VLSI Design I

Frequency Response of
Single Stage Amplifiers
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Circuit Analysis

& the precise way: solving complex equations
& the aporoximate way: find the dominant pole
& the hanay way: let Spice do it precisely

Goal: You are able to identify the dominant pole in a
transistor circuit. You can approximately determine
the contribution of each node in a circuit to the
total frequency response.
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Outline

# Frequency response
+ common-source amplifier
# source-follower amplifier
# source-follower amplifier with compensation technique
# cascode gain stage

< Johns&Martin
# frequency response (chap 3.11)

¢ Gray&Meyer
# estimation of dominant poles
# zero-Value Time Constant Analysis (pp500 ff)

(Analysis and Design of Analog Integrated Circuits, 3rd
edition, Wiley and Sons, ISBN-0471-59984-0)

& Exercises
< hand calculations
# spice simulations
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Frequency Response
Dominant Pole Approximation

# precise calculation of frequency response is a
complex task and thus different approximation
methods exist

# one method is the zero-value time constant analysis

# first some ideas about dominant-pole approximation
are developed

transfer function by small-signal analysis
(5) = N(s)a, +a,5+a,s’ +---+a_s"
D(s) 1+bs+b,s° +---+b ¢

very often the zeros are unimportant, thus
K

A(S):(l_;)(l—;]“'(l_;j

Where K is a constant and p,,p, ... are poles of the transfer function,

this = Z":(_lj

=R
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Dominant Pole Approximation
(con't 2)

<3)

an important practical case occurs when one pole is dominant

> 50)

>>

Py

‘p1‘ << ‘pz Ps

thus b, IZIi
P,

the gain magnitute in the frequency domain is

Alje) = i

ERIEEEEH)

with a dominant pole we simply get
K

(e

Aljw) O
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Dominant Pole Approximation
(con't 3)

this approximation will be quite accurate as long as @ [ \pl\

thus for a dominant pole situation the -3dB frequency is

1
W g L)y W_5 L —
b,
pole plot for a circuit with a dominant pole
Sl plane
XK » O

P Py P,
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Zero-Value Time Constant

Method for finding the time constant associated
with a capacitor in the small signal equivalent
circuit

# replace the capacitor C, by a voltage source V,

# set all independent sources to ground

¢ set all other network capacitors to zero

¢ find admittance Y, (=1/R,) which is driven by a
voltage source V,

# the time constant T, is given hy:

z-X = RX(:X
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Frequency Response
Zero-Value Time Constant

We can show that with this choice od variables the circuit equations are of the form:
i1 = (911 + SCn)V1 0V, ¥05Y,
I, =0,V + (922 T SCu )Vz t0xY,
i3 =0yVy TV, T (933 + SCx)V3
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Zero-Value Time Constant
(con't 1)

The poles of the transfer function are the zeros of the determinant A of the
circuit equations, which can be written in the form:

A(s) =K, +Ks+K,s* +K,s§°
A(s) =K, (1 +b,5+D,s% +D,5°)
If all capacitors are zero:

K, =4

EAO

Cr=C,=C,=0

Consider now the term K.s, this is the sum of the terms involving s that are
obtained when the system determinant is evaluated. However it is apparent,
that s only occurs when associated with a capacitance:

K;s =hsC. +h,sC, +h,sC,

The terms are constants. h, can be evaluated by expanding the determinant
about the first row:

A(S) = (gll t SCT[)All +ngA12 +gl3A13

With cofactors A, of the determinant. The term sC._is found by evaluating
Ay with C, and C, equal zero

h1 =4,

€, =C,=0
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Zero-Value Time Constant
(con't 2)

Now consider expansion of the determinant about the second row.

A(s)=g,0, + (gzz + SCu)Azz +050,

With cofactors A,, of the determinant. The term sC, is found by evaluating
A, with C__and C, equal zero

h, =4,

C,=C, =0

similarly

h3 AT

C,=CT=0

Combining these equations gives:

Ki =4y

C,=C,=0 Crtly

C,=C, =0 Cu +A,

C,=C=0 C,

and:

¢, =C,=0 A AV =C,.=0
u T + & H + i Cx
Ko A, A, A,

=60
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Zero-Value Time Constant
(con't 3)

Now consider putting i,=i,=0 and solving for v,

vy — An
i, A(s)
The driving-point resistance at the C.node pair with all capacitors
equal to zero:

Ay c,=¢,=0 _ A
- C,=C,=C,=0
A, A
We now define
R — All
) C,=C,=0
Ao

We can write now:

b, =R Cr +R,,C +R,C

X
Thus:

|
w—BdB ] b_ w—BdB ] Z T
1 0

Thus the sum of the zero-value time constants leads to the -3dB frequency
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Summary: Frequency Analysis Methoas

The precise way:

< Add the parasitic capacitors to the equivalent circuit. Use
nodal analysis for evaluating the transfer function.

The approximate way:

¢ if there exists a pole p, <<<p,, p; ..., and the transfer
function is already given be the transfer function
A(s)=N(s)/D(s)
with D(s)=1+bs+b,s*+...+b s"
the pole p, is given by: P, =1/b,

# the dominant pole may be found directly in the circuit

diagram by looking for the node with the largest
Impedance. Take care of the Miller Effect.

# The time constant (and its influence on the frequency
response) associated with a single parasitic capacitor can
be estimated with the zero value time constant method:

# set all independent sources to zero

# replace the interesting capacitor C, by a voltage source V,
# set all other capacitors to zero

# evaluate the impedance R, seen by the voltage source V,
# the time constant is equal to CR,

The handy way:
< AC analysis with Spice
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Frequency Response
Common-Source Amplifier

# precise calculation of frequency response Is most
often left to computer simulations

< much insight can be obtained by finding the
dominant frequency effects (dominant poles, zeros)

B ! o o
. 1 gmlvgj e
in Ca Cgs—l_l Vgsl R __Cz
® \
Cy, 0F Q, and Q,
and load C,
r Of @ and Q,

nodel analysis ...
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Freguency Analysis (con’t)

C
—0,.R,| 1S at frequencies
Vot — Ut where gain has just

{453+ ;l)/ started to decrease

I.Cgsl gdl 1+gm1 )J+R2(ng1 +C2}

b =RyR, (CiCost +CiiCo +CaniCo

gd1™gsl gsl
(_3 :a
1
W_3pp = '
Rin [Cgsl T ngl (1 T gmle )] + M
Miller capacitance for R, >>R,

analysis for high frequencies for widely separated poles

2
D(s)=(1+3)(1+) O+ >+
W, W, W, ooploop2

0, C
wpzlj 1¥gdl
CoiCost +CiC, +C,C,

gsl™odl gsl gd1™2
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Frequency Response
Source-Follower Amplifier

# source followers can have complex poles and thus
exhibit overshoot

4 a compensation technique resulting in only real axis
poles is shown, resulting in no overshooting

[ ngl le

| ® |
:: + gmlvgsl T OstVst T Vst )/
iin Rin Cin Cgsl -Vgsl
O

Vsl Vout

rdsz Cs Cs=CL+Csb1
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Source-Follower Amplifier
(con't 1)

Vgl Yg |_>
®
<4> + gml"gs&/
iin Rin C’in Cgsl -Vgsl
® O
Vsl VOUt
C’m:Cin ngl RSl Cs

Rsl = rdslHrdSZH(]'/gsl)

L. gain from v, to v,,, is found

2. admittance Y, looking into gate of Q, without considering C, is found
3. Gain from iy, to v, is found

4., overall gain from v, to v, is found and results interpreted

L. gain from v, to v, is found

Vout (SCS + SCgsl T Gsl)_vglscgsl _gm1(Vg1 _Vout)= O
SCgsl_-l-gml
+Cs)+gm1 +Gsl

Vo —
V

gl S(Cgsl
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Source-Follower Amplifier
(con't 2)

L. gain from v, to v,,, is found

2. admittance Y, looking into gate of Q, without considering C, is found
3. Gain from i, to v, is found

4., overall gain from v, to v, is found and results interpreted

2. admittance Y, looking into gate of Q, without considering C, is found

Y =iglt -, SCgsl(SQS +qu)
S(C +Cs)+gm1+Gsl

g
Vgl

gsl

3. Gain from i;, to v, is found
Vgl — S(C + Cs)+ gml T Gsl

i a+sh +s°c

in

gsl

4. overall gain from v, to v, is found and results interpreted

v SCgsl * 0y

AS —_ out —_
(5 i a+sh+s%c

In
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Source-Follower Amplifier
(con't 3)

s the pole f _ N(s)
asm w00 M

I+ =+,
wOQ wO

2

There is no peaking and the transfer functions maximum is at dc if:

Q<./1/2 00.707
wy, is the -3dB frequency if: Q=41/2

Step input function:
nopeakingfor ~ Q <0.5

peaking for 0>0.5
complex conjugate poles _ 2_
(complex conjugate poles) ¢/ ershoot = 1006 ™ 4¢°-!

For the source follower: (g + G )
OOZ _ _gml 0‘)0 \/ in \Iml
C,, CpiCs +C (cgsl+c)

gsl

X/Gln gml sl [Cgslcs +C (Cgsl +C )]
GCy +Ciy (0, +6yy) +CBy

gsl

Source follower circuits can exhibit large amounts of overshoot under certain

conditions. In practical uE circuits the parasitic capacitances and the output

capacitance results in only moderate overshoot for worst-case conditions.
MicroLab, vIsi26 (17/29)



Source-Follower Amplifier
Compensation Technique

# source followers can have complex poles and thus
exhibit overshoot

# overshooting may be reduced by:
& increasing C;, or C, or both
# adding a compensation network

SIT -

Cgsl (ngml ._Cgslel ) |:| gmlcgglcs .
(gml t Gsl)(Cgsl T Cs) (gml T Gsl)(Cgsl t Cs)

(Cgsl t G's)2 [ (Cgsl t Gs)2

C, =

| C981 (ngml - Cgslel) Cgslcsgml
. C

gsi™'s
*C ot TG (see Johns/Martin pp160-162)
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Frequency Response
Common-Gate Amplifier

# The frequency response of the common-gate stage
Is usually superior to that of the common-source
stage due to the low impedance, r;,, at the source
node, assuming G, =(sC,+g,,)is not considerably
smaller than gy

(see Johns/Martin pp160-162)
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Frequency Response
High-Ouput Impeaance Mirrors

< Both the Wilson and the cascode current mirrors
introduce high-frequency poles into the signal
transfer function.

+ The approximate time constant of these poles is
Cys/0r» the roof of this statement can be found by
doing high-frequency, small-signal analysis.

li C*) vlout Vout li *) vlout
*— r rout rin *— r rout

% I o % L
% |_'_||:Q2 Q1:||_'_| Q,

(see Johns/Martin pp163)
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Frequency Response
cascoae Gain Stage

# The exact high-frequency analysis of a cascode gain
stage is usually left to simulation on a computer.

¢ at high-frequencies, the time constant due to the
output node almost always dominates since the
Impedance is so large at that node:

¢ Cout= (ng2+Cdb2) +CL+Cbias
# C, is normally the major contributor

|biasG>
" ® e—O Vout
o] - QL C,
V.,
0o . Q1
W_.n L : [ 291
i RoutCL ngL
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cascoae Gain Stage

(con't 1)

¢ Zero-value time constant analysis method used

bhas (1) Ciz = Cypp +Cgp +C +Cyi
¢ *—° Vi CsZ = Cdbl + Csb2 + Cgsz
Vbias — Q
L 2 =—=(
Vi | | oo o
7 - Q1 gmzvsz I:I N Vout
v, C 2] C| G
— gLt
Vin L e
Cgsl gmlvgl | rdsl CsZ

¢ All independent sources have to be set to zero
(Vin=0)

MM vL.2

node v,

TCgsl = C

R

gsl' in
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cascoae Gain Stage
(con't 2)

® ® O
gmzvsz I:I e Vout
Vo C fl C2| O
— | ot
O 1 I @ II T L J V
V. s2
in e e
Cgsl gmlvgl | rdsl CsZ

nodes Vy,,V,  the capacitor Cyy, is replaced by a voltage source v, in order
to calculate the input resistance seen from that node.

I

v
Wy L\ —* —
RO Gy =i Vs

R [] v R admittance looking into the source
" o'y at of a cascode transistor is Y,

Tngl = nglel(]' t Rin I.Gdl T gmlJ)
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cascoae Gain Stage

(con't 3)

0 <<0, R, Ogn2 "

(see cascode current mirror

impedance, pp137, visi-25/17)

Ysz Dg

ds

I
Ter UCy % (1 +0.R;, )

2
!
Tor UCy g"‘z—ds for R, is large and equal r,,
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| @
gmzvsz I:I e Vout
v, C "ol Cao| ©Or
o—{ }—e g ||"ot ®
71 Vs
In . -
Cgsl gmlvgl l rdsl Csz
Gy =i Vs
admittance looking into the source
of a cascode transistor is Y, v | ?
gm2 s2 N
Y52=is/ Vsz v ) rdsZ Cd2 GL
for 2 i
—>
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cascoae Gain Stage
(con't 4)

| 9 ® o)
gmzvsz I:I N Vout
v1 o "ol Cio| G
o— '} L ®
. 7 Vo
in
Cgsl gmlvgl | rdsl CsZ

node v, the resistance seen by the capacitor C, is r,y in paralell
with the impedance seen looking in the source of Q, which
is approximately r,, thus:

rd
TCSZ D Csz ES

The resistance seen by Cy, is the output impedance of the
node Vo cascode amplifier, thus:

0,
TCd2 |:|Cd2 P

Ttotal I:l-l-Cgsl + Tngl + TCsl t TCdl

Oy o T O,
total |:lcgis C 2 T Csz % + Cdz 2
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cascoae Gain Stage
comments

# High frequencies considerations

lbias G) one pole dominates, thus the gain is:
y ? ?—° Vo A(S) = AV
bias | +
1as i Q2 L CL ]. S/ m—3dB
|/ — at frequencies substantial larger than ¢4
7] Q1 Av gml
g A(s) O O—n
s/w.,;  SC

# upper limit of the unity-gain frequency of an
amplifier that uses a cascode gain stage is limited
by source node of Q,:

1 S 31, Vigr

T, 24

(A)pz -
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coming Up...

< Next topic...
Basic OpAmp design and compensation

4 Readings for next time...
Johns&Martim Sections 3.11

& Exercises:
Have a look at the exercises in Johns&Martin.
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Exercises VLSI-26 — ##!

Johns&Martin chap 3.11 pp156: 3.8 (difficulty: easy):
Consider the common-source amplifier shown on
transparency visi-26/6 where 1. =100IA and all
transistors have W=100pm and L=1.6pum. Given
Ri=180kQ, C,=0.3pF, C,y=0.2pF, C,,,=15fF,
Cyp;=20fF, C,,,—36fF, p.C,,—90UA/V?,
1,Co,=30A/V2, and ry ,=8000 [L (um)]/[ID
(mA)], r,,=12000 [L (um)]}/[ID (mA)].
Estimate the 3db frequency response.

Result: f 4, =554kHz

Johns&Martin chap 3.11 pp160: 3.9 (difficulty: easy):
Analyse the source follower and assume that
li,s=100pLA and all transistors have W=100pm
and L=1.6pum. Given R.,,.=180kQ, C,=10pF,
Cy=0.2pF, C,yy=15fF, Cy,=40fF, C;;=30fF,
l'lncongol'l 2' H Cox:30l'lA/V 21 and ls-
=8000 [L (um)]/[ID (mA)]. Find e, Q, and
w, of the source follower.

Result: &y, =52MHz, Q=0.8, % overshoot = 8.1%,
w,=5.3GHz
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Exercises VLSI-26  #2

Johns&Martin chap 3.11 pp166:3.11 (difficulty: easy):
Assume that for the input transistors and the
cascode transistors, g,=1mA/V, r,=100kQ,

R =180k<2, C,=5pF, C,;=0.2pF, C,=15fF,
C=40fF, C,,=20fF, C,;,,=20fF, Estimate the -
dB frequency of the cascode amplifier (transparency
19).

Result: ) 455 =27116.3MHz

Johns&Martin chap 3.11 pp168: 3.12 (difficulty: easy):
Estimate the lower bound on the frequency of the
second pole of a folded-cascode amplifier for a
0.8pum technology, where a typical value of 0.25V
is chosen for Veg,. L,=1.5L;,, 1,=0.02m?/Vs.

Result: v, =211 414MHz
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