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Review: Cascode. Diff Pair

Cascode: high output impedance

Rout ~ (ng + 8mb2)7’02”01

Gm — out/Vin

AU — _Gm Rous

= For G, calculation: the output is ac
shorted

* For Ryt calculation: the input voltage is
set to zero
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Review: Cascode. Diff Pair

ROU ROU
r t r t Cascode: high output impedance
_L_"_: M _|__||: M
B I:> - Rout s (ng + 8mb2)7’02”01
_|_—|l:-|-M1 T’m
o = For G, calculation: the output is ac
A v+ Gm = lout/ Vin shorted
in() out A — G R = For Ry calculation: the input voltage is
o v — T Ymflout
—o° set to zero

Vbp
Zs
I4

X
Gm o gml + VOUt -
Vout
Vo o= M, Rour = (8m2 + gmb2)ro2ro1 - cM

........................ Vo
=  Level /\j \/\
Vino_l M,

| Ayl = (8m2 + &mp2)T028m17 01 -~

st
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Differential input-output characteristics

(neglecting channel-length modulation and body effect):

Rp2
out1 out2
Vin1 M; I—O Vin2

Rp1=Rp2=Rp

SS

Differential input-output characteristics of a diff pair
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Differential input-output characteristics

(neglecting channel-length modulation and body effect):

Rp2
out1 out2
Vin1 M; I—O Vin2

Rp1=Rp2=Rp

SS

Differential input-output characteristics of a diff pair

vout1 - vout2

i +Rplss A
Vbp
Vout,CM ------mmeemeneees -
Vbop-Rplss Vin1— Vin2
Vout2
e
-Rpl
V|n1 V|n2 b’ss
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Common-mode input-output characteristics

out1 out2 out1 out2
Vin, CM M, Vin, CM M,

T
Vb 0—| M3 % Ron3
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Common-mode input-output characteristics

out1 out2 out1 out2
Vin, CM M, Vin, CM M,

T
Vb 0—| M3 % Ron3

) I
Ves1 + (Vess — Vruz) < Vip.cy < min [VDD — RD% + Vru, VDD]

Ip1, Ip2 A Ve Voutt:Vout2 A
E Vbp
: FN Iss
: - > . " >
VrHi Vin,cm VTH1 Vin,cm VTH Vin.cMm
Ves1+ Vesz— VThs Ves1+ Vesz— ViHs
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Maximum output swing

Vbp
Rp Rp
X Y
Vinto—{[=M; M iy
in,CM -----
Vinzc Vin2

Vbo—l M3

Single-ended peak-to-peak output swing:

Vop — (Ves1 — Vra1) — (Vgs3s — Vrus)
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Large signal analysis

Vbp

Rp1  Rp2
X Y
M, M,
Iss

Vout2

|—° Vin2

Rp1=Rp2=Rp

+Rplss

vout1 - Vout2

Vbp
Vout,CM ------------------ -
VDD - RD Iss v Vin1 - Vin2
out2
- Rpl
—Kplss
vin1 - Vin2
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Small-signal analysis: gain

Vbp
Rp1 Rp2
Vout1 X Y Vout2
M M,
+ +
Vin1 ) A Vin2
= Iss =
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Small-signal analysis: gain (method 1)

Rp1 Rp2 Vbp l Vbp
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Small-signal analysis: gain (method 1)

Rp1 Rp2 ~ DD l Vbp
Vout1 X Y Vout2 Rp1 Rp2 > Rp1
M, M, I__l_ Vout1 X X Vx
Y Vout2
+ Vi H M
Vin1 5' - M, M, in1 O—l 1
Ll

Vx  —Rp
1 1
Vznl 4
8ml Em2 —2RD
—_ (VX — VY)lDue to Vinl — 1 1 Vinl
1% R +
V'Y — 1 D 1 8ml Em?2
inl 4+
8m?2 8ml
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Small-signal analysis: gain (method 1)

V, —2R
> (Vx — V¥)|pue to vin1 = 1 Dl Vin

5‘ M, M- lj- 8ml = 8m2 = 8m l
+
Vin1 -
%’ss (Vx — V¥)|Due to vint = —8&mRp Vini

(Vx — Vy)Ibue to Vinz = &mRp Vin2

Vbp
Rp1  Rp2 1
Voutt o—4 X Y $—o Vourz (Vx = VWior R
5‘ M M2 }% Vint — Vin2 — T EmTD
Vin1 Vin2
= %lss E
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Small-signal gain with half-circuit model (method 2)

Rp1 Rp2 Rp1 Rp2
out1 Vout2 Vout1 out2

+V|n1 —Vin1 +V|n1 in1

VX/Vznl — _ngD

v If a fully-symmetric differential pair
senses differential inputs (i.e., the Vy/(=Vin1) = —8gmRp
two inputs change by equal and
opposite amounts from the equilibrium 1
condition), then the concept of “half
circuit” can be applied

[(Vx — V¥)/@Vim) = —gmRp
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Half-circuit model for non-differential inputs

+ Vin2 - Vin1

ISS + Vin1 + Vin2
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Half-circuit model for non-differential inputs

M, M
+ +
Vin1 Vin2
= Iss =
— Conversion of arbitrary inputs to differential and
1 common-mode components
M My M3
I I
+ Vin2= Vin1  Vin1— Vin2 <>+ +< Vin2 = Vin1
- 2 2 8 lss - P 2
Iss + Vin1+ Vin2

- 2 =

] |
1]
S
=3
N+
N
R
| +
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Half-circuit model for non-differential inputs

o [
M, M

Vin1— Vin2 g‘ }% Vin2 = Vin1 élss
2 - é[ss - 2

i Vin1 + Vin2 +
2 -
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Half-circuit model for non-differential inputs

Vin1 - Vin2 + + Vin2 - Vin1 é ISS
2 - Iss - 2

Vout1

Vin1— Vin2 é” M,
2 —
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Degenerated differential pair for improved linearity

X Vbop
Rp Iss
+ + L e A

Vin1 Vin2 '

L ! Vop-Rplss =
Iss  Rp1=Rp2=Rp : : ’ : -
— Rs1=Rs2=Rs ~AVin2 —AVin +AVin1 +AVin2 AV,
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Degenerated differential pair for improved linearity

X Vop =
Rplss | i
VDD_— ----E---------.E. ........
N + 2 . .
Vin1 Vin2 ' ;
et Vop-Rpss :

Rp1=Rp2=Rp

. . . . -
RS1 = Rsz = Rs —Avinz ‘Avin1 +Avin1 +Avin2 AVin

half-circuit: 1A, = L : . :
vl — 7 v’ the circuit trades gain for linearity

— + Ry

Em
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Common-mode response

= An important advantage of differential amplifiers is their ability to suppress the
effect of common-mode perturbations
= |n reality, the circuit is not fully symmetric nor does the current source exhibit
an infinite output impedance
= As aresult, a fraction of the input CM variation appears at the output

Rp Rp
Vout1 X Y Vout2

TTE % ]
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Common-mode response

= An important advantage of differential amplifiers is their ability to suppress the
effect of common-mode perturbations
= |n reality, the circuit is not fully symmetric nor does the current source exhibit
an infinite output impedance
= As aresult, a fraction of the input CM variation appears at the output

Vbp Vbp

Ro  Rop Ro
out1 out2 X Y ’ Vout
Vin,cM My [ M Vincm © .|_,| Il_M;  Vinem o—{[_ M1+ M

1P P Rss
%Rss Rss / =
A=y =0
L 4 - a . Vou
e Vin,cm
v In a symmetric circuit, input CM variations disturb the bias Rp/2
points, altering the gain and possibly limiting the swing = - 1/(2g,) + Rss
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Assume that (W/L), ,=25/0.5, p,Cox=50uA/V?,

VTH =0.6V, )\=Y=O, and VDD=3V.

s What is the required input CM voltage for

which Rgg sustains 0.5V?
+ Calculate Ry for a differential gain of 5.

* What happens at the output if the input CM

level is 50 mV higher than the value
calculated above?

MS
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é Vbp Assume that (W/L); ,=25/0.5, inCox=50pAN2,
=Rp Rp

VTH =0.6V, )\=Y=O, and VDD=3V.

Vout1 o—e X Yo—oViout2z ** Whatis the required input CM voltage for

which Rgg sustains 0.5V?
:_"_o V,,, * Calculate Ry fora differential gain of 5.

* What happens at the output if the input CM

|D1 = |D2 =0.5mA

level is 50 mV higher than the value
calculated above?

21pq
— Vis1 =Vis2 = % + Vry

\ UnCox f

=123V

Vincm = Vgs1 +05V =173V

MS
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é Voo Assume that (W/L); ,=25/0.5, tnCox=50pA/N2,
Voy =0.6V, A=y=0, and Vpp=3V.
%RD Rp TH Y DD

Vout1 o—e X Yo—oViout2z ** Whatis the required input CM voltage for
which Rgs sustains 0.5V?
Vin1 M M V2 < Calculate Ry, for a differential gain of 5.

" o_“: ! . 2 :'II_O n2 * What happens at the output if the input CM
level is 50 mV higher than the value
calculated above?

1mA ¢ = Res

gm = 2unCox(W/L)Ip; =1/(632Q2) — Rp =3.16kQ
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é Voo Assume that (W/L); ,=25/0.5, pnCox=50uAN2,
V14 =0.6V, A=y=0, and Vpp=3V.
=Rp Rp TH Y DD
Vout1 o—e X Yo—oViout2z ** Whatis the required input CM voltage for
which Rgg sustains 0.5V?
Vin1 M M V2 < Calculate Ry, for a differential gain of 5.
" o_“: ! . 2 :'II_O n2 * What happens at the output if the input CM
level is 50 mV higher than the value
< calculated above?
1mA ¢ = Res
Vbp
= Ro
Rp/2 >
D V.
|AVx y| = AVin,cm ot

Rss +1/(2gm)

= 50mV x 1.94

= 96.8 mV

MS
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Common-mode response

» The finite output impedance of the tail current source results in some CM gain in

a symmetric differential pair: usually a minor concern

» More troublesome: variation of differential output as a result of a change in CM

input, due to asymmetry (mismatches) of two sides during manufacturing

MS EE 320
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Common-mode response

» The finite output impedance of the tail current source results in some CM gain in
a symmetric differential pair: usually a minor concern

» More troublesome: variation of differential output as a result of a change in CM
input, due to asymmetry (mismatches) of two sides during manufacturing

R
AVp = > 1 AVipcm

R -
ss + 2
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Common-mode response

» The finite output impedance of the tail current source results in some CM gain in
a symmetric differential pair: usually a minor concern

» More troublesome: variation of differential output as a result of a change in CM
input, due to asymmetry (mismatches) of two sides during manufacturing

Vbp R
AVp = 53 AV,

RD RD+ARD P in,CM

Rss + —

Vout1 X Y Vout2 28m
8m
. AVx = =AYV, R
Vm,CMO—T—| M, p M- I—‘ X n,CM1 +2ngSS D
*
AVy = =AVi,cum S (Rp + ARp)
Res 1 +2gnRss
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CM noise in the presence of resistor mismatch

= The common-mode response of differential pairs depends on the output
impedance of the tail current source and asymmetries in the circuit

» Two effects: variation of the output CM level (in the absence of mismatch) and
conversion of input CM variations to differential components at the output

= The latter effect is much more severe, so the CM response should be studied with
mismatches taken into account
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CM noise in the presence of resistor mismatch

= The common-mode response of differential pairs depends on the output
impedance of the tail current source and asymmetries in the circuit

» Two effects: variation of the output CM level (in the absence of mismatch) and
conversion of input CM variations to differential components at the output

= The latter effect is much more severe, so the CM response should be studied with
mismatches taken into account

MS EE 320 31



Common-mode response with input pair mismatch

» The asymmetry in the circuit comes from both the load resistors and the input
transistors, the latter contributing a typically much greater mismatch

» Due to dimension and threshold voltage mismatches, the two transistors carry
slightly different currents and have unequal g,,

Voo Vbp
Rp Rp % Rp Rp g
Vout1 X Y Vout2 X Y
M M,
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Common-mode response with input pair mismatch

M, M,

Vin,cm M, M3 Vin.cm o— r— o |
m2
G 5

(8m1 + 8m2)Vin.cm — Vp)Rss = Vp

(gml + ng)RSS

Vo =
d (8m1 + &m2)Rss + 1

in,CM
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Common-mode response with input pair mismatch

M, M,
Vin,cm M, My Vin,cm © %{: r— mq;II
I
P
A=y =0 %Rss %Rss
(8m1 + &m2) Vin,cm — Vp)Rss = Vp Vy = —gm2(Vin.cm — VP)RD
—8m2
(8m1 + &m2)Rss -~ = RpVin.cm
Vp = Vin -+ Reo 41 ’
P = e g Rss 41 mCH (8m1 + &m2)Rss
8m1 — &m2
! Vy — Vy = — = = RpVincm
(8m1 + gm2)Rss + 1
Vx = —8m1(Vin,cm — VP)RD
_ AgnR
8m1 mi\D
= RpVincu Acy-pm = —
(gm1 + gm2)Rss + 1 (8m1 + &m2)Rss + 1
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CMRR: common-mode rejection ratio

» For a meaningful comparison of differential circuits, the undesirable differential
component produced by CM variations must be normalized to the wanted
differential output resulting from amplification

= “Common-mode rejection ratio” (CMRR) defined as the desired gain divided
by the undesired gain

A
CMRR = ‘ bM ‘

Acym—bpum

Rp1 Rp2
out1 out2 out1 out2
Vin, CM M,

= Rss

Rss
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MS

Rp1 Rp2
Vout1 X Y Vout2
M, M, I__l_
Vin1 y -
5 Rss
EE 320 36



Recall: differential gain

Rp1 Rp2 Voo
Vout1 Vout2 ;Rm
Vout1 Vourz \, I:T—O Vx
|n1 M, in1 o—]{[, My
|n1

RD 8m1 + 8m?2 + 4gm1gm2RSS

|Apum| =
2 1 + (gml + ng)RSS

"

Rp1 Rp2
out1 out2

= Rss

MS EE 320
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Recall: common-mode gain

l L Vbp
- RD RD :»
Vout1 Vout2 X Y
M, M,
CM M, cmo—HE |
|n |n > I o 5 I_:

P
A=y =0 Rss Rss

AngD
(gml + ng)RSS + 1

Acv-pmM = —
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Ap
CMRR = ‘ M ‘
Acy-pm
8m1 + 8m2 + 4gmlgm2RSS
CMRR =
2Agm 2ngSS > 1
~ 5™ (1 + 2 Rss) !
Agm
CMRR ~ 2g2 Rgs/Agn
8m = (gml +gm2)/2 Agm = 8m1 — m2 — 2ngSS

)
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CMRR

indB: CMRR(dB)=20log

A
CMRR:| bM |

Apm |

ACM—DM CM-DM

CMRR should be as large as possible
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Differential Pair with MOS Loads

Ay = —8mN (g;}J”rONHrOP) Ay = —gmn(ronlrop)
~ _ EmN
8mP
A ~ ,u/n(W/L)N
’ up(W/L)p
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Cascode differential pair

» The gain of the differential pair with current-source loads relatively low, in the
range of 5 to 10 in nanometer technologies

» increase the output impedance of both PMOS and NMOS by cascoding

MS EE 320
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Cascode differential pair

» The gain of the differential pair with current-source loads relatively low, in the
range of 5 to 10 in nanometer technologies
» increase the output impedance of both PMOS and NMOS by cascoding
» increases the differential gain at the cost of more headroom

Vbbb Vbp
M; Mg
Vb3 e} jll_ ] Vb3 .—I M7
Ms Mg
Vb2 —{= <ol V2 e[ Ms
o——oVoyto—e ——o Vout
Vi, o—H= | V, M
o s b1e—[ M3
V. o—][, M M3 l:_ll—‘ Vin °—||.ELM1
in
*
° =

: [1401 % gunil(gm3r 03700 | @msrosron)]
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