output CM level V.,

* This circuit offers all advantages of differential signaling:
supply noise rejection, higher output swings, etc.
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Basic Differential Pair: Introduction

M, turns off M, turns off

* As the input CM level, V,, ., changes, so do the bias
currents of M, and M,, thus varying both the
transconductance of the devices and the output CM level

* As shown in Fig. (b), if the input CM level is excessively
low, the minimum values of V, , and V. , may turn off M,

in1 in2

and M., leading to severe clipping at the output

* Bias currents of the devices should have minimal
dependence on the input CM level

Copyright © 2017 McGraw-Hill Education. All rights reserved. reproduction or distribution without the prior written consent of McGraw-Hill Education.



Basic Differential Pair

VDD
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Ra=Ra:=R
lgg. DI D2~ Np

* A “differential pair” incorporates a current source /. to
make I, + I, independent of V, .,

*If V., =V,, the bias current of both M, and M, is I;/2 and
the output CM level is V,, - R I;I2
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BDASIC pitTerential rdir. Quadlitative

Vip * When V., , is much more negative

in1
Ro; Rpy than V., ,, M, is off, M, is on and I,
Vout1 X Y Vout2 = Iss’ Voutl = VDD and Vout2= VDD -
Vinro—I[L M, M, o Vino Rplss

M, gradually turns on, drawing a

* As V, , is brought closer to V,,,
Fai Rp1= Rpy=Rp
= fraction of I from R, and

*Since I, + 1, = I, I, falls aJ\Wrmﬁs‘/és‘l

out2
*ForV, =V, V,..=V,..=Vop — RplssI2, which is the output
CM level
* When V, , becomes more positive than V_ ,, I,, becomes

higher than I, and V, , drops below V_,_,,

* For sufficiently large V. , - V. ,, M, “hogs” all of I, turning
M2 off, therefore, V, ,,=V,,-Rl;and V, .=V,

outl o
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BDASIC pitTerential rdir. Quadlitative

vout1 = Vout2

i
vin1_vin2

“Rplss

(b)

* The circuit contains three differential quantities: V. , - V. ,,
Vv utl — V ut2? and IDl - Ioz

o o

* The maximum and minimum levels at the output are well-

defined and independent of the input CM level

* The small-signal gain (slopeof Vv, -V, . versusV, -
V. .) iIs maximum for V, , = V. , and gradually falls to zero
as |V, , - V. | increases

* Circuit becomes more nonlinear as input voltage swing
Increases

e For V., = V., circuit is said to be in “equilibrium”
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BaSIC bitrerential rPalir. common-mode

kebhavior ____

Voo Voo
Ry Rp Ry Rp
Vout1 X ¥ Voutz Vout1 X Y Voutz
Vin.cmo——| M, M, Vincm M, M,
il Ty
M

Vb._“: 3 “é RonS

(a) (b)
* Tail current source suppresses the effect of input CM
level variations on the output level

*SetV,,=V,,=V, andvary V, ., from 0 to V,, [Fig. (a)]

* Due to symmetry, V, ., =V

out2

* For V, ., =0, M, and M, are off, I,; = 0 and M, operates in
the deep triode region [Fig. (b)]

* With I, = I, = 0, circuit is incapable of signal
amplification; V.=V, .=V, and V,=0

outl out2
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BaSIC bitrerential rPalir. common-mode

Ip1: b2 A Vp 4 Vouttr Vout2 A
: Voo
! : ]
i - . - :
Vi Vin.cm Yt Vin.cm Vit Vin.cm
Ves1+Vess =Vrus Ves1+Vess =Vrua
(c)

*M,and M, turnonifV, .,z V_,

* Beyond this point, I, and /,, continue to increase and V,
also rises [Fig. (c)]

* M, and M, act as a source follower, forcing V, to follow
Vin,CM

* When V, ., is sufficiently high, V4, exceeds V4, - V.,
and M, operates in saturation so that /,+/, is constant

* For proper operation, V,, ., 2 Vs, + (Vss — Vi)
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BaSIC bitrerential rPalir. common-mode

Ipy> ID2‘ Vp b Vout1s Vout2‘
: Voo
f - - - -
Vi Vin.cm Yt Vin.cm Vit Vin.cm
Ves1+Vess =Vrus ) Ves1+Vess=Vins
(c

*As V, ., rises further, V_, and V_, stay relatively

constant, therefore, M, and M, enter the triode region if

vin,CM > voutl + VTH = VDD - RDIssI 2 + VTH
° Thn allAawnwiahla vialina Af \/ ic hniindad ae fallawe-

55
.'}

-

Vast + (Vass — Vras) < Vigoar <min |Vpp — Rp + Vrr. Voo

* Beyond the upper bound, the CM characteristics of Fig.
(c) do not change, but the differential gain drops
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Basic Differential Pair: Output Swings

Vin1o— M, M, |—|
Vinzo
Vb._“-a_MS

* Suppose the input and output bias levels are V,, ., and
V,..om Yespectively, and V, ., <V ..y

o

* Assume a high voltage gain so that input swing is much
lesser than the output swing

* For M, and M, to remain saturated, each output can go as
highas V,,andaslowas V, ., -V,

* V,,cv €an be no less than Vg, + (Vg — Vi)

* With this choice of V,, ., single-ended peak-to-peak
swing is V;,;, = (Vis; = Vi) = (Viess = Vi)
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BasSIC vitTerential rair: Large-signal
Voo * Objective is to determine V., - V_ .,
Rps R i
) j D1 Mp2 as a function of Vinl - Vin2

outl voutZ
Vin1°_||-_—| M, My Jo Vinz "Ry, = RN’ B F\’_.-.. WE h_a‘.IJe
Voutt = Voo — Ep1lpy

P . .
é Vourz = Voo — Bp2lp2
’SS . , ¢
= Voutt — Vourz = Kp2lp2 — Bpilpr = Hp(ip2 — Ip1)

« Assume the circuit is symmetric, M, and M, are
saturated and A =0

 Since VP = Vin1 - VGSl = vin2 - VGsz ’ Vin1 = Vi = VGSl - VGsz

in2
! ¥ " 3 Ip
* For a square-law device, (Vas —Vrm)” =7 )
—fy, C
2 i}
* Therefore, .
e BT E
Bl
1.
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BDASIC lTTerentiadl ralir. Large-signai

-Analysis. oo

Voo * It follows from previous derivation
ij Rp, that
Vour Voutz Vig — Viy = | —2221 | 2ip2
L L P
% e * To find I, - 1,,, square both sides of
= above egn., and recognize that
ID1 + ID2 = ISS
(Ving — Vinz)* = %U ss — 2V Ip1ip2)
finCor—
* Thus, %ﬂ(%' Vind — Vin2)* — Iss = =2/ Ip1Ipa.

« Squaring both sides and noting that 41,1, = (I, + 1,,)? -
(1,, - 1,,)?, we arrive at

g — Bl — ( C 1-1--’)-’“' Vin2)* + I58inCoopn{Vint — Vinz)?
—Ip2)" = ——= | hnlox— ] (Vinl — Vin2 S8 Cor—( Vinl — Vin2)™
\ L1 Tz 1 R PASEY / ri 1 n2 ) SS My L g 3 11 1n2)
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BDASIC lTTerentiadl ralir. Large-signai

°* Thus

Voo
Rp1 Rpa
1 W . 4lgq N | ]
Vouti Voutz Ipy—1Ipx = Eﬂ--_re.(-.--J.,-'T( Vini = Vin2) HHl_-l_,- — (Vini — Vin2)*
Vin1 M, M, Ao Vins ”"*‘(”"""T

G / W [ 1 CoW/T)
= tnCor—lss(Vint — Vina){| 1 — —— (Vi1 — Vin2)?
é"ss \x” nlorlss( Vinl . )\; i il n2,

* As |V, - V,,,| incrédaesfedmaiersiqifungtipmetdbaes Vi
e To find the equivaIJﬁJcI@,g &9 ﬁr%t?ﬁ/)z/;ndén‘éte I, =1,

and V., - V. ,as Al, and AV, respectively

I

e |t can be shown that

Ales )
. o eP _ HARR
JAlp l; (.( i il Coa W L
AV, ~ 2L alss

I : r &\-"_f_
\J 7 CoxW 1 L
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BDASIC lTTerentiadl ralir. Large-signai
« For AV, =0, G, is maximum and equal to /jt..C..(W/1)I5ss.
-V,..=R,Al, =-R,G, AV, , small-signal

out2

differential voltage aain in eauilibrium condition is

I
LW
| s 'l | o \fr{ﬂ. {( G j’_ *"..‘:«',‘:{ fi}.‘r_j

S Conl WL
. Since €acn uansisior carries I;sI2 in equilibrium, the

fartAr i —
AV = /5T G CoaWV] ”sthe sameas g,, i.e., |A,|=9.R

« Previous result suggests that G, falls to zero for

e SinceV

outl

« As AV, exceeds a limit AV, ,, one transistor carries the
entire I ., turning off the other
: | 2155 : :
« Forthis AV, I, =l AV = | —75, = Vpy SINCE M, IS
nearly off, thus HanCow 7
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BDASIC lTTerentiadl ralir. Large-signai

-

n1 +5Vin1 &V}n

e
n1 +5‘vin1 AV. _ﬁvi

(a) (b)

_&Vi

« ForAV,_ > AV, ., M,is off and the equation derived for Al,
no longer holds [Fig. (a)]

« G, is maximum for AV, = 0 and falls to zero for AV, =
AV, , [Fig. (b)]
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BDASIC lTTerentiadl ralir. Large-signai

-Analysis. oo

Ip1=Ip2 A Ip1=1p2 A Ip1=Ip2 A
- ;
*lgg [z +lss [
= AVin1 , = ~AVin f - ~ AVing : -
*AVin1 AV, *AVine AV, *AVinr AV,
""""" =lgs |- lss
""""""" Iss2
(a) (b) (c)

« As WI/L increases, AV, , decreases, narrowing the input
range across which both devices are on [Fig. (b)]

 As I increases, both the input range and the output
current swing increase [Fig. (c)]

 Intuitively, circuit becomes more linear as I increases
or W/L decreases
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BDASIC lTTerentiadl ralir. Large-signai

« AV._ . represents the maximum differential input the

ini1

circuit can “handle”
« AV, can be tied to the overdrive voltage of M, and M, in

in1

equilibrium
* For zero differential input, I,, = I, = I../12, yielding

(Vs — Vrm)ia = i 1

\ 1y C o T

is equal to V2 times the equilibrium overdrive

« Thus, AV,

ini1

« Increasing AV, ,to improve linearity increases overdrive
of M, and M,, which for a given I is achieved only by
decreasing W/L and hence g,, thereby reducing
differential gain

« Alternatively, I can be increases but with higher power
consumption
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BDASIC ilTTerentiadl rFqair. simali=-signal

VDD
RD‘] RDE
vn:-ut1 X Y Vomz
+ JM‘l MZ
+
vin1 ) A Il"{inz
= fss =

« Assume M, and M, are saturated and apply small-signal
inputs V,,and V, ,

in1

+ The differential nain (V. — V, )I(V,, - V,,,) was found to
pe VinCorlssWILED S large-signal analysis

« Since each transistor carries approximately //2 current
in the vicinity of equilibrium, this expression reduces to
9.Rp

« Assume R,, = R,, = R,, the small-signal analysis is
carried out using two methods
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BASIC itTerential rFalr. smali-signal

_A.nath.i.s.Ll.)—

RDZ
ou11 outz
out1 5
out
|1° I
|n1

= ’ss

S

(a) (b)

Method 1: Superposition
 Firstset V. ,=0 and find the effectof V., at Xand Y

e To find V,, note that M, forms a CS stage with a

degeneration resistance equal to the impedance looking
into the source of M,, R,= 1lg,.,, neglecting channel-

length modulation and hadv effart TFjg. (b)]
+ Then from Fi e S
Then from Fig. (c), Vo T 1

+
'I'}’ T ]. 'I(; '_l'_.",i.j
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BASIC itTerential rFalr. smali-signal
M

Voo Voo
RD1I Rpa Rpa2
Y Vout2 Y Voutz
My iy IT_ i Rri M, Ij_
Vin1 5 = o W =
== - i e
@ T ®)

Method 1: Superposition

« To find V,, we note that M, drives M, as a source follower
and replace V. . and M, by a Thevenin equivalent

« Thevenin voltage V.=V, ,, and resistance R. = 1lg, ,

* M2 operates as a common-gate stage, with a gain

Vy Rp

Ve | |
il n
G2 Gl
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BASIC itTerential rFalr. smali-signal

=Analysis (}) __

 From previous analysis, the overall voltage gain for V. ,

IS - ; —2hp
(Vx — V¥ )|Due to Vinl = T i Vit
Yl Y2
« Forg,;=0,,=9,, this reduces to
(Vx — Vy :]|Due o Vint =Gt Vin

By symmetry, the effect of V., at X and Y is identical to

in2
that of V. , with reverse polarities

': Vy — Wy )|D11e to Vin2 = Ym D Vin2

* Adding the two results to nerform superposition,

Ii. "1{- I 'I"E" \JI,I oot
' — = —¢gu KD

¥int— Viug

« Magnitude of gain is g, R, regardless of how inputs are
applied, halved for single-ended output
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Half-Circuit Lemma/Concept

I I,
D, D
+ + o4
MM&

1 3
- P L
It

(a) (b) (©

D, and D, represent any three-terminal active device in a
symmetric circuit

« Assume V,, and V, , change differentially, from V,to V, +
AV, and from V,to V, - AV, respectively

 If the circuit remains linear, V, does not change (acts as
a virtual or ac ground)

* This is referred to as the “half-circuit concept”
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BaSIC bitrerential Palr: small-Ssighal

_A.n.ahcs.i.s.(.l.l.)—

DD
RD1 RDZ
out1 outZ 0ut1 |""'-':)ut‘;l
l"i""'1
+
m1 |n1 |n1

-V,

ini

(a) (b)

« Using the half-circuit concept, V, experiences no

change node P can be considered “ac ground” or virtual
ground and the circuit can be decomposed into two
separate halves

* We canwrite Vx/Viu = —¢.fip and Vi /(=Vi1) = =g RD
« V., and -V, 6 represent the voltage change on each side
(Vx— W)/ (2Viu1) = —gwRp
e Thus, , same result as In
Method 1
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