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2-Stage OTA with Cascode Compensation

References:

K. Nakamura et al, "An 85 mW, 10 b, 40 Msample/s CMOS Parallel-Pipelined ADC," IEEE Journal of Solid-State Circuits,
Vol. 30, No. 3, pp. 173-183, March 1995.

D.B. Ribner and M.A Copeland, "Design Techniques for Cascoded CMOS Op Amps with Improved PSRR and
Common-Mode Input Range," IEEE Journal of Solid-State Circuits, Vol. Sc-19, No. 6, pp. 919-925, December 1984.

o

M v,
C, - C,
A o Ll
] 2
T

Openloop Analysis
Given
vy>s>( Cp+ CC) +VyOns - Vo©Cc + Vs = 0

VZ>S)C2 - Vy>gn13 = 0

Vo{CL + Cg) - Vyp&Cc + Vpgmp = 0

. 9 N
€ (5 XCCo - 9m2>9m3) g
é- vx>gm1"é( 2 2 2 ) ~ U
& E\SOCPCLCy + SICPC Ce + 9CCL Y3 + S CCoCr + 9C2Cotms + Im’Om2Ce) . i
é CL + CC l.’J
Fi nd(vo,vy,vz) ® &- SCovYm > ( 2) u
é (s YCoxC >Cq + SCC XC + CCp >gn3 + S XCCo*Cq + 9CCgniz + gmg>gm2>CC) u
g (cL+co) 3
7 VeIm > > U3
é (s YCoXC XCq + SXCC >C + SCC >gy3 + S XCXCXCq + 9C»Cgni3 + gmg>gm2>CC) O
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(- Cz>Cc>62 + 9mg>9m2)

(9 =2
a(s) = — = g% N

Vx g(sz><:2>cL><:l + HCHCCe + FCPCL g + SOCHCC + SCHCoobma + gmg>gm2>CC) =

CoC
1- szx—c 2

a9 = Im1’Gm2’Om3 gm2’9Urm3

- 2

S &{CpCLCy + CpCCe + CpCeC) + { C2CL s + C2CoUma) + In*Ome’Ce
Om1 1
a(s) = %
2C¢ 2 CC >Cq + CC XC + CCXCq Co CL+C;
s* +ox—x——+1
Com>Om3 Cc om

poles:
Given

2 FEPC P C + CC L C + CCC10 afr CL+Cch

S S+—*x—=+1=0
e Cogmdms g eCc Im g
: .
Find(9 ® ¢- ! e o Co- CotmzCL + (CAIEICE + 2C s CoCL + ComsoC
& £2{CCCy + CPCLCe + CCC)(

pL=0 p2 = -w{1+yD) p2 = -w{1- yD)

C C_+C C_+C
Wy, = 2>gmg>( = C) = — gmg>( = C) - approximation Ci1<u<C¢C_
2{CpCCy + CpCLCe + CpCC1)  2¢CL{Cp + Cg) + CoCyl

0nACL+C)) _ na{CLrCo) _ ome 2 Cod

Wh = 0
" 2{CLCe +CoCy) 2CxCL 2C. & CLg

2,2 2 2 2 2,2, 2 2 2
_ CCLogmg + 2CCrgnms *Ce + C20Ce g3 - 4Cogm’gme’C2CLCr - 4Cegme’gm3 C2CL - 4Cegm g3 C2C1
2{CpCCy + CpCC + CCCy)

s
- 1- 2 - real zeros at +/- z (phase cancels)
a9 = . - pole at zero
S)C S . s . _ j
. ﬁ ] _Qﬁ ) _9 poles pl, p2 (usually close or complex conjugates)
e DPige P2g
g & Cc0
Wy = xl+—-=
2Ccg CLg
e 9m2°9m3 75 = - 9m2’Gm3 phase lag from RHP zero cancelled by lead from LHP zero
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Closed-Loop Analysis (k=g1)

Given

Note: strictly this is a multi-loop feedback circuit and the
Bode criterion (for establishing stability) does not apply.

VX)CTX - Vo)Cf = 0
vye{C1 + Cg) +VyOng - VooCo- it = 0
VZ)S>C2 - Vy)grng = 0

Ve Crg - VyCc - Vi Ct + gmp¥z = 0
Find(vx,vy,vz,vo) ®

*

- it
A 2 2
g(- SHCPC1XCry?Cr - SCPC7CryCe - 9Co

- SCA— 2
(- 5CoCroCoC: - $5CrCraCroCs -

1+ %

- It
2 2
(- SCHCTCrC1 - SXCPCT1oXCTC - C:

> (D> D> D> D> D> D> (D> (D> D> (D> MDD~

Ir Om1¥x
= — = e . «
T g leCx = 2 '
é é\-s YWCHCTXC1x*C1 - S XCCTeCrCe - ¢
A 2
xg (' CoCos + gmz’ng)
T= gml P

a = CpCreCra’Cr + CoCroCroCe - CpCrC1 - CoCrCo - CoCTCa
a = CpCreCrx{ C1+ Co) - CrCH{Cy+ Co) - CHCroCo

a= CpCA CroCre- G2 CoCry

b = CoCroCroting - CoCrne = GnaCaA CroCry - CF)

€ = gm’Im3>C1x°Ce

st} sO

(2 2 2 2 2 2 2 2.2
eE(S XCPCro>CryC1 + $CCTeCrxCc + 9CCroCrm3 - S XCCi Cp - $CCHC - 9CC Y - S Cc *CrxX

assume C1 << Cc

& 9% S8 p1=0 po = - wipl1+yD) ps = -w{1- yD)
1o Me Zge Z2gp
S o o
gﬁ_ _9,%?_ e 4 = Im2°Uns3 2= - Im2>Om3
e Pge P3g CxCe CCe
2
woe Dol 9m3>CZ)(CTo>CTx' Cf) Om3 1 _ 9m 1
= — == = =
2
2a 2 C2)Cc>(CT0>CTx - - Cc>CTx) 2C;  CoCr 2C, L Ce
CroCrx- Cf° Cro- PG
Im3 1
Wp, = %
2C, . Ce
Cro- PCt
2 ..
dax 4>Cz>Cc>(CTo>CTx -G - Cc>CTx) Im2’8m3*Crx>Ce g Cc CoCrx & CoCrx O
D=1-—=1- > = 1- e L 5%
b EQnﬁ’Cz’(CT&CTx - cfz)lL 9m8 ~2 CrpCry- Ci“ &  CroCrx- Ci' g
C CoC C 5
D:1_49m2x_cv c*CTx Zﬁ_ C 9
Ime C2 CroCrx- ¢ € CTo~ Plig



Im2
shorthands: Cyx = Cs+ Cs + Cj
Cro=CL+C.+C
Cs
Crx
Om1
u- Cc
Solution:
S . . S
p— ° g 297/ 20
= F"Nuvé Zige Z2g F>Wuvé Zige Zog
s sQ sO s 2
ﬁ?z_)ﬁ?{ 14> +i2
e ge a Qwr
Im2*9m3
Z1 ;=
CoCo
Im2’Im3
Zp = -
CcCo
Im3 1
Wy = %
2C. Ce
Cro- PCt
€ g2 C C & C ou
D= €l- deonx—° ¢1- ‘e
& G C2 Cro- PCr ¢ Cro- PCig

Cry = 875.352fF

Cro = 1.639° 10°fF

F=0.273

W,

2p

— = 397.887MHz
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Example:
closed-loop gain: c=2
devices: Omt := 1mS Ome := 3mS Om3 = 1.2mS
Wt = OS)GHZ)Q)p Wo 1= 2)VVT1 W3 = 2)VVT1
m1 m2 m3
Ci ::g_ Cz::g_ Cl::g_
W1 W2 Wr3
C; = 318.31fF C, = 477.465fF C1 = 190.986fF
feedback network: Cs:=C; Cs = 318.31fF
C2
Ci = — Ct = 238.732fF
c
load and compensation: CL = 1pF
Om1
Ce = 1.2—xC| C¢ = 400fF

WU

— = 397.887MHz
2p

Py,

—— = 108.515MHz
2p

4|

— = 690.988MHz
2p

2

— = -690.988MHz
2p

Wh

— = 320.098 MHz
2p

D =-0.588
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2
p2:= -w{1+D) 2— = 320,008 - 245.497iMHz
p
3
pa:=-w{1- yD) 2— = - 320,098 + 245.497i MHz
p
. . S & _
p(9) = argerl - — 2 2§ p(j>Fwy) = 24.712deg
& P2gé Padi
Fm(s = g - p(s) Phase margin F m(j >F>wu) = 65.288deg
Design Considerations
Closed-loop bandwidth: Wsgg = Py,
. . 9m3 1
Nondominiant pole frequencies (real part only): Wy, == %
2>C, Ce
Cro- PG
For 60 deg phase margin K=2 (approximate): Wy, = 2Kxvg4
Factor 2 since there are two nondominant poles)
oK E Om1 _ 9m3 1
c  2Cc Ce
Cro- PG
1 gm PCi- Cro 1 9m3 1
%% K —x— %
IF gm PCi- Cro+Ce F gm . Cc
Cro- PGy
K = 1475

Increasing K increases the phase margin.
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e2gl

&ou é
1 € o
0 = ~g- C2On
€2{CCCy + CpCCe + CCCy)(

2 2 2
L - #9m3dm>CoCCL>C1 - gm3*gnm2’Ce *C2CL - 4gm3*gnm2>Ce >Cz>C1)
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(52>Cc>Cz - gms>9m2)

u

C L

F o

2 2 2 2 2 2.2 : U

*Cro*Crdm3 + S *C>Ct >Cq + 8 2C>Ct C + 9CC g + S XC >CrCo - 9m2>9m3>CTx>Cc) o i
) .

(CTo>CTx - G ) 3

2 2 2 2 2 2.2 -

SCPC1oXCrygms + S XCCt *Cqp + $CC > C + CCr Yz + S *C XCry’Co - 9m2>9m3>CTx>Cc) u
u

2 .

(CTo>CTx - Gt ) u

2 2 2 2 2 > 2 ) L

»CroCrygmg + S XCCt Cp + 5°CC Co + 9CCt g3 + S XCe >Cr*C2 - Im2dm3*CrxCe U
2 U

(S CeCo- gms>9m2) G

2 2 2 2 2 2.2 P

SCPCTCrygma + S XCCi >Cyp + $2CC >C + 9CCr gz + S °C *CCo - 9m2>9m3>CTx>Cc) 0

Ct

[ b NN o e’

2ot 9m2>9m3>CTx>Cc) ’i
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2. 2.2 2. 2 2. 2.2 2
B3 Cc - CogmzCL - (Cz gms XCe + 22C2 g3 *CoCL + C2ogm3 CL™ - 4gm3dm2’CoC2>CLC1 - 4gm3gnm2’Ce *C2CL - 4gm3°Um
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