ELEC-E3510 Basics of IC Design

Lecture 5:
Two stage amplifiers



Operational amplifier
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(2nd stage)

Differential amplifier

Current
biasing

(1st stage)



Two stage amplifier

= C_+Cpgs+Cppgs
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Assume single pole approximation for the gain stages:
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(gDSZ + gDS4 )(gDSS + gDS6 )



Two poles are:

_ Bos2 t 8psa
pl —
C1

— gDSS + gDS6
CZ

S

|1 |p2] Sp2

Typically
Bbs2 = Bpsa = Bpss = Epss

< AlS C, =(5...10)-C,

0° > f

p, and p, are close to each other

= poor phase margin
-90° I An additional pole p; will make the system unstable

= frequency compensation needed!

180°F——=—-————— ———— >




Stability of cascaded amplifiers

20log|kA(jw)]
godB | Stability:
|kA(s)| < 1, when phase shift is -180°

-20dB/dec

40dB
Define:
0 A f |kA(jwg) | =1 @ W =W,
Gain margin Check for the stability:
<AIfA(Jw) % Phase margin: PM = phase(kA, (jw,))+180°
0° S f

Gain margin: GM[dB] = 20log | kA, (jw;gge) |

-90°
For stability: PM > 45°

-180° GM <-12dB




Compensation
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Vin

Miller compensation

Ce
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Ci—=— ) VW p— O Vout
Im1Vin Ops2t9psa ImsVin Jpss+9pss
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C; = Cpg2+Cppat+Cass C, = C +Cpps+Cppge

Current equations at nodes A and B

VDD

T

|3 L 4

|
@ bias M3 | | M4 |[M5
|3 I4 (l:c  Z I5
VOl |
Il |2 Cl —
Vino| [ My My FeVine -
VVI
Vg °

A -8V, + (gDS2 +8pss +5C; )Vl + Scc(vl —Vour ) =0 -\
B SCC(Vout - Vl)_ng\/l + (gDSS +8pss T SCZ)Vout =0 )
MS;I
V Vv
Eliminate —, and solve A(s)=—
vV, Vi,
g ( ng _SCC )
ml

A(S)= \A _ C,C,+CC +CC,

CC +CC, +CC

n 24 (Cz +C, )(gosz * 8oss )+ (C1 +C, )(gDSS * 8ose )+ BmsCe + (gDSZ * 8oss )(gDSS * 8ose )
C,C,+CC +CC.




Im(w)
C.=0
XX >
S¢S, S.S! Re(w)
E2\p2 pl ~pl
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Pole splitting

C-gain A, = A(s=0):

gml .ng
(8052 + Bose N8oss + ose )

A, =

Miller zero:

z

S =gL5
CC

Assume dominant pole approximation, i.e. [s,,|>>s |
Sp1 and s, are solved from the denominator of A(s):

= (5+5,, JS+5,) =57 +5(S,, +5,,)+S,, S, =57 +5S, +5,, S,

Ao =S = - (gDSZ + 8os4 )(gDSS + gDS6)
L=
" (CZ + Cc )(gDSZ + gDS4)+ (Cl + Cc )(gDSS + gDSG )+ ng .Cc
0dB (8o + 8o )(gCDss + Boss)
ng. c
;assume: g >>
< A(jw) __Bm 8m > 8ps
A AOCC
00
ng .Cc gm5
o S, =- ~— C,,C.>C
-90° “ G +CC +CC. ¢, | '
-180° I Poles are separated by ~A,
270° L i.e. DC gain of the amplifier

GBW = A,s,,| = Emt

C

C



Miller zero may cause a stability problem

20log|A(jw)]
A

Ao

Miller zero is in the right-hand s-plane causing an
______ - additional — 90° phase shift.
0dB P —

For stability we have to design:

=1s,|>[s,,|
1 C. 1
- > ~ —
CC CACZ + (CA + CZ )CC CZ
< A(jw)
0° 4 S,pl Sz Sp2 S = Block the “feedforward” path through C.!
If |s,] < GBW, the amplifier is unstable
-90° |
-180° |-

-270°



Blocking feedtforward through C.

Ips2t9psa J_— Jpset9ps7



Current equations at nodes A and B:
A: gml\/in + (gDSZ + gDS4 + SCA)VA + SCC (\/A - VOUT)= O
B: gm6vA + (gDS6 +8psy T SCL )VOUT =0

Eliminate V, =

\A —8m1 8
A = n = ml m6
VOUT SZCL (CA + Cc ) +5S [(CA + Cc )(gDS6 + gDS7)+ CL (gDSZ + gDS4)+ CCgm6]+ (gDSZ + gDS4)(gDS6 + gDS7)
A= al
(S + Spl XS + sz)

A — B gml ) gm6

0

(gDSZ + gDS4 )(gDS6 + gDS7 )
gml
Poles: Spp =T —

P1 AOCC

sz _ gm6CC ~ — gm6

) CACL + (CA + CL )CC CL

GBW = EmL

_ 1+5s/s, g

GS8

GBW

>>S

Source follower: A(S S, = ‘Sp‘ = 02 7

- 1+s/sp



Implementation with the source-follower
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Small-signal circuit diagram:
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Lead compensation

Vb
f

Phase margin is improved by moving

M, _:”——”:— M, I[ Me Miller-zero to left-hand s-plane with
a series compensation resistor R

i.e. lead compensation.

M M B
Vin |: VA H I—"—° Vout
o_l ; ; I_o _i Resistor R.is implemented with a linear

region MQOS-transistor or a CMOS

Va0 II"M5 ”;M7 transmission gate in which transistor
Lﬂ gates are connected to Vy and V...
!
VSS
Cc R
Va A | c B Vout
!

° | 1 ‘ |
Vinl 9m1Vin @ Cph—— OmeVa @ C,. =
o | |

Ops2t9psa — Jps6t9ps7




In Miller compensated amplifier replace C. with Y.

Cc Rc
Gain transfer-function: . Va A I B Vout
< ! | [
Aol 1- : Vinl 9mi1Vin Cph—— JmeVa C, ——
AV (S) = — ’ o I I
1+i 1+i 1+i Jps2t9psa — Jps6t9ps7
>p1 >p2 >p3
where New pole due to compensation:
gm ) gm 1 1 1 1
A, = SV Sp3 = — +—+
(gDSZ * 8psa )(8[)56 * 8ps7 ) RelC G €
and poles are The zero is given by
pl — z
A,C. - 1\
C C
S = gmecc Bme
p2

_CACL +(CA +CL)CC



Compensation resistor R. is used to eliminate Miller-zero or to move the zero to left-hand s-plane:

Zero elimination:

SzeooﬁRc=i
gm6

assume Sp3 >>S .,S , =

pl/=p2

PM > 45° = |5, > A,| s, | = GBW

Design principle:
Bms _ Bm1

= &>

C, Ce

Problems with process varations:
impossible to keep Miller-zero at infinity, it
may move to right-hand s-plane causing
stability problems.

Move zero to left-hand s-plane:

Zero located in the left half plane, if

1
Re >—

gm6

phase shift +90°!
Improves phase margin!

A(s)
A
GBW\
A(s)
A

GBW

-90° -

-180° |-

Oo ] ] >
-90Q° _\/




Compensation strategies

* Move the zero to left-hand s-plane either to compensate s, or s .

Lead compensation:
e Phase shift of the zero in the left-hand s-plane is +90°

— Imroves PM
— Higher GBW is possible



Compensation strategies

at infinity:
1
R.=—
gm6
T
Left-hand s-plane: SI o » Re{s}
1 p2 | RC=O
R >— _ 1
8ms Right-hand s-plane: R, <—

m6

Pole-zero cancellation:

:SZ =Sp2
C.+C,+C

Ce(8s)

=R, =

Increased bandwidth!

< A(s)

A

0° > f
90° \
-180° \

= |5,5| > GBW = Afs [ = PM > 45°




Problem with pole-zero cancellation

— " >
| o » Re{s}
Sp2 | R.=0

Process variations causes mismatch in pole-zero

compensation, which slows down settling of the transients:

H(t) = ke "t +k,e™"
kz = (Z —Ps )

In this case compensate so that GBW 2s

A(s)

Ao

A




Push-Pull output stage

VDD

J |[M8

L

o
Vin gmlviné |:| Ca——
o

Vout

gm8+gm9 @ |:|

9bs2t9psa

Jpsst9bso

Assume source follower BW>>GBW!

Source follower:

A1+ 2| A=t

S
Als)= T s o Bms
1+7 ’ " CGS6
Sp
Als)= - ——1

1+ |1+>

So1 Spa

Ao — gml (gm8 + gm9)

(gDSZ + gDS4 )(gDSS + gD59 )

poles:
s = — 8os2 * 8ps4
pl C
A
S = — 8pss T Bpso
p2 C 1
L
gm6
assume|s | = o2 spl‘

GS6



Compensation of push-pull output stage:

VDD

N

o — o
A [
Cc Re
fofev
Qg
ICos
Cc Q10
” o 5 o Vout
I,

Lead compensation of push-pull
output stage.

Implement R. with CMOS
transmission gate:

Re

_~

1 1

gmlO + gmll gm8 + gm9

20



In Miller compensated amplifier replace C. with Y.

N

1+ > |1+ > |1+ >
Sp1 Sp2 Spa

where New pole due to compensation:
- +
AO — gml (ng gm9) 1 1 1 1
(8052 + 8oss N8oss +8oso) R FR
and poles are The zero is given by
1
Sp]_ — _gLI SZ = —
A,C. 1
Rc - Cc
(gm8 + gm9)Cc Bms t Bmo

sz - CACL + (CA + CL )CC



Zero located in the left half plane, if

R.> —1 A(s)
C

ng + gm9

— phase shift +90°!

Zero elimination: p ya
| | <
1
Sz—e-m>=:>RC =
gm8 +gm9
A(s)
assume: s, >>s S, => A
o
PM > 45° =[5 .| > A|s,,| = GBW
?pl Sp2

gms + gm9 > gml
CL CC

=

00

-90°

-180°

A

q A(s%

pl

Oo \/ | f
-90° |
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at infinity:

1

Ro=———

ng +gm9

| o » Re{s}
Left-hand s-plane: Sp2 | R.=0 1
1 R. <
Re>——— right-hand s-plane: "¢
- ng + gm9 gm8 +gm9

Pole-zero cancellation:

=S, =5,
C.+C,+C

CC (ng + gm9 )

=R, =

> f
< A(s)
A
Oo ] ] ] Vf
90° \
-180°

= |5,5| > GBW = Afs [ = PM > 45°



