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Qutline

 Small-signal MOS models

« Two-stage opamp small-signal model
« Two-pole analysis

* Deriving poles and zeros by DPI
 Frequency compensation

e Design for phase margin

 Pole/zero intuitions

e Design strategies for zero
= Canceling the 2"d pole by zero
= Adding gain to the compensation path
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Small-signal MOS Model
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MOS Small-Signal Model

e G,,G,, and G, vary with the operation point.
* |, and V,, are obtained by DC analysis.
e Other parameters are MOS device parameters.

g, = Do - 1 | ' |
° 8Vds ﬂ“lds Cgd GmVgs | Gmbsvb Cdb
ol W o Cew [
Cgs Csb b
=—% = 2Kl — T -
gm @Vgs \/ ds L Sé
i
ol
gmb — s = 7/ gm

Ny 226, +V,,
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Level 2 MOS Small-Signal Model

e Cgsp and C,, etc. are the MOS device parameter.

CGS = CGSo "'%C

(0),6

CGD = CGDo +%C

0X

1
CSB = CJSB + ECJBC

1
CDB — CJDB +ECJBC
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Level 3 MOS Small-Signal Model

NMOS

2015-09-05

S

#Cap =5
#Res =5
#VCCS =2

Cyp
[
[
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de
o | % G O
CmVgs GrbsVh b
Gbs
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S
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Two-Stage Opamp (uncompensated)

VDD
D )
Vl Vv V4
’ Vout CC
V. Vir:_I @ M Vin+
o Compensation
1= path
VBias | I_,M5 I H M 7
Vss _
Small-signal model
Yin + + i
Om 2 - V] Vi, ] = Vou
R1 C1 — ng? OmaVi R2 C2 — U6V | R3 C3
\ y ) _ v )
(Input stage) (Output stage)
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Small-Signal Resistances

M3 diode connected

7 \
1 1
Riz dsl”rdsB” ~
m3 m3
RZ = IfdsZ ” Ifds4
RS = r-d56 ” rds7
Small-signal model
i +
Vi + \Va JmaVy + OmeVa
gml 2 § - Vl gmzﬁ § ==V2 § — Vout
Rl C1 — ) C2 - | R3 C3 -
\ ) \ )
Y Y
(Inverting input) (Non-inverting input)
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Parasitic Capacitances

M3 diode connected

A /Cl = Cdbl + Cgs3 + Cdb3 + Cgszl\
VOUt
-V C,=Cu2+Cops + CgsG
_.I_
C,=C,+C,;+C
VBias IH M? \ ° ° ' ) /
V .
> Small-signal model
vV, vV, OmeV2 +
— + —in_ +
gml 2 Vl gm2 2 ==‘/2 é —_ Vout
RYCT - OmaVh R] C,| | R, ] C;
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Simplified small-signal model

Co added
v. 1= — <] 7 || +
g Vi + ngJ/ OnaVs \ U
m 2 e Vi 2 = Vou
Rl Cl - ZZ\ ’R C o gm6
Assume- RZ - rdsZ ” rds4
C. ~0 R3 = lsse | Fas7
1~ Y
v—Rgm'M
1 1 V.
~ dsi Hl Ygs3 ~ maV1 ~ Yma m1 - 4 m1 m — Iml m
Ry~ —— [Ty [ Ty = SATA g R9 g =g
-
(combine) C added M3 & M4 are matched
(large) v ”C M1 & M2 are matched
NV "
+ +
Vin gm|vin —_ V2 e Vout

a R|C,| = Y2 | R, ] C;
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Simplified (Cont’d)

Subscripts |, Il indicate the stages
—iw.
Vout gml = gml - gmz;
Via '
gmll = gm6;

™.
I RI = R2 = r-dsz ” r-ds4;

Ru — R3 = lys6 | Fas7

+ | + CI = Cz = CgsB + Cdbz + Cdb4
+
V2 —_ Vout

- ‘ Yt Vin R | C Jrn V2 | R, ] Ci Cy =C;=Cy+Cy; +C =C,
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Assignment 2

 Find the parasitic capacitances for the opamp circuit
you used for SPICE simulation in the first
assignment.

« Verify that the small-signal model has ac response
close to the original circuit.

 Report any problems you have encountered.
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Driving Point Impedance (DP!)

Input )

| <

@

©,

gmlvin RI C

+
V

S

gIIVZ | R||

> =0

@ To signal flow graph

D,2

O

2015-09-05

1/(G, +s(C, +C.))

V

2

I D,3

\

SCC - gmll

— ’Il/ (G, +s(C,, +C.))
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DPI-SFG Analysis

I
V M | " - I Vou
in—> —g X0 1/(G, +s(C, +C.)) sCe =0, 1/(G, +5(C, +C.))

& p;\ sC single loop (L)

loop

Vout_ P
V, 1-L<

n

Vout _ Iimi (gmll _SCC)
V., [G,+s(C, +C)IIG, +s(C,, +C.)]-sC.(sC. —9d,,)

_ Ab[l_S(CC / gmll)]
1+s[R, (C, +CC)+ R, (C, "‘Cc)"‘ R, RugmuCc]"'SZRl R,[C,C, +Ce (C, +C,)I

) dogain  [A=(R8)RyGm)| onezero: 2=

rad/s

C
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Exercise

Derive the expression for zero when a nulling resistor is
added in the compensation path.

R. Ce

-“W—|—
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Poles

2 A
D(3)=(1—i](1—ij=l—s( 1,1 ]+ >
Py P, Py P, P, P,
2 X % >

D(s) R1-— = voP
P BB If |p2| >> |p1|

(widely separated)

Approximately determine p, and p, by comparing to the
polynomial D(s):

D(S) :1+ S{RII (CII + CC) + RI (CI + CC) + RI RII ngICC]}+ SERI I:\)II [CICII +CC (CI + CII )]}

Y ) 4
-1/pl l/p1p2
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Finding the Poles

D(s) =1+ s{RII (C,, +C.)+R,(C, +C.) +R, R,,gm,,CC]}+ siR, R,[C,C, +C.(C, +C,,)]}

Y Y
-1/p, 1/p,p,

(Dominating term)

l 4

p,=-1/[R,(C, +Cc)+R,(C, +C.) +R R, 09, Cc 1= (for g, large)
RiRy 9 Ce m

~ —9mCe _ —9miCe ~ — Y
C.C,+C(C +C,) (C +C)C, +C.C, C, Ci>> €

P,

Note that the units of p1, p2 are rad/s

Please take a look what transistors are related to these two
poles?
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The 29 Pole

gmllC ~ gmll
C CII +C (C +CII) CII

P, C,>>Cc>C,

The 279 pole must be greater than GBW. Otherwise the phase margin
might not be satisfied.

Closed-loop 4

poles (Cc # 0)

/ fW ’\\pl

N

Open-loop poles
(Cc=0)
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Frequency Compensation

lower than )

dB 1 ! nd i
m /— uncompensated (2 dominant pole

compensated Qq GBW
0dB i 77 : = —
-20dB/dec O 10G;0 ()

- | _ :/_uncomper?sated : R
—45° : \\:\ ' :

—90° j j—{ e TG S——————

—135° i \i\ \T\_ phase margin
GBI}~ === == = = - ——————— - - /

2015-09-05

Io_glo (o)
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Gain-Bandwidth Product (GBW)

(dominant)

-1

p, = _1/[R“ (C” +CC) + RI (CI +CC) + R| R|I gmncc] ~ RI R“ gmuCC

Ab :(ngml)(Rllgmll) (dC gain)

—> B =Ap|= BRI RuTu)_ G _ Oy

Rl I?ll ngICC CC CC
[ GBW =2 ]
CC
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Zero & Poles

CC
. , T _
+ -
Viy = V2 T Vou
- Omi Vin R, Cl ~ G V2 | R, C, B
R, =R, =y, || Nyeas Ry =Ry =Ty [ Ty i = e
Zero: 7 = Jmn_ I
CC CC
4 pl ~ _1 — _(gds2 + gdS4)(gd86 + gdS7) gm” Iarge
R, RngmuCc gmGCC
Poles: <
_gmuCc _gmll _gmll
- i CC,+C.(C, +C)) o C, ! © |

The output load C, affects the 2" pole.
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Phase Margin

Open-loop transfer function H(s):

Phase:

H(s) =

A(1-s/z)
(-s/p)(A-5s/p,)

z>0:;

LH(S)=£(1-s/z)-£Q1-s/p)—-ZL1-s/p,)
=@, =P~ P2 € (OO’ _1800)

Suppose you want at least 45° phase margin:

O, — Py — Ppy > —180° +45° = ~135°
> 0t Pt Py, <135°

|:> tan Y 4 tan Y 4 tan Y <1350

2015-09-05

z [ [

\ (The zero could be + or —.
A + zero worsens PM. Hence, called

“non-minimum phase zero”.)
Lecture 5

P, <0
S= Jo, = JGBW
jo ] Jo
-p, [T
Jor |- Lo
—P
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Design for Phase Margin

Placement of zero

z >10-GBW

\B

arctan
2

=

+arctan

gm6 1Ogm1 [ ]
> 10
C.  Cc = \gml

Reference for sizing!

W <135°

+arctan
[

e\ GBW = A, -|p|

E> atan(0.1) + 90° + atan [G|EV|V J <135°
2

(GBW
[> atan
|p,|

2015-09-05

j < 45°-57°=39.3° E> |p,|21.22GBW
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Phase Marge (Alternative)

Alternatively, you may use other estimates to place the 2"d pole.

For example, the CL also affects p2, hence the phase margins.

[CC >0.22C, ] |:> |p2| _ %:mﬁ S 1(():gm1 S 2.(2:gm1 — 2 2GBW
1| I C

> |p|=220BW
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Pole/Zero Intuitions

Dominant pole
Miller theorem
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The Dominant Pole

_1 _1
p, ~ =
1 RI RugmnCc R|lgmuR“CC]/ Omi large

Miller cap

The dominant pole (p1) only depends on R,, R, g, and Cg,
which is the pole of the following small-signal circuit:

CC
+ OII | +O VDD
+
Vin Vi é —v‘y\/Z é é =zﬂ Vout R
N ngVin IR RI QI/ - g||V2 | R” % CC [
/‘ . . I Vo
\ R |
M YL M
Consider v1 as input V é 2 AL
1

Equiv. circuit _
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Approximate Treatment

R VDD RI V2 _EC
g_“ i |56 = OmeVa | WV * |\ +
ST Y N
s gl -V, v1?+ oo -
é |
AMN-—] [, Ms! | | -
1V, :
Vlé L ————————
— — « At DC:
- - |
R V, =—2E _
19msV> sCc Vout - Ruguvz

Y s

pole

In-2

2015-09-05

high freq
(20dB/dec)

Lecture 5

This circuit has a zero. Before
reaching zero (oCc < gm6), the
voltage drop at Cc dominates
the output.
I
_ G
VOUt _V2 + SC

G

~y
~

sC

C C
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One-pole Model

VDD
R llD Oo
r_'CE_— -1
o g iV
R
| |

Zs: impedance seen by Ig

2015-09-05

R,0.V, =

me6 - 2

I ng

mo6 II

V, One-pole model

O
;:o

Cap amplified by (9,,6R,)

Lecture 5
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Exercise

Derive the exact voltage transfer

function by the DPI method.
VDD
CC gR“
o M
/\N\I V I M6 Vo — (RllgmB)[l_S(CC/gmG)]
Vv, élj 2 V, 1+sC.(R +R, +RR,0,5)

Has a zero z and a pole p, |z| > |p|.
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V

0o _

Dominant Pole

(RII gmll )[1_ S(CC / gmll )]

V

1

- 1+sC. (R, +R, +R,R, 0, )

.

Dominant pole

-1

p P~
" R(R,9,:Cc)

¥

2015-09-05

it %_:V
\jl”fllLMG O <:> Vli

Lecture 5

/

—_ (gmeRn )Cc

= Miller effect
cap
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Miller Theorem

Redistributing the feedback admittance to the two terminals

T . TI" |
_ A Equiv

Proof
V, =-AV,; A>1
. =YV, -V,))=Y(@A+AV. =YAV,; |. =YV | Y. = AY
I, =YV, -V)=YQ+3)V, =YV,; |,=YV, Y, ~Y
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Intuition of the 2 Pole

At high freq, Cc is roughly short circuited, M6 is almost diode

connected.

V short

DD Voo
C,>C.>C, circuit gnored
c. =R \CC ,El../’
V Vv

!

3 o
_4|':’||\/|6 L ¢, v,

Vz
diode ’/
— connected -
D, ~ —Jmi
2 ~Y
CII
2015-09-05 Lecture 5

(indep of Cc & R)))
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The Mirror Pole

I'TJM4 4”': M, C,, Is the parasitic cap of the 1st

stage mirror (it contributes to

?‘@ vV the mirror pole).

M, Vi
+
| R, § CT Vv
.l:’w -
V .
33 Consider transfer from v,, to v,.
mirrored
(M3 is diode connected) current in M4
N | ) \:2_ 1st stage
| ‘Lis &1 + output
ImVin —T Om2Vin Vor =V,
2 Jas1 | 9gss| I CM_ 2 L, :||3 Jas2 | Yasa B
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Mirror Pole (cont’d)

Consider transfer from v,, to v,.

N .
IV :
i's C,,
M — V1 ngVin Vol :VZ
2 Ot 190d] | Y9, \ 2 i, | Ouso Oss
N/
V __l:i + gmzvin:l 1
’ 2 |Gy, + Gy These two roots are much
B g,V 1 larger (>> GBW) = their
=—| OpaVy + 2 '"} influence can be ignored.
L 2 gdsZ + gds4
gmlvin ngVin 1
= — gm + =
L ’ 2(gdsl + gds3 + gm3 + SCM) 2 :| gdsZ + gds4 (gml ng)
i [l
gml sma gm3 :| . 2gm3
== +1v, Mirror zero: Zy =——(
2(Quso + Gasa) | By + B + Ums +5Cyy YCy
~— gml ngB +SCM \—/_ ______________ >- . g
2(Gge2 + 9asa) | G +SCy_ ) " Mirror pole: p,, =~
_________________________ 7 Cu
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Zero Intuition

Zero always arises from superposition of multiple paths from the
Input to output.

VDD
C R, V= Ry V, R, and Cc in series
: y (R, +1/sC;) when driven by V,
M

6
V Vv, V,, = Ry /5Ce (9,6, R;andCcinparallel
1 (R, +1/sC;) when driven by V,

Vo :Vol +Vo 2~ R“ Vl + R“ /SCC
| “ (R, +1/sC.) (R, +1/sC.)

(_gmG)VZ

Assuming V; =V,

_ R, (- 96 /SCC)\‘/(\ Zero , — Gme
(R, +1/sC.)
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The Issue of Zero

A positive zero boosts the magnitude but lags the
phase,

— I.e., adding negative phase to reduce the phase
margin

Design Guide:

If the zero is caused by two paths, try to eliminate
one path.
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Design Strategies for Zero

« Adding buffer to compensation path
« Adding output resistance of buffer
« Adding nulling zero
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Strategy 1

Adding buffer to break the compensation path

Cc

'|
N
\/

The poles are approximately unchanged (as if no buffer
has been inserted).
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Pole Analysis

No buffer C,
I .
I n
+ +
Vi, 9 Vin -— Vv Vout
N R Gl - Im2Va | R, C,
The two poles are unchanged
-1 _
_ Om:RiR,CC C,(C,+Cc)
With buffer C buffer breaks the path
c
= X .
* + Vout
Vi i Vin -V -T- Vout
- Rl Cl - Om2Va R2 Cz
0 | I _
\ //
\\ i

- -
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Strategy 2

Adding output resistance to buffer (R,)

A new pole appears at

/ B}
E| M* P~ RCC,1(C,+Co)
D
V

and additional LHP zero at

C

The nulling resistor placed in series with Cc can eliminate
the RHP zero or move it to the LHP.
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Exercise

Exercise: Derive poles-zeros for this circuit.

Cc P*’Vit:“@*
)
>
g

V. gml in

out
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Strategy 3: Nulling Resistor

V., a{l—ch[l/ g.,— RZ]}

V. 1+bs+cs® +ds’

2015-09-05

’ ||_ “Wv ! n
+ +
Vin gm|vi” -V = Vou
- R1 Cl _1 gm2vl | R2 CZ
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Exercise

Exercise: Derive the poles/zeros by DPI analysis.

V., a{l-sCc[l/g,,-R,]}

out _

V 1+ bs +¢cs® + ds®

In \
It becomes a 3 order
system

where the coefficients are:
a=0.,9m RI Ru

~ b _ (C“ —I—CC)R” n (Cl +CC)R| n gm” R| R”CC + RzCC Note: subscripts I, Il

indicate stages 1
and 2.

denominator

'< C= Rl R” (CIC” +CCC| +CCC|| ) + RZCC (RICI + I:QHCH)

d= RI R” RZC|C“CC <—— (3" order coeff)
(.
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Poles and Zero with nulling Rz

Assume Rz is less than R, or R;, and the poles are widely
spaced, then the roots are

-1 -1
P = (L+ g R)RC. ~ R,C.(g.,R,) Exercise: Derive the
poles and zero.
e —
0, 9o “c -~ Y

) CC, +CC.+C,C C

p, = mirror pole

_ 1 1 .
Py - 4 = ~ (if g, R, >1)
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Conceptual Illustration

Vout — R I:{II V1 + (_gmG)RII (Rz +1/SCC)V
V., (R, +R, +1/sC.) (R, +R, +1/sC.)
R Ru
C. 'z g y _ R,(1-9,.:R,—0.¢ /sCC)V
(R, +R +1/sC.)

\_

Assuming g,,6 = 9, We get the zero as

Assuming V1 =V2

Z = 1
CC (1/ O — Rz)
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Zero Cancellation

If we place z1 =p2, i.e., let the zero

cancel the 2"d pole. 1 jo
R
1 _ _gmll ﬁ ® X \V >
CC (1/ gmll o Rz) C:II p4 p2 pl
|:> Rz _ (Cc +C||)
ngICC
With p2 canceled, the remaining roots are pl and p4 (p4
due to Rz). For unity-gain stabllity, it is required that
A\) g [ — 1 gml —
p,|>GBW = = — =m [ > |P4]= > = GBW
| 4| A0|p1| gm||R| R“CC CC | 4| RZC| Cc
2015-09-05 Lecture 5
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Zero Cancellation (cont’d)

1
n _(Cc+Cy) _ (C)) = >9le — GBW
Z ngIC% ngICC a ¢
@ substituting Rz
C, >Cc
ngICC > gml
This procedure gives excellent stability CC, C.

for a fixed value of C2 (= CL).

Unfortunately, as CL changes, so does
p2. Hnce, the zero must be adjusted to C. > ﬁc C
cancel p2. y !
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Pushing p2 Farther

The magnitude of the output pole (p2) can be increased by
Introducing gain in the feedback path of Miller capacitor (Cc).

\
MllL’_’II_'_l M, 4|I‘_J‘M6
Vout
MS I-VBias CC =_CL
i
|
v S 7
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Small-Signal Model

/ I—IW\,—| v G
L 1]l
: |_<_>J 1 +
+\ /
L v\ / ——
Iln @ ng C, ___Vl \928\58/ Vss m6V1| R, C, t
(equiv.) @ I =0
Cec
1l
1 L +
LDk L B E
in = C, ! > OmeVa C,
- OmsVss \L B | _
gm8V88
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(cont’d)

CC
| Il _
Rl N
+
e g = Vou
Iin C\LD C, ___Vl g .V § Yse OmeV1 C,

maVss \L B | _

gm8V88

The resistors R, and R, are defined as

1 1 r 1 1
R, = =5, R, =

B gdsz + gds4 + gdslz 3gds B 3 gdsG + gds? ngs

Assuming all the channel
resistances are equal to r..
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Small-Signal Analysis

LHP zero ~ [1+ sCe j (Derived by DPI)

out _ ( _gm6 ] gm8

iy GG, 1+S(CC +C“ +Cc +gm6CC]+SZ(CCCII j

Jss Gu Gy GGy, SN
7
E> Poles are
PP,
-1 ~ —6 plis roughly unchanged while the

P, = Ce. N Ce N C, [9,6Cc /\gmGrdZSCC output pole has been multiplied by
gs Gu Gy |GG, (O lesl)
1

GI = 3rds ’Gu = 2rd_s1

_gm6rd23CC gm8rdszI| Ome 1 '
~ _ — - r
pz 6 CCC“ GC“ 3 gm8 ds p2

ngGII p; :_gmll :_gmG
Cn Cu

p2’is the output pole of the
regular Miller compensation
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Conceptual Interpretation

r, \

DD

C Fis7 3 fos7 V
|
|

Output \

impedance of —=
_ ngrds _ —_ . @
e = M6 is reduced
3
1 3
Rout,M6 ~ -
kgm6 gm6gm8rds
gm69m8rds <: 3 3
output pole P, |~ Rout = Ty |l ~
( P P ) | 2| 3C” t e gmGngrd58 gm69m8rd58
Remark: The common gate Mg stops the ~ Ons
feedforward path, preventing the £=- C.
occurrence of an RHP zero.
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Design Attempt (Assignment 3)

Please attempt to modify the circuit structure of the 2-stage
Miller-compensated opamp using the techniques learned in this
lecture.

You may attempt to use one or two techniques introduced in
this lecture.

Describe your attempts clearly in your turn-in.
Most likely your new design will falil ...

Then try to analyze why your new design fails, what are the
main reasons you guess?

In case you have observed improvement; try to analyze why and
how such improvement is achieved.

Feel free to use the AICE tool.

You are allowed to form 2~3 students as a working group by
submitting one report.
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