EECE569 Analog IC Diff pair with MOS diode load Ch 5

Voo A, = —8mN (g;}J“rON “?‘OP)
:"_ ~ EmN
$_ EmP

) A= _\/IUN(W/L)N :(VGS_VTH)P
’UP(\N / L)P (VGS _VTH)N

Trade—off between gain and Vout range
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EECE569 Analog IC Diff pair with MOS diode load Ch 5

gm: \/Zlucox' ID VGS _VTH

2
5x reduction of ID (M3, M4) => gmP reduced 5x =>
5x gain increased with the same Vout range (Vgs—Vth fixed) )

Razavi




EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

VDD
input: differential signal
M4 | I (M output: single—ended
o VO
Y © i | il Mz _| l ° Ve
DC bias——| M3 M4, M5: active load
j— (1) x2 differential mode signal

I (2) Cancel common mode signal
SS



EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

Voo Common mode input
(Vi1 = Vi2 = Vic)
il Vo=

| ——— Current mirror operation of
1 active load(M4, M5)

1 1 > Yo ~=Vic / (2 x ro3)

Vo | M1 M2_|| ° ¥,
(Vic) \ \ (Vic)

DC bias}—l M3




EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

Vop Ditfferential mode input
(Vi1 = 0.5 Vid, Vi2 = -0.5 Vid)
Mﬂo %@5 =>Vo = gm x Ro x Vid

Current mirror operation
— of active load(M4, M5)

|
1 T — °Vy
I 0.5 x gm x Vid

Voo | M1 2 || ° ¥,

—% %

(+0.5 Vid) (0.5 Vid)

DC bias}—l M3




EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

Apply the Gm Ro method Small-signal analysis (Ro)
TIT
Toh2  MAJp—Y—d[ M5 1o
,TQ [ I
= S
2 X
f02 i_
g,
TIT " TIT
k|
§f03




EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

Small-signal analysis (Ro)

Yaaa
f04§ §f54
. N
144 S
R
T2 M2 || ()Y
—‘ Ml §],.01 T
Vaaa Y
i,
] "~
O S




EECE569 Analog IC 5.2 Active load NMOS differential pair Ch5
N Small-signal analysis (Ro)
r04§ §FS4 R
Tl'zl “ - i'2
R,
rpp: M2JF— D Vx
4' M1§f01 " 1
7T - 7 R4 - rS4 H r04 ~ rS4 -
; Oma4
1 R 1
R TR R = N
S ? R 1 l'o1 Om1
TIT gml + -
Fo1
Ry = lo3 H Ry = lo3 H g = Iy



EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

N Small-signal analysis (Ro)
r04§ §fs4 P
T1'4 e - i'2
R, !
rp: M2lF— DV
%%Mlérol -
i
7] T 1, = 1y - o4 ~ i, o~ .
Ry Pl R, * ; l'sqg + Tog : ;
R2 — gm2r02 ) Rl + r02 + Rl — gm2r02 . rsl T+ r02 T rsl ~ 2r02

VX . VX
R, 2T,




EECE569 Analog IC 5.2 Active load NMOS differential pair Ch5

s Small-signal analysis (Ro)
faZ  MAI——I[M5 F7s
T4y ! je
Rﬁl;/r L R
r +
—{[ M1 =r,; ] M2_—— B,
T Vl T
Rj T




EECE569 Analog IC 5.2 Active load NMOS differential pair Ch5

I Small-signal analysis (Gmad)
Gmd: differential mode transconductance
1”04 é N - | ‘ r
ViE |} jws
| T4 [ i1 Tl v, =0
T/
1| | L
Vig | %]’ 1 oo | — Yig.
é— ® | M1 l 0 M2 | ® 2
L S S
§ I3




EECE569 Analog IC 5.2 Active load NMOS differential pair Ch5

1 Small-signal analysis (Gmd)
Gmd: differential mode transconductance
1’04§ L < §f05
M4]p [ M5
1y I51 iy VoV
1) | g
V%O—'_Ml 1]’01 Sr02 M&}——o_%
- iy = —ly = Vig /(rgq +Ts2) = Vig /(2rs1)
) ) ) ] ] ) ] Vig
log = —I5 —lp = —lg—=lp = hh—-lp = — = QmVig
I's1
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EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

Small-signal analysis (Gmc) Gmc:common mode transconductance

E

VA i1 ] =0
1% L =0
& 1, Yo TIT
51 52
Vo [ M1 T M2 .V
! NN v, « I 1c

= 1 ~= i2 ~= vic / (2 x ro3)
Iy . 1 i1 slightly smaller than i2

loc : very small negative
T T 13




EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

Small-signal analysis (Gmc) Gmc:common mode transconductance

rut L Lol
04T s4 I , s
1
5
v P .
i Fs4 0 / I =0
PR 0
V:
o)
]OC TTT
]1 J J ]2
I/JC O ]ll g o l].2 o) I/'].C
§f51 ;1’52
V3
§1’03
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EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

Small-signal analysis (Gmc)

Iy . V3 —Vy
Tot fsl rg oL Vg = [— h +r—j‘(rs4 | Yoa)
TJ}S ol
AR =0 .
~ . =0 . I I
: O e ) [ paa L
V:
0 ol
— Vg =
Inc TIT * Fsq H Vo4
. 1+
1.1 J WD rol
Vie o———— érd o ——— Vi¢
n | RL
§f51 §r52
V3 .
Since v4 <L v3, assume v4 ~= 0
rOS
2(rol H l'o2 H r03) -
TIT V3 iC ~ V|C

ls1 + 2(rol H M2 H r03)
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EECES69 Analog IC

Small-signal analysis (Gmc)

Ch 5

14@ i i Intuitive way of deriving Gmc
Fog 2 1y ;
7 ' T4 7 2(rol r02 H r.03)
° Vg = " Vic Vic
X =0 1 =0 rsl + 2(rol r02 H r.03)
~lgy T 1'5 - V.
v,=0 l, = _1c
— r
] I, TIT ] 03_ rs4
Pl i I, =~ 0.5-1, -(1—0.5-r—)
Vic rOl f02 . V. . . '9314
. l RS ly,, =~ O.5o|3-(1+0.5-—)
I's1 I'y r01
: . § I
V3 i,=i=—05-i,-(1-05-2%). (1—- =%
ol 04
o I rs4 rs4
z—0.5~|3-(1—0.5- " — " )
TIT ol 04
: .. : 1 1 —V.
- - _ IC
b — _|5_||v|2—_0-5|3'rs4‘( + )—2
r01 ro4 r03 "Oina '(rol ” r04) 16



EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

Details of deriving Gmc

Iy _ I I
- 1”54@ 1”55£ 2r " —l - (5q H fo4) + i Hl i -
v = ) 1+ s4 || o4
| ’ / Ni 1 =0 Fo1
v =0
—— T 2(r1 | Foz | To3) v o~ v
foc TIT ° g + 2(rol H Fo2 H r03) ° y
nd > 2
r
e A 1z "
385 $re Vi Vi
i = i, ~ i ~ -
’3 rs1 + 2 (rog H o2 | To3) 2 (Fo1 H fo2 | To3)
oo v 54 H lo4 1 1
, = SV _
T 14 Fs4 | o4 for  2(rog H fo2 || o3)
lo1
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EECES69 Analog IC

5.2 Active load NMOS differential pair

Vy

54 H lo4

1+

rs4 H r04

rs4 H r04

Vo1

A

rol

]

Ch 5

Details of deriving Gmc

1 1
lo1 2(rol H l'o2 H r03)

1 } if r,=r,
21,
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EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

- D : _—
b N 1”55%, %% etails of deriving Gmc
05
e VI I (0
v, =0
T
I v v Iy
o o1 To2 .
£l $reo
V: I I 1 ]
3 V4 _ s4 H 04 ’Vic’{_} if r01:r02
$I3 1+ r54 H r04 2 r-03
TIT Fo1
i _ VY Vic | 1 i lsq H o4 _ Vic .(_ 1 J 1
oo - 2r, r
r4 I"4 I"4 2r3 r4 1+rS4Hr04 03 1_,_574
S 1+ S H 0 0 S oy »

r.01

{_%}{1_@4 r°4_rs4] e (i e ) {_E}. i
2r03 rOl r04 2r o3 rol r04 2r03 gm4(rol H r04)

19

Q




EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

Details of deriving Gmc

=
Tor Ts4 L I'es é £1” 05 T

T TJ})
V, = .
N - =0 . 1 0
v, =0
Lo THT
no > I
rol 1”02 '
Vie o i l é iJZ — Vie
2 Fal Sl
V3
;1’03 V3 V
IC
IOC = —I5 —ly +——= —I4 _Il +—
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EECES69 Analog IC

Q

~Y
~yY

. v
—ig — iy, + —— =
lo2

o T
ViC . {1 -
(Zroi% gm4(r01 H r04)
Vic . i N iy 1
2ro3 Oma (rol H r04)
V., - 1 (1_ 1 ] —
2ro3 Oma (rol H r-04) 2

Vic

_i4

5.2 Active load NMOS differential pair

Ch 5

Details of deriving Gmc

Vic

— Iy +
o2

1 1
— +
2(fo1 || oz | To3) r02]

1( 1 1 1 1
=— +—+ + —
2 r01 r02 r03 If'02

1 .
if r,=r,
r03

) 2r03 ) {gm4(rol H Iro4)}
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EECE569 Analog IC 5.2 Active load NMOS differential pair Ch5

Small-signal analysis (Gmc)
V.

" 2r03 ' {gm4(rol H r04)}

CMRR = %‘: = gﬂmigz = %ﬂ :(nglro3)'{gm4(rol H r04)}

CMRR(active load) = CMRR (R load) % O (Tt | Toa)

22



EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

Active input common mode voltage range
VDD

M4 | P 4[M5

o VO
Vie— M1 M2 [F—— 1,
DC
bias H M3
Vs

Vss +Vpsata +Vosatt + Vo1 <Vic <Vob —| Vosata | —| Vina | + Vs
23



EECE569 Analog IC Summary : Differential pair with active load chs

VDD
input: differential signal
M4 | I (M output: single—ended
o VO
Va© i Ml MZ | l ° Vg
DC bias——| M3 M4, M5: active load
- (1) x2 differential mode input

Vee (2) Cancel common mode input

24



EECESLB9 Analog IC

Summary : Differential pair with active load Ch 5

CMRR = Ad
Arc

GindRo

GincRo

Gng
Gine

=(20m1103) - {9m4(r01 H ro4)}

_25
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EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

Active input common mode voltage range

v
. PMOS input diff pair
6 | 'M3
D
Ves
V=M1 M21 V),

VSS +VDSAT.4 +VTH 4 NTH.l‘ i VIC i VDD B NDSAT.B‘ - NDSAT.l‘ B NTH.l‘ o



EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

Active input common mode voltage range

NMOS input diff. pair

A
A 4

PMOS input diff. pair

IR A

27



EECE569 Analog IC 5.2 Active load NMOS differential pair Ch5

Voo input offset voltage
M4 | b M5 _ _
4] il Vos = Vii—Vilog =vp)
%1
o) VO

Vpo——| M1 M2 [F—— 7

Vos = Ves1 —Ves2

bias - = (Ves1 —V7u1) — Ves2 —Vru2) + Vi1 —Vrw2)

28



Ch 5

EECES569 Analog IC 5.2 Active load NMOS differential pair

input offset voltage

V= (VGS — Vo )1,2 _{AIDLZ _ A(\N/L)1,2}+ AVTHl,Z
2 |D1,2 (VV/L)l,Z

Iy = 2£,Co - W/L) - (Vs — Vi )?/2

1
Inl, = In (Eﬂpcc’xj+ INW /L) + 2In(Vss — Vo)

Alpys AW/L)s5  A(Vgs —VTH)as

lpss  W/L)4s +{(VGS _VTH)4,5}
2
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EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

input offset voltage

Ves —V1H )12
Vos = AVryio - —AVrh45
Vos =V1H )as
N Vs —Vrr )12 e AW /L), . AW /L) 45 |
2 - W/L)1, W/ L)ys

Vs _VTH)l,Z/(VGS ~Vig)as = gm4,5/gml,2 = \//lp(W/L)4,5/{ﬂn(W/|—)1,2}

Hp '(\N/L)4,5

n' L
tn - (W /L), For small offset

[y AW /L), AW/L)ys
- A ’ P (W/L) a5 << W/L)y,
+\/2ﬂncox(W/|—)1,2 { W /L)1 i W /L)4as } 45 322

= AVqy12 + AVryys \/




EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

5.2.6 Low frequency PSRR of CMOS active load diff. pair (*)

PSRR : power supply rejection ratio

PSRR™ A A
~ | Vo/Vad
PSRR™ A A

Vo / Vss



EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

Voo Low frequency PSRR

lgs <> I\/Mjl IEM5

32



EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

Low frequency PSRR +
T
é?vdd
M4 ]| [ Ms
| '
777
— 1 M2
TIT V3 T
—{ M3

33



EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

@\} Low frequency PSRR +
dd
Foa = Iﬁ% Fes 1,<J =los
Iy lovad
Ri—1 I o
P, Rio = Tty ~
r, : 12 s2 || '02 2
—i [ Ml . : T, i
TIT
L3 Riz = T3 H Rio =~ Ty
= =
Ri3 §r03 R,g
- Ri1 = Omilor - Ri3 +To1 t Ri3 — 2r01 + I = 2r01
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EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

= h Low frequency PSRR +
PV
i = Vdd __ Vdd
Fog = ig131y, i, <t = g (¥ H ) + Ry (9 H ) + 2y
N _ _ V44 Vg
1 loydd o o
Riy— i 1 lsq + 20y 2l
r, = 2
—1LMl °2 : I, h i4 — il' l'o4 ~ il
. “ rS4 + r.04
3
. . . r _
IlL — ﬁ I3 = I 05 ~ I
Ri3 = o3 Ri2 (rSZ H r02) + r03

TTT

. V . . V . 1 1 V
ovdd 4 — 13 1 dd
Fos Fos r'os  To1 Fos H Fo1
35




EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

C—DV;J7 Low frequency PSRR +
+'Vad
r04 s |4T% rs4 Iy 0 = r05
! il loydd
Ri1—¢ I3
r. s vl v v v v
4i M1 02 ﬂ | I dd n dd  _ dd _ dd
TIT 7 rsz > Fos5 Vo1 Fo1 H Fos5 Fo2 H Fos5
Llg .
1 mvdd —_ — —
Rif < 3 RC Vdd r'02 H r'05 Ro
" Aw = Gpw R, = +1

PSRR™ A Ag/Agw = Ag
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EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

nE Low frequency PSRR —
Foa = rs4§Ti4 = I R, 1 (1+ rs4H r04j
i1 = '
. 1 r
Im/qq gm1+— ol
I I fol
Va Foal
] ] _ 11 s4]| "o4
I, | | i, (ra H lo1) [ + -
: 7Fo1 oz _ 54
i) =r, _ _ Fsz= | 1, ~ (Vs | o) - 1+r_
|5 V3 |6 ol )
? - Rio = Ts2 | Foz
11

' Riz IR 1 1 I, 1 h
r03§T|3 i1H i2 = r51H rol.[ _rolj_l_r52 H I

(DVss _ { i ( _rs_4j} o TIafTa ls1
rsl r01 r1 ~

T ° 2 2




EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

e Low frequency PSRR —
LY V= i4 =fs <1 i4 i, = Vss
! ° _ lhs + (R H Ri2)
- IO&/QQ
s 3 L Vs Vs
_V4 _ o3 + (rsl/z) Io3
R
- =Fo1 Foo? A o = I3 IlR
Iliirsl _ sz | 1, i1 T N2
I VvV, |
T 6? s = 13 Riz
?Il Ri, Ri1 + Ri»
- S SR 4
(D) Vss lp =I5 ~ &5 [ __j
Iy +Ty I
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EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

i Low frequency PSRR —
Vog = rS4§Ti4 =I5 %>i4 . ] Foa | ( rS4j
i I loyss 7_/[7 rs4 + r04 r04
v, °
4
<Y h lovss = — g T 6
F ér01 I’Ozé ]
'1i§rsl o o= |, B R R Y
5 6 = AL VA B
3 Ril + Ri2 = 2 r04
? [
i1 Ri
ros 3711 i r r
il e O rol)'[ . S4j
%Vss Rip + Riz for  Toa
i3 rS4 rS4
~ -(rg rl)‘£—+—j
2-(ra | ) K o1 Tos
~ Vss rS4 Vss

2153 (Fy H lo4) 2 Fo3 {Oma (For || To4)3
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EECE569 Analog IC 5.2 Active load NMOS differential pair Ch 5

— Low frequency PSRR —

i | ~ Vss
) 49% 0VsS
V, 's ls 2 o3 '{gm4(rol H r.04)}
< 2l
” o1 oot + :
Ill §r81 _ _ = | l, G A lovss  _ 1
I5 V5 lg Vs 2153 {9 ma(Fo H lo4)}
? [
i1 RIZ
r03 z T |3
PSRR™ A | | _ | A
AVSS A‘VC 40




EECES69 Analog IC

Differential pair with R load Ch 5

Voo

l ° Vout1
Vin1 < ) I

Differential mode
Same as CS amp

)
Rp Rp
Vout v
Vine—[L M, M, o Vin2 DD
Vb .—I M3

c, Rp Rp c,
L 0 Vouro—I
VII'I CM©o Il_.l I Mz
P &
M, )
$r03 = cp
— —

Common mode
Pole at P decides HF response.
If this pole << output pole
= Degrades HF CMRR too much

Razavi
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EECE569 Analog IC Ditferential pair with R load Ch 5

Voo
CL Co Common mode
| ol
L 1 Zero at node P : 1/ (ro3 * Cp)
Vin.cm o Il-l ) Pole at P decides HF response.
M, If this pole << output pole

=» Degrades HF CMRR too much

Cp : Reduction of HF CMRR = Mismatch causes
HF common mode noise = diff mode

Razavi
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EECES69 Analog IC

Reduction of HF CMRR

Differential pair with R load Ch 5

=2 HF common mode noise = diff mode

Agm RD

|AcM—DM| =

\/1 = (8m3 g gm4)2

Cpw

Rss => 1/(s Cp)

More significant at high frequency
43

Razavi




EECES69 Analog IC

Differential pair with active load

Ch 5

Razavi
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EECE569 Analog IC Differential pair with active load Ch 5

Mirror pole (at node E)

Voo Voo
E 1
My ] [ m -
3j—I:E| | 4 ,_, TP Elc I,
= _T_ I E
ICL i
Vin°—|I:IM1 M, =

! l ¢ Vout
? W g, T CL =rop

45
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EECE569 Analog IC Differential pair with active load Ch 5

Vop
: %
ImPp M,

E

? * ° Vout
iy ‘g:J,x T %
1
Ve = (Vour — Vi) — LT EnF
CgS + gmp i

1
o gm4VE o Ix — Vout °(SCL +_)
rOP

Mirror pole (at node E)
Thevenin equivalent ckt

VX — gmN roN Vin
R, =2r,

ng +SCE

Razavi
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EECE569 Analog IC Differential pair with active load Ch 5

Vout
Vi -
_ gmNToN(28mp + CES)
~ 2ropronCeCrLs? + [2ron +1op)CE +10p(1 + 28mpron)CLls + 2gmp(ron +rop)

Dominant pole
Voo o 28mp(ron +rop)
& 2ron +rop)Cg +rop(1 +2gmpron)Cr

qon E
Imp :I; ||:f:IV14, il
1 (ronllrop)Cr
- ® . +—o Vot Mirror pole (at node E)
N g5 L
’;W\' U<JIX -CL érop a)pz ~ iniﬁ
S Ce

Razavi



EECE569 Analog IC Differential pair with active load Ch 5

Vout

I
Vin op
\V 4
gmNroN(2gmp + CES)

~ 2ropronCeCLS? + [Rron +rop)CE +rop(1 + 28mpron)CLIs + 28mp(ron +rop)

£ Negative real zero)
Due to fast path (M1,M2) +
My ﬂj—I—lli M, SRR IRV ER (7)
Ce Av(s) = Aslow(s) + Afast(s)
I CL Vout s AO ( 1 4 1)
Vin°_||-_>|M1 M :"“: Vin  1+s/wp \1+s/wp

? ’SS iy AO(2+S/wp2)
(I +5/wp1)(1 +5/wp2)

48
Razavi



EECE569 Analog IC Ch b5

Differential pair with R load

(1) Large signal transfer curve

(2) Small signal characteristic (Gmd, Gmc, Ro)

(3) Active input common mode range

(4) Input offset voltage

(5) Common mode to differential conversion due to mismatches

Differential pair with diode load
Differential pair with active load

Differential pair: frequency response
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