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Differential Signals

@ Many circuits make use of differential signals
— ethernet, SATA, PCle, memory interfaces, ADCs, DACs, ...

@ Advantage of differential signalling
— Rejection of common-mode noise

— EMI (electromagnetic interference) reduction to other circuits
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Differential Signals

@ If the 2 signals are matched, the interference noise is the same on
each wire so ...

/ !/ /
o V-V =V,—V
@ Taking the difference between the 2 wires cancels
“common-mode” noise

@ In general, define
Vo = Vem + Vig/2
vi = Vem — Vig/2
@ Differential signal
Vig = V2 — V1
— Difference of 2 signals
@ Common-mode signal
Vem = (v2 +vp)/2
— Average of 2 signals
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Differential Amplifiers

@ Differential inputs used in opamps

Vit
Vo
Vi_

Opamp Fully Diff Opamp

@ Opamp input stage: transistor differential pair

Vig o—] - vi-
Diff Pair
Is

@ Look at large-signal and small-signal for MOS diff pair
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Diff Pair - Large Signal

VD1 Vp2

VG1 VG2
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Diff Pair - Large Signal

M,, M, are identical

ipt +ip2=1Ip
If Va1 = Va2
— ipy = ip2 = Ig/2
If Vigr > Vo
— Ip1 > ip2
If VG1 < VGZ
— ip1 <'ip2

Can use diff pair to "steer” the current, Ig
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Diff Pair - Large Signal - Common-Mode Input

Voo
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Diff Pair - Large Signal - Common-Mode Input

@ Define Vg be the min voltage required across /g for it to operate
correctly (i.e. be in the active region)
o If Vs — VSS > VCS then
— Vo1 = Vo2 = Voo — (£)Rp
@ If My /M, both active
— Ip1 = Ig/2 = 0.5, Cox (W/L) V2,
- Vo = \//B/(NHCOX(W/L))
@ Maximum Vg
— Occurs when gate is V; above drain voltage
- VCM,max = Vi+ Vpp — (IEB)RD
@ Minimum Vg

— Occurs when Vs is low enough that /g does not have min voltage
across it

— Occurs when Vg = —Vsg + Vs
— Vemmin = —Vss + Vos + Vi + Vou
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Diff Pair - Large Signal - Diff Input

Voo

VD1
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Diff Pair - Large Signal - Diff Input

@ ifvg>0
— All /g flows through M;

e ifvyxk0
— All /g flows through M-

@ At what v;y does M, “just” turn off
— Ifipp = 0, Vgso = Vi 50 Vg = —Vy, since Vg =0
— Vig1 = Vin + Vi, where V;, is overdrive voltage when Ip = Ig
— Vo is the overdrive voltage when Ip = Ig/2
- Vo= \/215/(/~‘nCOX(W/L))
- Vév = \@Vov
— Vig = Vs + Vast
— Vid,max = _th + th + V(/)V = \/évov
— 80 Ipe = 0 for Vig > Vig,max
— Similarily, Ipy = 0 for Vig < —Vig,max
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Diff Pair - Large Signal - Diff Input

1+{1Is

141 -1 —05 05 1 1.41
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Diff Pair - Large Signal - Diff Input

@ Can show

o = 5+ ()01~ (1)

2
, ) id /2

o2 = 5~ ()51~ ()
@ For vjg = 0, iy is roughly linear equation

@ More non-linear as vjy increases
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Diff Pair - Small-Signal

Vpp
Rp Vod Rp
-+
Vet = Vou + Vig/2 Ve = Vem — Via/2
M Mo
Is
—Vss
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Small-Signal - Balanced

@ IF circuit is balanced

@ Diff input applied
— Vg1 goes up while vgo goes down the same amount
— Results in vs = 0V

@ Can do our analysis with half-circuit
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Small-Signal - Balanced

Rp

M
+Via/2

—Vod /2

@ Above is half circuit
@ —Voi/2 =—9mi(re1]|Rp)(Vig/2)

@ Vou/Vig = gmi(ro1l|Rp)
@ Recall that M; /M, are matched
— 9mt = Gme and ro1 = rop
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Example - Balanced

Assume
Vov = 0.2V
A=0

@ Iy — 00

@ For half circuit, split R, into 2 1k
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Example - Balanced

@ R, =(R./2)||Rp =500 Q
® Gpm= (1/g;)1+Hs - % AV
@ (—Vou/2)/(Vig/2) = GmRo = —1.67 V/V

o Vod/vid =1.67 V/V
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Small-Signal - UnBalanced

Voo Vbp
Rb1 _ Vod . Rp2
1kQ 2kQ
Vo1 Vo2
Vem + Vig/2 o—l M; M, |—o Vom — Via/2
1X ? 3X
—Vss

@ 3X implies M, is 3 times W/L compared to 1X M;

@ Ipp =8lpy and Ipy + Ipp = TMA
— Ipp =0.75mA, Ip; = 0.25mA
— 9me =7.5mA/V and gm1 = 2.5mA/V

— Ip — 0
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Small-Signal - UnBalanced

Vig /2 O—I M; M, I—O —Vig/2

3X

@ Use superposition
— Find i 01 and /¢, due to vjy/2 while —v;y/2 =0
— Find il;,; and i{, due to —vjq/2 while vjy/2 =0

— st = Isc1 + Isc1 Isc2 = iécZ + 1;102
— These 2 currents go into the 2 load resistors so ...

— Vod = /302 RDZ - isc1 RD1
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Small-Signal - UnBalanced

jo— —Vie/2
scl 1/9m1+1/9me sc2

o= =(=via/2)
sc2 — 1/gm+1/9me sct

isct = T tiras = 1-875€ — 3(— Vi)

Isco = wﬂﬂ"% = 1.875e — 3(vjy)
In general, with an unbalanced diff pair
— lsot = —lsc2 = 75175
Vod = lsc2(2€3) — isc1(1€3) = 5.625vy
Vod/Vig = 5.625 V/V
Note that this is a very unusual case as the voltage swing at v, is
twice that at v,¢ and this is generally undesirable.
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Diff Pair - Current Source Loads
Vpp
I—O Z:2)

T_,
+O_[
Vom — Via/2

M Mo

‘H R

VBZ o— M3

Vewm + Vig/2

—Vss

@ Voq/Via = 9mi(ro1|re3)
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Diff Pair - Current Source Loads

Voo

Vas o] o Vba
Vas o] o Vas

Va2 o—| |—o 72

Vem + Vig/2 |

@ Voq/Via = 9mi(Ropl|Ron)

@ Ron =~ (Imalo3)rof Rop ~ (gmsros)ro7
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Diff Amp - Various Gains

Fully Diff Amplifier

Vit = Vowmi + Vig/2 Vo1 = Vemo — Vod /2
Vie = Vemi — Via/2 Vo2 = Vemo + Via/2
Via = Vit — Vi2 Vod = Vo2 — Vot
Vomi = “1572 Vomo = “2147

@ We can define 4 gains through the amplifier
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Diff Amp - Various Gains

@ Differential Gain
Ad = V%d

Vid

— This is what we are MOST interested in
@ Common-mode-to-differential gain

— Vod
ACM  Vomi

— Common-mode “signals” may convert to differential signal
This would result in "noise” in the differential signal

@ Common-mode-to-common-mode gain

— Ve
- Acmfcmz —

— Generally not too critical but we want it less than 1 so we do not
amplify common-mode signals

Vemi

@ Differential-to-common-mode gain
e cho

- Adfcmz Vig

— Generally not an issue to worry about so generally not looked at
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Diff Amp - Various Gains

@ Most important are Ay and Acy

@ Want Ay > Acu
— So common-mode signals are rejected relative to diff signals

@ Define common-mode rejection ratio (CMRR)

CMRR = 4!
— |Acml
or in dB form
CMRRg5 = 20l0g( 75l

@ Want a high CMRR value
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Common-mode to Diff Gain - Acy

@ Circuit for finding Acy = Vod/ Vemi
VDD

@ Half circuits

Vod
Vo1 -+ Vo2
Vemi I I Vemi
2Rss 2Rss
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Common-mode to Diff Gain - Acy

o Let \ - ©

Recall Ad = Vod/Vid = ngD

@ Vot _— Voo _ —Rp
Vemi Vemi (1 /gm)+2RSS

If perfectly matched
— Vod=Voa— Vo1 =0 = Acu=0

@ Resistors mismatched by ARp
— We can still used the half circuit here since the lower half of the
circuit is still perfectly matched (only Rp are mismatched)

— Rp1 = Ap Rp2 = Rp + ARp

_ VYo _ —Rp Voo _ —(Rp+ARD)
Vemi (1/9m)+2Rss Vemi (1/9m)+2Rss
_ _ Veo—Vo1 _ ___—ARp
Aom = 5 = (7gm)+2Rss
_ _ 9gmPp ARp
ACM - (1-‘-2ng53) ( HD )

1+2gmR.
~ CMRRg = Garims
— To increase CMRR, increase gm or Ass or reduce ARp 27/45



Common-mode to Diff Gain - Acy

@ Transistors g, mismatched by Agn,
@ We can not use half circuits as the circuit is no longer balanced
@ gm = 9m+A9m/2  Gme = gm — Agm/2

- RSS ) . . o o Vi
® Vs = mositiagm Vemi i a2 = Vs/Rss = T zgn

28/45



Common-mode to Diff Gain - Acy

@ igt = gmVgst g2 = Om2Vgs2

@ Since Vgsi = Vgs2, We have

lot — gm

la2 Im2
@ Combining the above equations, we have

i . — _9mVemi i OmeVemi
© lot = TiognAss 102 = TiognAss

. . — RAVAmi

@ Vog = Voo — Vo1 = _/dZRD — (_’d1 RD) — (9m1 —9me) RpVemi

1+2ngSS
_ . _ _AgmRp 9gmAp Agm
° ACM - Vod/vcml = T+2gmRss (1_,_2ng33 am

o Oy - (2

@ To increase CMRR, increase gm, or Rss or reduce Agm
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Common-mode to common-mode Gain - Acy—_cm

@ From our original half circuit, we found

Vol _ Vo2 __ —FRp

Vemi Vemi (1/gm)+2RSS
@ This is also our common-mode to common-mode gain so

_ —Rp
© AcM-cM = (7/g.)12Rss

@ To reduce our common-mode to common-mode gain, we can
increase Rgg or decrease gm or Rp
— Increasing Rss is a better choice as it helps with the CMRR

— Decreasing gn, or Rp also decreases our diff gain
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Input Offset of Amp with Diff Input

@ The input offset is the dc voltage value, Vs, that when applied to
the input of an amplifier will result in the output voltage being zero.

@ Vs input offset for V, =0
@ V, o is the output offset for vy = 0

@ If in the linear range of the amp
— Vs = Vo 0t/ Aa Where Ag is the gain of the amp

Voo

RD HD
Vo,oll
-+

In l

—Vss
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Input Offset of Diff Pair

RD RD

Alan A

—Vss

@ Offset due to mismatch for Rp, (W/L), Vi

@ Without showing the derivation, the input offset is ...
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Input Offset of Diff Pair

@ For AVyy,
— Usually AV, is the dominant cause for offset
- Vos = AVm
— Typical values for AV, from 1 — 10 mV

@ For ARp
- Vo= (%) (%)
@ For A(W/L)

(Ve (AW/L)
- vos—(T)((W/L))
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Amplifiers (First Stage)

o Diff-Diff Amplifier (fully differential)

Vop

o Diff-Single Ended Amplifier

Vi1
Vo
Vi2
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Diff-Single Ended Amplifier (First Stage)

@ To find gain of first stage - find G, and R,

@ For G,

M

-

My 1
_I l/ a1
Isc
—

id1|l': a1 T: I L
Vig/2 o—l M, |—o —Vig/2
M

® iyt = gmi(Vig/2)

@ isc = 2ig1 = Gm1 Via
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Diff-Single Ended Amplifier (First Stage)

@ For R,

@ Due to the current mirror
@ lga = Vx/loa + ig2

@ igp = Vx/Rg2
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Diff-Single Ended Amplifier (First Stage)

Impedance Ryo = 2, is found by ...
— Impedance of diode connected Ms is approx 1/gms

— Rst = (1/9m1) + (1/9m3)/(gm1ro1) = 1/Gm
— Rp = (1 + ngHsz)ro2 ~ (1 + %)%2 R 2l

@ iy = igs + g2 = Vx/loa + Vx/(2r02) + Vi /(2r02)
@ ix = Vx/loa + Vx/lo2
@ Ro = Vx/ix = Ip2||loa
o

So the gain is
Vo/Via = 9mi (ro2||ro4) Where vig = viy — Vo
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2 Stage CMOS Opamp

VDD VDD
t
Mg I———I MS L—I M7
ot —V,‘d/2c>—l M, Mo I—oVid/2 Vo
R, Cc
o1 AR

—Vss
MsJElI——II#M‘t

—Vss

__|M5

—Vss

@ Rc and C. are used for stability when feedback is used
— For low freq gain, we assume C¢ is an open circuit

@ Ay = Vo1/Vig = —9mi(foz||fos) A2 = Vo/Vor = —Gme(rosl|l07)

@ Overall gain: v,/vjg = A1Az
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2 Stage CMOS Opamp

@ Random dc offset
— Random offset will result in approx 1 — 10 mV of input offset

@ Systematic dc offset
— Even if all transistors are matched, systematic offset may occur
depending on bias currents

— For ZERO systematic offset

(W/Le _ ,(W/L)
(W/L)s — ~(W/L)s

N

@ Proof:
— Let V,‘d =0

— Ips = Ips = Ips/2 and since Vgss = Vigsa, then Vpgy = Vpss = Vigse
— Vgss = Vgss means that Ipg is a current mirror of the current Ips
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2 Stage CMOS Opamp

— Ips = (W/L)e/(W/L)3 x (Ips/2)
— For no systematic offset, Ip; = Ipg
— Ip7 = (W/L)7/(W/L)s x Ips
— Combining the above, we have
— Ip7 = Ips
— (W/L)7/(W/L)s x Ips = (W/L)e/(W/L)3 x (Ips/2)
— Dividing both sides by Ips we have
— 2(W/L)7/(W/L)s = (W/L)e/(W/L)3
@ For good current matching
— the lengths of Ms5/M7/Ms should be the same
— the lengths of M3/ M,/ Me should be the same
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Diff Amp Example

Voo
pnCox = 240uA /V?
Vin = 0.3V
oCox = 60uA /V?
A =100nm/V
Wi = 2um
W2 = 1,um
W3 = 2,um
All L = 200nm

Vg chosen so Ips = Ips

@ Find v,/v; and Ryt
— For igc, make the approximation that all r, — oo
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Diff Amp Example

@ First we do dc analysis

Ip1 = 2Ip2 Ipt + Ipp = Ig = 50pA
Combining, we have

Ip2 = Ig/3 = 16.67uA Ip1 = 2Ip, = 33.33uA
Ips = Ipp = 16.67uA

gmt = \/20nCox (W1 /L) Ip1 = 400pA/V

fot = L/(Nlp1) = 60kQ

9me = \/20nCox(Wa/L)Ipo = 200pA/V

ro2 = L/ (N lp2) = 120kQ2

log = L/()\'los) = 120kQ
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Diff Amp Example

@ For isc, we have the following circuit

— Isc = Iyt = GmV;
- @G

=133.3uA/V

_ 1
m = (1/gm1 )+(1/gm2)
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Diff Amp Example

@ For Ry, we have the following circuit

= Rst = ((1/9m1)llro1) = 2.4k

— Ron=ro2 + (1 + gm2r02)Rs1 = 180kQ2
— Rop = re3 = 120kQ2

— Rout = Ron||Rop = 72kQ2

— Vo/Vi = GnRout = 9.6V/V
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Topics Covered

@ Differential signals

o Diff amps

Diff pair
— Large signal
— Small signal (balanced and unbalanced)

@ Diff pair current source loads

@ Diff amps - 4 gains through amp
@ Input offset
°

2 stage CMOS opamp
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