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Basic Operational Amplifier Design and Compensation - Part 2
Compensation and stability
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Diff input stage Common-sourée

PMOS diff input stage

*  Numbers realistic transistor widths
— Length 1-2 times minimum

« Output buffer may not be needed for capacitive loads
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B e g Y

w W Iy;
Im1 =\/2.unC0xTID =\/Z.uncoxf%

Ap1 = 9ma (Tdsz | |rds4)

« Typical gain 50-100

A
— kds
ZL\/VDS — Veff + P,
Ay = —Im7(Tasel|Tas7) o = 2K€q
ds —
qN,
» Typical gain 50-100 1
Tas = -
9ms Jes = Dygm
= s8 —
Avs GL + gms + gsg + Gass + Jaso 2\ Vsg + [2¢F]

¢ Gain =1 \ /

* Not needed for capacitive loads 4
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1
SCeq

at midband freq C,,; dominates
Ceq =Cc(1+4;) = CcA, 1 1

Midband frequencies

: A1 = gm1Zoun
= (,q dominates

= 9Im1 (Tdsz |[Tasall

A — — —_—

Unit-gain frequency proportional to g,,assuming A;=1

setting  14v(ww)l =1 and solve
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Feedback stability
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Feedback stability
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University of Oslo Frequency response - First order model
Ce
I A
Vin ‘D_Q Vout 20log(4,42) —
© —20dB/decade
Gain
(d8) i = IM1/
Midband frequencies ta C.
0 F
=  Below unit-gain 1 o~ (|£,Zc)1
frequency 7 ©ta
= Above frequencies without A
compensation effects Wp1 .
0 req
= |gnore all C except C, (log)
Phase o0 S~
= |gnore R, which only has (degrees)
effect at wy,

\ / ~180 Inadequate for advanced analysis
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Frequency response Second order model

v, Rc Co
V\/\N\/—“ oV,
ZmiVin = — —
R, | C 27V, R, | G

Ry = 1454l|Tas2 and C; = Cypp + Capa + Cys7

R, = 1456|7457 and C; = Cypy + Cype +

S

Bias circuitry Differential-input

\ first stage
» Assume R=0 give transfer function

Common-source
second stage

sCc)

Vout _ Im19m7R1R2 ( T I

Vin 1+ sa+s?b

a=(C;+Cc)Ry + (Cy + Co)Ry + gmrR1R,C

b = Rle(C]_CZ + C1CC + CZCC) 10
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« Assume widely separated poles

s s s 52
D)=|1+—||1+— | =1+ +
wpl pr a)pl (Upla)pz

« Dominant pole

w

pl
1

R,[C; + Cc(11+ Im7R2)]1 + R, (Cy + C¢)

- Rlcc(ll + gm7R2)

- Im7R1R2C¢

« Non-dominant pole

* Increasing g,,7

_ Im7Cc
C,Cy + CCc + C,C
Im7

S+ G

— Increased pole distance

*Pole splitting compensation

Cc may decrease wy,;

11
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onvesRyditional zero luse f =1 (max
feedback) in this
sCc analysis
Vout _ gm19m7R1 R < - gm7> =Wz = _% >
Vin 1+ sa+ s?b ¢

* Right half-plane—negative phase shift with decreased PM
 Stability issues
— Hard to get rid of, but pole distance is increased with g,

* Have to make R >0 1

— Zero with some resistive element ©z = T (1/gmr — Re)
o : 1
» May eliminate that zero by setting R =—
9m7
* Alternatively try to cancel wp, with w,
1 1 C; +C
Im7 _ R, = <1 4 2>
€1+ G Cc(1/gm7 — Re) 9m7 Ce
+ “Overcompensation” might even be wise: wy = 17w,
1 1

Re >>1/9m7 @ wz =

W¢ = Gm7/Cc gives Re =
TSL inf3410 RC CC

17gm7 12
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« Dominant poles of two-stage amps

Qs Qs
20log|g H ()| 4 —*\i{ —C“{

Gain
Crossover

0— - :I
Wp1 Wp2 o (log scale) V-

0— =
o (log scale)

Mirror
— 1. stage pole = = Q7 1
* High gain stage
« Dominant pole at output pole

-90° &J< I Out

~180° put

BH () ‘—l Q4 I'{ pole
7

13
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Z N0 S

General form: AL (1 ¥ ;@5;)

N foll ¥ B )
Ay(5): D\ ey 0*%)(“ iﬂ

From two-stage second
order analysis:

AL9: e - ﬁh&(f“@“)

ht

[+ 54 ¢ =l

as R.r [C&n + Cr-u (1 P R’-)j * K" [(Cm * (‘1 )
/("‘ R.t Rt(cmcw ! Cm (x. ‘ Cfm ('2-)

22.09.2021 14
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Opamp compensation

 Dominant-pole compensation

Forcing a feedback system to have
1. order response up to loop unit-
gain frequency w;

First order system unconditional
stable with > 90 phase margin

 Lead compensation

Adding zero, w,,
just above w;
May improve PM
with 20°

Dominant pole comp using miller Cc

B
»

", &
.
.
, .
. .
- \ 4 —— No compensation
Dominant-pole compensation [\
.

A

Dominani-pole +

Lien) o Lead compensation

I

.
‘. T Ll
\ ..
.
. .
' .‘
s | N—— L

Phase margin after
A I dominant-pole and
A lead compensation
| R .
N\
.
.
.
.

Lead comp using Rc

16
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Compensation procedure

Dominant pole

— From first order model C. and wj is given as:

Im1
CUt:Lowm:,BC_n;

Ct = (ﬂ gi) .

Im7

setting unit-gain frequency close to second pole

-=L_| Z Z,
L A(s) &
(5) = A =7
_ 24
p 2447,

KI'Wo stage opamp small signal model

Z4

L(s) = A(s)

Z,+ Z,
\

18
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Lead compensation - controlling Zero

—1 Kl'wo stage opamp small signal model \

1
C (——R ) .
¢ Im7 ¢ " Re CI ov.,
R] Cl n7V1 R2 CZ
k = = = = = = j

w, =

Several possibilities for R, :
1

Re=— —>w,=»
¢ 9m7 ’
1
Re>2—  RHPZ->LHPZ and cancel w,,
m7

1
R, » ——  Moving LHPZ to a frequency slightly higher than w; (wo R;)
Jm7 Recommended to get more PM (20-30 degrees)

C -1 1 ci+C
Wy = Im7tc — T ﬁRC:_(1+¥)
Gl + Gl + GG (L _p 9m7 Ce
“\gm7 ¢

19
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R, as transistor

« Compensation resistor
— Replaced by transistor in triode region

Qg Qg
Vep o— Vp o—

»—0 Vout Vgg »—0 Vout
RC CC QQ_T_ CC
e e e B
—5 —ik
Q; Q,

w
UnCox T Verr

20
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= (pIm , L
Start with CC‘<ﬂ gm)CL setting unit-gain frequency close to second pole

By simulation (SPICE, CADENCE) find frequency with -125° phase
shift ( called gain A’)

- This is our unit gain frequency w, target

Choose new C.. such that w, is unit-gain freq of L(s)
— C=C/A’ giving 55° phase margin
— A couple of simulation iterations may be necessary

1
Choose R : Rc = 1.70,C, Almost optimum lead compensation for any opamp
/W

— Giving phase margin of 85° (+30° ) leaving 5° for variations

Sometimes phase margins are not adequate, then increase C.
: . 1
Replace R with a transistor Rc =

AuTLCO.X' (¥)16 Veff16
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Opamp compensation Cadence example

* Find best compensation network C_ and R, for:

Qs Qs

. | 2

s . I

~» |——‘ %CL;ZPF
ST

= = Q 1
AMS 0.35um technology

23
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Find bias voltage:

Vout

Vbias1=2.3V give 84uA tail current

Found by simple simulation run displaying
tail current

24
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e Start with Cc=0.5pF and Rc=0

Expressions [
=: phase(VF("/Vout"))
807 - mag(VF("/Vout")) 300
E 0° phasein
600 | 200 CADENCE
display is -180°
— ; - actual phase shift
-~ 400 | 100 g
200 | 0.0
R AT o LA g — 100
1K 10K 190K 1M 1M  180M  1G

' freq ( Hz ) =

Find (180-125)=55° phase shift at wt=50.1MHz with gain A’=3.7

C. = CLA' = 0.5pF - 3.7 ~ 1.9pF

25
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« New simulation with Cc=1.9pF give
— w=44.7MHz with A’=1.32

Co = CLA' = 1.3pF - 1.32 ~ 2.5pF

* New simulation with Cc=2.5pF give e Y

— w=41MHz with A’=1.2 Marker at

55 deg

Cc = C;A" = 2.5pF - 1.2 = 3.1pF phase
 New simulation with Cc=3.1pF give margin

— w=37.7MHz with A’=1.00 \ J
* Finding Rc

1 1
R¢ ~ 71320

" 12w,C; 1.2-37.7-106-3.1-10"12

26
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30
10
2 -t0
-30
-50

AL

« Adding compensation resistor Rc

Expressions

a

Rc="7.132K';db20(mag: Rc="3.566K";db28(mag

Give unit-gain freq of 209MHz

10M TloeM 16
freq ( Hz )

70

50

30

10

(dB

-30

-50

Aozl

1K

Expressions

0

Rc="7.132K";db20(mag: Rc="3.566K";db2@(mag

10K

100K 1M
freq ( Hz )

10M

M1
190M 16

27
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Phase margins?

Expressions

Il
=: phase(VF("/Nout"))
20 it do20(mog(VF("Nout"))) 120
19 70.0
0D 40.0
n
s 8
- —10 0.9 —
—20 —20.9
1
—33 | e M. -50.0
1M 100M

o ”1G
freq ( Hz )
Phase margins only 10 ° !l

28
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e What to do?

— Book: increase Cc
— Try to decrease Rc

Expressions

I
=: phase(VF("/Vout"))
2g  o: db2@(mag(VF(*"/Vout™))) 200
g | 1 100
o g
_1o | 0.00
_50 , , 1 —100
1K 100K 10M
D freq ( Hz ) -

Give unit-gain freq of 133MHz with PM=84"° with Rc=2050Q
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