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Lecture 23 - Frequency Response of
Amplifiers (I)

COMMON-SOURCE AMPLIFIER

May 8, 2001

Contents:

1. Intrinsic frequency response of MOSFET

2. Frequency response of common-source amplifier

3. Miller effect

Reading assignment:

Howe and Sodini, Ch. 10, §510.1-10.4
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Key questions

e How does one assess the intrinsic frequency response
of a transistor?

e What limits the frequency response of an amplifier?

e What is the 7 Miller effect”?
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1. Intrinsic frequency response of MOSFET

O How does one assess the intrinsic frequency response
of a transistor?

fi = short-circuit current-gain cut-off frequency [GHz/

Consider MOSFET biased in saturation regime with small-
signal source applied to gate:

Vs abt iInput = 4,,: transistor effect
= 1;, due to gate capacitance

Frequency dependence: f T= 1;, = |ZZOZ—Z’5\ !

Lout

fi = frequency at which |-—| =1

ZZTL
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Complete small-signal model in saturation:

in o Cqd iout
— N <
+ 11 D
+
Vs (“) Vgs TCos D gmvgs dImbVbs % o
S - Cdb ==
Vbs — Cgp
+
B
Vb5:0
i out
in 1 C|g|d ) ou
N + 11
Vs 6) Vgs = Cgs O ImVgs

= lout = Ugs(Qm - jwcgd)
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Current gain:

Z.out
hoy = — =

Gm — JwCyq

Lin B jW<OgS + Ogd)

O Magnitude of ho:

e Lor low frequency, w < g—md,
g

|h21| ~ dm
W(Cgs =+ ng)

e For high frequency, w > g—”";y
g

Cd
Cgs + Ogd

|ha1| ~

Lecture 23-5
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log [h21] ,

ng

Cgs"‘ng

|ho1| becomes unity at:

Then:

wr = 27TfT =

fr =

" log w

Im

Cgs + ng

9m

27T<Cgs + ng)

Lecture 23-6
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O Phase of hoq:

—wC d T
= tan 1(—5) — =
¢h21 ( I ) 9
e For low frequency, w < 2,
gd
T
gbhm = _5
e For high frequency, w > (‘%—”;7
g
§bh21 ~ —T
%21 A
Im-wCqyd
oLl
w=0
@=0
wW-> 00 J
o>
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O Physical interpretation of fp:

Consider:

1 Cgs + Ogd N Cgs

2nfr  Gm I

Plug in device physics expressions for Cys and gy,

1 Cu  LwC, L
27TfT B 9m %/Lcox(VGS - VT) M%KGSL_—VT
or
1 L L
~ = =T
27TfT M < Echan > < Vchan > t

T, = transit time from source to drain [s]

Then:
1
froe o

fr gives an idea of the intrinsic delay of the transistor:
good first-order figure of merit for frequency response.
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To reduce 7; and increase fr:

o [ |: trade-off is cost

o (Vs — V) 1= Ip 1: trade-off is power
e 1, T: hard to do

e note: fr independent of W

Impact of bias point on fp:

dm %NCOSC<VGS - VT) o \/Q%NCO:U[D

fT B 271'(093 + ng) B 277'(093 + ng> N 277'(093 + ng)

fr 4 T a

Y
o
Y

VT

In typical MOSFET at typical bias points:
fT ~1—-25GHz
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2. Frequency response of common-source amp

VDD
Q)lisup
signal source
s o] g
\ e
Vs \ VOuT % RL
o o 3
VGG
1 il
Vss

Small-signal equivalent circuit model (assuming current
source has no parasitic capacitance):

Rs Cyd
WV ||

+ +

vs (~) Vgs == Cgs (D dmvgs = Cdb § o § foc § RL  Vout

Low-frequency voltage gain:

UOU
AU,LF = " F = _9m<T0//T00//RL) = _nglout

S
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Rs 1 C|g|d 5
WV ||

+ +

Vg <’\1> VgS —_ Cgs @) nggS —_— Cdb § Rout' Vout

node 1: vs};—;)gs — Vs JWCys — (Vgs — Vout)jwCiyq = 0
node 2: (UQS_UOUt>jWOgd_gmvgs_Uoutjwcdb_% =
Solve for vys in 2:
jw(C’gd + Odb) + ﬁ

jwcgd — Gm

Vgs = Uout

Plug in 1 and solve for vy, /vs:

- (gm - jwcgd)R/out

A, =
DEN

with

1
DEN = 1+ jw{RSOgs + RSng[l + Rlout(R— + gm)] + Rloutcdb}
S
~w*RgR.,,Cys(Cypqg + Cap)

out

[check that for w =0, Ay 1r = —gn R,

out
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Simplify:

1. Operate at w < wp = c vy - =
§ g

Gm > w(Cys + Cya) > wCys, wCyq

2. Assume g,, high enough so that

1

— + m = dm
Rs g g

3. Eliminate w? term in denominator of A,
— worst-case estimation of bandwidth

Then:

/
—09m out

A, ~ :
1 T ]W[RSCQS + RSCQd<1 + dm /out) + Rgutcdb]

This has the form:
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>

log |Ay| 4

ImRout ----

wH " log w

llfU CL ‘1'0
H \/7 ,LF

wy gives idea of frequency beyond which | A,| starts rolling
off quickly = bandwidth

For common-source amplifier:

1
B Rscgs + RSng(l + g ! ) + R .Cy

out out

WH

Frequency response of common-source amplifier limited
by Cys and Cyq shorting out the input, and Cgy, shorting
out the output.
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Can rewrite as:

1
- 21{Rs[Cys + Cya(1 + | Ay 1r])] + R Can}

fu

Compare with:

fr=o "
27T<Ogs + ng)

O In general: fr < fr due to
e typically: g,, > RLS
o ('y, enters fy but not fr
e presence of | A, pr| in denominator
O To improve bandwidth,
® Cys, Cya, Capy | = small transistor with low parasitics
o |A, rr| |= don’t want more gain than really needed

but...

why is it that effect of Cyq on fr appears to being am-
plified by 1 + |AU,LF|??”
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3. Miller effect

In common-source amplifier, C'yq looks much bigger than
it really is.

Consider simple voltage-gain stage:
lin C

|

O

+ -
Vin (N) C) Awin  Vout
- +

© {o}

What is the input impedance?
bin = (Vin — Vout) JwC
But
Vout = —AyUin
Then:

im = ”Um<1 + AU>C



6.012 - Microelectronic Devices and Circuits - Spring 2001 Lecture 23-16

or

UVin 1
iin  Jw(l4+ A,)C

From input, C', looks much bigger than it really is. This
is called the Miller effect.

When a capacitor is located across nodes where there is
voltage gain, its effect on bandwidth is amplified by the
voltage gain = Miller capacitance:

CMz'ller — C<1 + Av)

Why?

Uin T = Vout — —Awm ll = (Um - Uout) TT = Zm TT

In amplifier stages with voltage gain, it is critical to have
small capacitance across voltage gain nodes.

As a result of the Miller effect, there is a fundamental
gain-bandwidth tradeoff in amplifiers.
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Key conclusions

o fr (short-circuit current-gain cut-off frequency): fig-
ure of merit to assess intrinsic frequency response of
transistors.

e In MOSFET, to first order,

£

B 2Ty
where 73 is transit time of electrons through channel.

e In common-source amplifier, voltage gain rolls off at
high frequency because Cjyy and Cy4 short out input
and Cy, shorts out output.

e In common-source amplifier, effect of Cyy on band-
width is magnified by amplifier voltage gain.

o Miller effect: effect of capacitance across voltage gain
nodes is magnified by voltage gain
= trade-off between gain and bandw:idth.



