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ECE569 Analog IC 2-stage OP amp Ch 9

2-stage OP amp : pro =» high gain + high output swing

High Gain High Swing

2-stage OP amp :

con =» requires frequency compensation (usually
Miller(pole-splitting) frequency compensation)
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Fig 9.1.1 2-stage CMOS OP amp




FCE569 Analog IC ~ 2stageOPamp Ch 9

Small-signal gain
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FCE569 Analog IC ~ 2stageOPamp Ch 9

Systematic input offset voltage

Vig=Vip =0 > V=V,
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FCE569 Analog IC ~ 2stageOPamp Ch 9

Random input offset voltage

Omas . Vas =V, AW/L), AW/L),s| AV
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ECE569 Analog IC 2-stage OP amp Ch 9

Active input common mode voltage range &
Linear output voltage range

Input CM min: VSS +VTHI’14 +VDSAT 4 — ‘VTle‘

Mg || [ M3 (M7
Vi |
y TP GEIIERS V() = ‘VDSAT 3‘ - ‘VDSAT 1‘ ~ ‘VTle‘
i M g et |
- > Input CM: shifted toward Vss
@ %—H— T
Ipc R,

Ve 1@6

Output max:  (Vpp — ‘VDSAT 7‘)

Large output swing
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PSRR (diff pair) review
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FCE569 Analog IC ~ 2stageOPamp Ch 9

PSRR : not good due to 2"d stage

Y 1
v —= {A\/cl’gm6 +_}‘(r06 Hro7)
o Vad o7
ng _ Omé - (r02 H r05) n 1
. v . 2103 Om4 - (rol H Ifo4) lo7
— B o ety ,
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M4 }_—i M5 Viss
s v L R 3 Lo
0~ ss — ss
Vs r06 + r07 r06
PSRR™ = = A1 Grtos
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~ 2stageOPamp on 9

Equivalent input noise voltage

V-2 2
2 2 legn
Voo Viegn = Viegn1 T )
(Avg1)
ME | T— M7 5
Vs Vlzeqn — Vénl T VSnZ "‘[ ng j '(VSM T VénS)
Ve mi
i ol o et
FT(;L p
1o A F
Vs 1@6
: 16 1 Ims
Mg}_—i@5 Vpss |V|eqn(f)| :? kT g_ 1+ g
B ml ml

To reduce noise =» reduce gmb =» increase VDSAT5
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Vo Frequency response
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FCE569 Analog IC ~ 2stageOPamp Ch 9

Frequency response

Ce
Vi O( — ) | | %)
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7j7 /T 777 /77 /77 /7T /77

KCL at v6 and vo nodes
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(Gm2 —SCC) Vg + 9

~
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\ Rot

s(CL +CC)+RL}-V0 =0
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FCE569 Analog IC ~ 2stageOPamp Ch 9

Frequency response

CC
Ve || o
Vie (=) [ Yo
Voo (+) R TG Ry TG
7_I7 777 77T 777 777
Gy (Vi — Vi) Gz Ve
Agy(S) = Vo (GruRor) - (GmaRo2) - = sCc/Gnp)

Vio —Viq ~[1+5{CLRo2 + CiRot + Cc - (GraRozRo1 + Rt + Ro2)}
+5° {CiCL + (G + Cp) Ce} Rz



FCE569 Analog IC ~ 2stageOPamp Ch 9

Frequency response

Vio —Vig {“ §-{CLRo2 +C1Rp + Cc - (GmzRo2Ro1 + Ro1 + Ro2)} }
+5% {C1C +(Cy + C) Cc}- RotRo2

v G1Rot) - (GmaRoz) - (L= SCe /Gy
Agy (5) = —0 (GmiRo1) - (Gm2Ro2) - A — SCc /Gyp)

S S
Adv(O)-[l—Z] A (0 -(1—Zj

Adv(s) = S 1S A S 82 1
(1_j | (1] S,
P P2 Pr PPy

Dominant pole approximation: \p1\<k:\p2\

-1 -1
P = R
CC ) (GmZROZRol + Rol + ROZ) + CLROZ + C1R01 R01 | Gm2R02 | CC
0, = +1 —Gm2Cc 7 =+ G

pr-{Cc(C,+C)+CiC JRyRy2  Cc(Ci+CL) +CiCy Cc 14



FCE569 Analog IC ~ 2stageOPamp Ch 9

Aw(0)-[1- Aw(0)-|1-
Aw(S) = . ~ 21

1-> ] [1- > - > 4 O

P1 P2 P1 PP

Table 9.1.1 Frequency characteristics of 2-stage OP amp for C, >C¢ >>C;

Parameters
‘Adv(o)‘ pl P, 4] W7
Equations C ek 4 G, +Gm2 ch
mi1™o1 " °m2No2 Rol'Gm2R02°CC B CL CC CC




FCE569 Analog IC ~ 2stageOPamp Ch 9

G, =176x10"° G_,=1.94x10"° R, =648KQ R, =155KQ C =10pF C, =2pF

Ay, (0) = 3425(71dB) p,=-257K-rad/sec ~ p,=-194 M -rad/sec
z, =+970 M -rad/sec wr =880 M -rad /sec

71dB

-45 1+

_90 -

-180 1+

ph{pﬁv(ijdB)} =-90" - p{l— %} 4+ p}-{l_ J%dB
2

‘phase margin(unity-gain fb) = 2 deg - requires frequency compensation 15



FCE569 Analog IC ~ 2stageOPamp cn 9

Cases which require frequency compensation
2-stage OP amp: Cascade of two gain stages

Non-dominant pole > Unity gain frequency

1 < GmlRol ' sz
ROlC]. CL

If Rol is small, even the cascade of two amps does
not satisfy the above condition

=» Does not need fregyency compensation
=> It Is considered as a single-stage OP amp 7




ECE569 Analog IC 2-stage OP amp Ch 9

positive real zero

Feed-forward through cap in an inverting amp
=» Positive real zero
=» Degrades phase margin

G

ml

K, o . o Vo
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FCE569 Analog IC ~ 2stageOPamp Ch 9

Two methods to eliminate positive real zero

Eliminates feed-forward path =
eliminates zero

—

O
Val

v jROI Gm2 Vol v 7—/E]?oZ
77T

777
Rz > 1/Gm2 =» changes feed-forward polarity =»
postive real zero changed to negative real zero

19



Ch 9

ECE569 Analog IC

B e g
w—
O——
GmlRol . o Vol ] o Yo
O——
R 1
7 1 Cl GmZ V0< § R02 ::CL
777 7
777 7 7
V Gm2 1
Ic, = - 1 = GmaVor 1= C ' 1-G R
RZ + — C —Mm2 TNz
SCC Rz > 1/Gm2 =» changes feed-forward polarity =

postive real zero changed to negative real zero 20



ECE569 Analog IC 2-stage OP amp Ch 9

Frequency compensation (SPICE simulation results)

(1) No frequency compensation
(2) Frequency compensation with a 2pF capaci tor

(3) Frequency compensation with a series connection of 3.1kohm resistor and a
2pF capacitor

VDD @
M4ﬁ @ <
M
© [T M6
—|[T ™8
&ﬁng M2 ] S ECE
I @ CC @
|
©
v
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c0E569 Analog I [ 2-Stage OP@Mp (Open 1o0p freq response) T cn o

gllagnltud Pdhase
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c0E569 Analog I [ 2-Stage OP@Mp (Open 1o0p freq response) T cn o

phase
ook P n o TN
2r 27 27 27 27 i
(1) -740 -16.5 - - 125
No freq KHz MHz MHz _7°
comp
(2) Freq -37 -30.7 - +154 59.7
comp with KHz MHz MHz MHz +1.6°
Cc
(3) Freq =51/ -30.7 -160 -30.9 115
comp with KHz MHz MHz MHz MHz +59°
Rz, Cc




c0E569 Analog (c |2-Stage OP @mp(freq response:unity=gain o) cr o

Magnitude Phase
[dB] [dB]
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i i i i i ' -180
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)| e :,....................%.....................:....................1:.....................§ ............. O— i i i i i
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f[Hz] 124



2-stage

e
o— 1+

0.2 mV

~0

(1) No freq compensation (PM=-7 deg)

(2) Frequency compensation with a 2pF capacitor (PM = +1.6
deg)

(3) Frequency compensation with a 3.1kohm<] resistor and a

2pF capacitor (PM = +59 deg)

de-4

2e-4

le=-" 2a="] Je=" de="
(a)
I
| ]
VNADAAS e :
| i}
| | | | ]
0 2e=" de="] be-"7 Se-"7 le-6
(b)
| N
| |
0 4e-9 8e-9 1.2e-8 1.6e-8 2e-8

(0)

25



c0E569 Analog (c |2-Stage OP @mp(freq response:unity=gain o) cr o

S
Adv (0) ) (1 - Z)
Agy (5) = :
il
Py P2
1-° 1-°
A =20 7 . 2
14,0 1-s- 1 -(1+1+A*V(O)j+ | 1-s- 1 -(1+1j+1 + s*
1+ Ahv(o) ST ) Z (1+ Ajv(O)) P P, Ajv(o) G Z Adv(o)' P P,
1- > 1
Af (S) — S il 32 Do = \/AdV(O) ) pl ) p2 Q = _ pl _ p2 0)0
14— —+— - B .
Wq Q Wq 0 1

Positive real zero: increase Q = less damped

Negative real zero: decrease Q = more damped



£0E569 Analog (0 2:Stage OPamp (Stepresponse:unity=gain by cr o

1
Wy = @ - 1—4Q—2

=§-In Am

L —
Wy

E

increase Q =» increase settling time

¢ =tan

- L
4Q

1,9

2Q 14

L

Single pole case



£CE569 Analog IC - 2-stageOPamp ch 9
Slew rate limitation due to Cc
V[(Z') - o | Vo(t)

-
Ve

v, (D)

g
tr=0
VO(Z') V4 SR A dVO Iﬁ
=t Cc

=0

\

A

I I
Vo(t) = (\/oItageacrosch) +Vpss +Vss +1sR, = % T+1lss Rz +Vo (t=0) = % T+ 1Iss Ry

C

C
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ECE569 Analog IC

Ch 9
Slew rate v
DD
SN <« <«
Ms!| 1 M7
l[55
Va - — Vi2 v, 1
[ R V7 [ P I On—
@> | | L
Vﬁ IMG
Ml Vs RE 4| ~c.
_ max C
Vss | |
V, (t) = (VoltageacrossC,) + Vo + Ve + 1R, =—> -t +1lgg Ry +Vg(t=0) =2 -t + 1R,
c c

29




ECE569 Analog IC 2-stage OP amp Ch 9

FBBW (full power bandwidth): The maximum sine
wave frequency with full amplitude without being
distorted by slew rate phenomenon

Vo (t) =Vin -SIN(27 Tepgy -t)

% = 272' fFPBW 'Vm = SR
dt MaX
SR
fFPBW — Y.
m

SR =wr - Vgs —Vru |,

30



E0E569 Analog 0 L 2-Stage O amp (Eayout) T on o

VDD @
MAL M5
’ i
- D v @+ ®
——[M 5 = M8 I =
@ M3 !
o Jrﬁl ) ||_|\/|%/

Vss

transistor W (zm)
M1, M2 120
M3 20
M4, M5 20
M6 80
M7 40
M8 7
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E0E569 Analog 0 L 2-Stage O amp (Eayout) T on o
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——————————————————— e
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C0E569 Analog G L 2:-Stage O ampr(Eayout) T o
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M1 - poly - contact




