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These notes : calculate circuit transfer functions H ().
Low - frequency rolloff. High - frequency rolloff.

Frequency response.Transient rep onse.

Goals :
Become expert n circuit analysis.

Become expert in LaPlace methods.

Transistor circuits make good exercises :

they are real, interesting, useful.

LaPlace analysis: importantin most partsof electrical engineerin g



Field-Effect Transistor High-Frequency Model
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Physical origin of these capacitances will be covered 1n later classes.

For ece2c, we simply take this model as given.
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Field-Effect Transistor High-Frequency Model
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C,, arises mostly from gate - channel capacitance

Partly due to gate - source fringing fields, and interconnect vias.

C,, arises in part from gate - channel capacitance

Partly due to gate - source fringing fields and interconnect vias.
C,, and C,, are source - bulk (substrate) and drain - bulk PNjunction capacitances.

M any of these capacitances vary withbias voltage.
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This circuit : 1950's - styleRC biasing

C, and C  will reduce the circuit gain at low frequencies.

C,, and C , will reduce the circuit gain at high frequencies.



Small - signal equivalent circuit :

Vgen Rgen I?in Vin RG] RG2 Cgs CI'((?;d gm Vm RD RDS Cl,olz R
W——* k k °
) v

C. and C  will reduce the circuit gain at low frequencies.

C,, and C,, will reduce thecircuit gain at high frequencies.



Let us first consider responseat high frequencies.

We will therefore temporarily neglect C, and C_ ..
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Label all circuit nodes. For each :is the voltage known ?

known voltage (blue), unknown voltage (red)

Tosolve circuit :
# of equations =# of unknowns =# of unknown node voltages

the equations must be * linearly independent *.

Write Z currents = 0 at each node which youdo not know the voltage.

node

Alwaysgives the needed set of linearly indep endent equations.
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Common-Source Amplifier: Simplifying

Convert the generator from a Thevenin to a Norton model :

Vgen/Rgeﬂ Rge”’ Vm Cg“' ng Em Vgs Ra’s Vom
——f .-
4 + d
%
/\/ (T) g 5 T~ & S 5 $RD| ‘RL
v \4 v Rg" leZ i v

And then use parallel resistor formulas :

Vgen/R gen I/in Cgs ng g m Vgs Vout
. It ®
I\
1*ry
vlos T >
v v \'4 v

R=R,|IR IR R, ~Ro|IR, IRy

gen Le



Vgen gen in Cgs ng g m- gs Vou[
| {
@ L
+
LV
v e T >
v v v \4
RJ':Rgl‘ ’Rg2| |Rgen RLeq :RD‘ ‘RL’ |RDS
Sum of currentsat V, 1s zero:
I/inGi + V;nSCgS + V;nSC + I/out( SC d) gen gen
— I/m (Gz + SCgs + Sng) + uz‘( Sng) gen gen

Sum of currentsat V  1s zero:

ut

mgm +V, (_SC d) T I/out(S d)_l_ out( Leq) 0
in(gm_SC d)+ ut(G +SC d) O

Leq



gen = gen in gs ng g m Vgs Vomf
| (
4 1§ ®
+
n, @ 3 == ¥g <
v v v v
Rf:Rgi’ | |Rg_" ‘Rgc)n RLc’q :RDl |RL| |RDS
I/in (Gl T SCgS T Sng) + out( Sng) gen gen

I/in(gm_scgd)_l_ out(G +SC d) O

Leqg g

Gi TS Cgs TS ng _SC I/m _ VgenGgen
g, —5C,, G, +5C,, I 0

Leqg out



{Gl. +5C, +sC,,  —sC,, }

I/in _ VgenGgen

Em~ Sng GLeq + chd I/out B 0

G, +5C, +5C, —5C,, | V. _ G,., v
g, — Sng GLeq + Sng I/out 0 -

Gi+SCgs+Sng _Sng I/m L: Ggen
8,9 ng GLeq TS ng I/vout Vgen 0

v

Gz’ + SCgs + Sng — Sng . I/m / Vgen _ Ggen

g, Sng GLeq + Sng Vout / Vgen 0



VM’”/R& V C.L’s C,L’u' Em Vgs Ve
- [
T %
Ri:Rg/ | |Rg2| Rg:,: RL(»q =Rp|[R;|[R g
NGs)
ou S H(S) en(S)_ en(S)
l‘( ) g D( ) g
where
G +sC, +sC —5C,,
D(s) = © oo
g, —Sng GLeq +SC
and
N(s) = G +sC,+sC, G,
g —sC vd 0




G, +sC, +sC,, -sC

gd

D(s) =
(5) +5C,,

g, —Sng G

Leq

D(s) = (G,- -I-SCgS -I-SngXGLeq +Sng)—(—SngXgm —Sng)

D(s)=GG

Leq

+GsCoy+G

Leq

SCo + G, 5Cpy+5C,,sC +g,5C,,

eq



organize mto powersof s :
D(s)=G,G,, +s|G,C,,+G,, C.+G, C.,+g,sC,|+s’[c.C.]

Leq Leq >~ gs Leq ~ gd gs ~gd
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Separate into a constant carry ing units

multip lied by a unitless frequency response:

D(s)/G,G,,
— 1 + SRiRleq [Gl ng + GLeq Cgs + GLeq ng + gm ng]+ S2RiRleq [Cgscgd]
D(S)RiRleq =1+ S[Rleq ng + Ri Cgs + Ri ng + ngiRleq ng ]+ SZRiRleq [Cgscgd]

=1+ S[Rngs + RzC d(l + ngleq) + Rlechd ]+ Sle'Rleq [CgSng]

g



Follow the same rules for the numerator :

G, +sC,+sC,, G

MO —sc, o | = Genlen—sC)

- gengm+GgenSng:_ gengm.(l_Sng/gm)



N(S) — _Ggengm . (1 _Sng /gm)
D(s)-RR,, =1+s(RC,,+RC,,(1+g,R.)+R,C.)+sRR,(C.C..)

gs ~gd

N(s) ~Gugn1-5C,/ 2,)
D(s)-RR,, 1+s(RC,+RC,,(+g,R,)+R,C,)+s*RR,(C,C.,)
So
I/out(S) :H(S) _ _GgenRiRlqum .(I_Sng/gm)
Vgen (S) 1 + S(Ri Cgs + Rngd (1 + ngleq) + Rleq Cga’ )+ S2RiRleq (Cgscga’)



%
Vout N H(S) = Him'd—band ) Hnormalized(s)

gen
1-sC, /g,

Hnormalized(s) = 1 « 2

+ S(Ri Cgs + Rz’ ng (1 + ngleq) + Rleq ng )+ S RiRleq (Cgscgd)

Ri R en || Rin,Am

Hmid—band — _GgenRiRlqum — _ngleq R— — _ngleq . R z
gen gen

R en” “in,Am in,Am
:_ngle . — :_gm le —
! Rgen (Rgen + Rin,Amp ) ! Rgen + Rm,Amp
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Gommon-Source Nodal Analysis: the answer

outr __

V Hmid—band | Hnormalized(s)

gen

where

H . , =—g R 1s the mid - band gain.

1+b,s

H, ()= - 1s the amplifier frequency response.

l+as+a,s

First - order time constant:a, = RC, +RC, ,+¢g,RR, C, ,+R, C

leq ~ gd leq ~ gd

Second - order (time)2 constant:a, = R R, [C gSC gd]

and b =-C,, /g,
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Frequency Response Example (1): DG

chd
R
$ gl D$ C ut
V N R N Cin : I{
gen gen (| mn | 1
A Ly % IL,
g
v

*we are ignoring the (1+AV);) termin the
bias analysis.

Doing this causes some small error.

If we do not, the DC analysis involves solving

quadratic formulas. Hard.

In ECE137A we will learn some tricks to
calculate this quickly yet fairly accurately.

Do not ignore the (1+ AV,) termin the
small signal analysis.

FET: Design conditions
(uc, W, /2L,) =1mA/V? Vps =0.7V
vV, =03V I, =50 uA
1/A=10V Vpp =33V

R, =100kQ, R, =50k
current through R, =1 1A

Analysis:
1, =(uc,W,/12L )V, —V,)* (A termignored ) = 50 uA
(Vgs — I/l‘h) - (]D)l/2 (/’lcong /2Lg)_1/2
(V,,—0.3V) = (50 A /ImANV?)* =022V
V,,=052V.
Vs =Vop —1pR),
Ry =Vpp —Vps)/ 1y
=(3.3V-0.7V)/50 uA =52k
R, =0.52V/1 yA =520 k€,
R, =(3.3-0.52V)/10 A =2.78 MQ,
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Frequency Response Example (2): Gomponent \lalues

v 3.3V
2. 78 MQ) ) P2k
| R RD§ Cout V

out
| {

W ILml\

\/\’
(r? s S,
520kQ 50 kQ
b
FET:
ol ,

I, = (:ucong /2Lg)(Vgs - I/th)z(l—i_ﬂ’VDS) &= PY%
gs

S

V R C,
gen

gen

T~

= (ﬂcox w,/L )(V =V, A+ AV )

=(2mA/V?)(0.52V —-0.3V)(1+0.7V/10V) = 0.471 mS

ol Al 50 LA 1
S iar o S M T oy T 0ka

G, = —
Cav, (1+AV,)
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gen gen I/in gs gd Em gs ds out
W . [ Do o
100 k€2 g |+vy < d 3 52kQ || 50kQ
T~ s
@ § - S RDHRL =25.5kQ
Rgl | le2 I
\4 v g, =0.47mS \4

520kQ | 2.78MQ
= 438kQ
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I |

g =0.47mS
IpE  10.25pF
Vgen/R gen I/in Cgs ng g m Vgs Vout
* I ’
n, 3 = ' <

A4 v

v
R=R_|IR IR, =82k

RLeq:RD| |RL| |RDS — 22.61{9
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clas.
-
Frequency Response Example (0): (time)" constants
|

.
Vout - Hmid—band ) Hnormalized(s)
gen
R R
H o | R =-10.66-0.814 = —8.65

mid—band — _gm legq
Rgl || Rg2

1+bs

Hnormalized(S) - 1 tas+a SZ .
1 2

a=RC, +RC ,+g RR, C +R, C

i~ gs i~ gd leqg ™~ gd leqg ™~ gd

= 82kQ - 1pF+82kQ-0.25pF+0.47mS - 82kQ - 22.6kQ - 0.25p F+ 22.6kQ2 - 0.25p F
=0.326 5

a4, =RR,|C..C..]> a,/a, =82kQ-22.6kQ-1pF-0.25pF/0.326 115 = 1.42ns

gs—gd
a,/a <<a,,so,separated pole approximation works.

b=-C, /g, =—025pF/0.47mS =-0.532 ns
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Frequency Response Example (6): Transfer Fllllﬂlﬂll

v en<s> T (+as)(1+(a, /ay)s)

g

=0.326us, a,/a, =1.42ns,b, =—0.532ns

V;)ut(S) ~ 65 1_|_b1S

Vol J27) _ g ¢s. 1+ jf /1.

Vi G27) A+ 1 L,0A+if  f,5)
f o= 0.159 _488kHz, f, = 0.159 — 119 MHy
P 0.326us P 1.42ns
0.159 : :
f. = =—299 M Hz(zeron the right half of thes - plane)

—532ps



The Miller Effect
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The Miller Approximation
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The Miller Approximation
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The Miller Approximation

- —‘r*—' = L’/
_L{]-- i - é = f s e
f;“ 0 ’d-r\ ﬂ:’?EA //-;u. ‘mn L+ AT ot
‘b’ ¢ = :

,-F' Lﬂftf.r"'/#v'-)

/ ' r ’
Hofe Lhe MLHer = e /oy /e i-'l‘}—?‘“"f' FarE

Refer back to the common -source analy sis

L f}f-h A A \
ﬁ'}i-u | VD
| SE SRR
T éy 1 P Youwillsee C,,(1+g,R, )R
1 .
? | I\ ie. C,,(1+A4)R,
V V
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- g -
R
5 jo D$ Couf Vou y
v R Cu |V y
gen ,\it y in | . L
[ L
v
Vgcn/Rgen v, 2 Cga‘ C;_{d gm V;{s me
PN I( ®
L%
AV O ST s

v v v v
R=R,, | |R‘s:3‘ ‘Rgm R,., =R\ R, |[R
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Low - frequency gain fromV, toV, is—g R

Leq

Approximate : replace C,, with C

miller

Cmiller — (1 + ng

Leq
voo
—
& oy l % _._'_. - - "’L}/ é Vout

. 5 s R S e

—+%

) ng

g,V R

Leq

l/zdpole = Ri (Cgs + Cm ) = RngS + Ri (1 + ngLeq)ng

iller
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2 Exact solution
y.Js

a=RC,+RC_,+g RR
4/ Vgem : % M. Sl Solation R

1eqCoa TR
I a2 = RiRleq [ngcgd]

legq

Coy

_71e zem,

G .';T;Jwe Coua LSe e S

P 4
JmL, = A,

R.
ol
XA .
F
."'2?7'?'}7’27" = A4,
» s Pl
Ao/ ﬂ-r.slgfg-.s _s’o/az‘f'm
Ry 2 [ . e > S
A S, e T SRGLE eslmate oF 77 oule

ot fler Sppvk. very Last 1'5’; Seconct /pp;é

.
- ~ % msses 3ers Gmpoletely
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Frequency/Transient Reponse: Real, Important

o7
14
12
g
=10
r QGH;O mm
e 8_ ......................................................................... .
6F---- ...... ...... ...... ...... ..... "'521—5imulated_
= = = = m— =2 1-measured
SmAl 3mAl JmAl lJmA l.?mA leA 4 i i i | | 1 T I T I
L £ 1 20 40 60 a0 100
25V 25V Frequency (GHz)
5.3 psec 60mVI
Gl
n e —n-m- - — [Mm‘l

PR e o S M
. Measure ¢ ; i H i ‘ i
current minimum Mas i um total meas
Eve width( ) 30.06 ps 29,43 ps 30.14 ps 100 Sefup
Eve fmp( ) 260 mV 260 my 260 my 100 & Info
Saeid Danechear Jitter p-p() 3.180 ps 2.120 ps 3.180 ps 100 —

Bit Rate(?) 30.3 ch/s 30.2 Gh/s 30.4 Gh/s 100



