/“
[
&

i

|

9.2

9.3

Chapter 9
Time-Dependent Circuit Behavior and Frequency Response

Consider the resistor-capacitor circuit shown below. Choose
component values so that vy is attenuated by a frequency-
independent factor of 2/3 at low frequencies and is reduced toward
zero above 1 kHz.

Ry
VIN —o0 VQUT

Choose Ry, Rp and C; in the circuit shown below so that vguT is
equal to half of vyy at frequencies well above 10 kHz and is reduced
toward zero at lower frequencies. Note that vgyr is exactly equal
to zero at dc, where C1 behaves as an open circuit.

VIN © | | NNV =10 vouT

The following circuit is to have a constant response between 100 Hz
and 1 MHz. Choose appropriate values for Cq and Cp, where C; >> Co.
What is the magnitude of vgyr/viN in the midband?

' Cl Rl = 10 kil
VIN © [ AR © vouT
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A network has the following frequency-dependent voltage transfer
function:

jW W jW
100[1 . i—-ﬁ] [1 . i—g] [1 . 5—5]
Vout, _ 10 10 10

Vin [1+%][1+%][1+%”1+31j—z7]

Draw the magnitude and angle Bode plots of Vgou4/Vin-

Consider the BJT amplifier shown below. The input signal vi, is
coupled to the circuit via a series capacitor C;. The BJT is biased
with Ic = 1 mA, VT = 25 mV, and f, = 100. Derive an expression for

the gain that includes Cg. Find w_, the low-frequency -3-dB
endpoint of the midband region. Sketch the |Vy,t/Vinl magnitude
Bode plot.
Vee
R1 S 73 kil Rc = 3 kil
vouT
C1 fo = 100
1| Q
1 /lF 4IC =1 mA
Vin Ro < 27 kil
L ' RE = 2 ki]
L

p—

The BJT in the amplifier shown below is biased in the active region
at room temperature. Derive an expression for the small-signal gain
Vout/Vin as a function of frequency. Your expression should be
valid within and below the midband region. Find w_, the low-
frequency -3-dB endpoint of the midband region. Sketch the
magnitude Bode plot of |Vout/Vinl -




9.7 The BJT in the amplifier of the previous problem is biased in the
active region. In this problem, the high-frequency portion of the
Bode plot is considered. For small excursions of ic and vcg about
the bias point, represent the BJT by the following small-signal
model :

ImVr
. o e

Note that the transverse capacitance C# and output resistance rg
have been omitted from this model, i.e., C, is assumed to be very
small and r, large. If ry, = 50 0, ry = 2.5 k0, and Cy = 20 pF,
obtain an expression for the gain within and above the midband
region. Identify the -3-dB high-frequency endpoint of the midband
region and sketch the high-frequency portion of the Bode plot.

9.8 The BJT in the discrete-design amplifier shown below is to be biased
in the constant-current region at room temperature. The internal
BJT parameters are listed in the box.

Vcc =6V

C2= 0.5uF

Re = 5 kil - Yout
A ; i R = 5 ki

B R _—_:CE=5/‘F

3 Vg = -6 V

[

100 fr > 0

Po
0.7V ¢,

Vs

250 MHz r,
2 pF Fx

a) Find values of Rg, RE, R; and the node voltages Vp, Vc,'and VE
that will establish the following conditions with R disconnected:
* Intrinsic small-signal gain vo/vp = 40 dB
* Bias current I¢c = 0.5 mA
. * Bias voltage Vg = -2 V.
5ﬂf}' b) Find the overall midband gain vg,t/vs With vg, Rg, and R connected
, c) Identify the low- and high-frequency capacitors.
d) Compute low- and high-frequency endpoints of the midband region.
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9.9

9.10

For the MOSFET inverter shown below, find expressions for the time
constants that affect the high frequency rolloff and rise time.
Derive in terms of the internal MOSFET parameters.

Vbp

Rp

An n-channel MOSFET is connected in the feedback bias configuration,

as shown below. The device parameters are listed in the box.

t Vpp = 12 V
Ry 2 M1 R3< 5 kil
‘ |$C =5 nF
11
Rg =501 l
Vg -AAAA 1
Cec = 2 nF I

2
N
]
[y
=
=]
0
o+

K = 2 mA/V2 Cgs = 2 pF
VIR=2.5YV ng =5 pF
ro =® Cds = 0

a) Verify that Ip = 0.5 mA
b) Find a value for the MOSFET transconductance gp.
c) Determine the low-frequency -3-dB endpoint of the midband region.

-d) Determine the high-frequency -3—-dB endpoint of the midband region.
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9.11  The MOSFET pulse circuit shown below is driven by a step function. The
MOSFET is not driven out of the constant current region by vj,.

a) Find the value of €y such that the incremental gate voltage Vg
falls ("droops") with exponential time constant 731 = 1 ms. To what
voltage will C; eventually be charged?

b) Find the value of Co such that vgyT rises with exponential time
constant 75 = 1 us when R_ = 10 kAl.

c) Find C3 such that the source terminal of Q1 is held at incremental
ground over the time span of 79 and 7. These latter time constants
define the pulse rise and fall time.

Rp > 5kfl
Rz > 100 kil vouT
Ry § 110 k0
q g
—» RS Co
D1 e e
C1 - ‘ 0.5 mA
~ 1] -0 Q1
O 9 L
Vin Ro > 40 kil Rz = 3.3kil —T C3

K1 = Ko = 0.02 mA/V2

Fol = Fo2 =%

9.12 An amplifier has two high-frequency time constants 77 = 500 ns and
To = 250 ns. What is the value of wy, the high-frequency endpoint
to its midband region?
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8.14 | The small-signal model of the

circuit is shown below. The input
source Vi, is connected to the gates
of both Q1 and Qp. The incremental
output resistances rgy; and rgo must
be included in the model because no
smaller external resistors appear in
parallel with them.

- 9m2Vgs2
Vgs2 ro2
¥ Qo
Vin o—f Vout
+ Ql
Vgsl
T 9m1Vgs1 Fol
€
For this circuit vgs1 = vgs2 = Vip-

e The total resistance between Vout and
é ;} ground becomes rg1||roo. The current
) pulled up from ground through this
parallel combination is equal to
ImlVgsl * 9Im2¥gs2 = (9m1 + 9m2)Vin
The above circuit can thus be simpli-

fied by the following equivalent
model :
(9m1 + 9m2)Vin
Vip 0 Vout
+
Vin roillro2

1 -

From this simplified ‘version of the
circuit, the output is seen to be

Vout = -(gm1 *+ 9m2) (ro1llro2)vin

Chapter 9

9.1 | At very low frequencies (i.e.,

iz
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at dc), the capacitor behaves as an
open circuit and the circuit reduces
to a simple voltage divider. Choosing
resistors in the ratio Ro = 2Ry will
yield an attenuation factor of

vouT Ro _ 2R, 2

VIN - R1 + Ro - Ry + 2Ry 3
One choice, for example, might be Ry
=10 kll; Ro = 20 kil. At higher
frequencies, the impedance of the
capacitor will begin to short out the

voltage across Rp, forcing vgyr to be
reduced toward zero (vgyr will reach
zero exactly only at "infinite" fre-
quency). The pole frequency at which
this attenuation begins to take place
can be computed by forming the Theve-
nin equivalent of the circuit seen by
the capacitor:

Ri||R2 .

O VoUT

s

From the above circuit, we note that

f, = % = 1
P72 2r(Ry1 IRy

Setting this pole frequency to 1 kHz

with the suggested resistor values
would require a capacitor of value.
c 1
1:
27 (R1| IR2) fp

1 .
= = 0.024 FF

27 (6.67 k) (1 kHz)




9.2 | At high frequencies, the

impedance of the capacitor becomes
small enough such that Cy begins to
look like a short circuit. Under
such a condition, R; and Ry form a
simple voltage divider, so that
vour _ _ Ro
VIN Ry +Ro
Setting this ratio to 1/2 requires
that Ry = Ry, e.g. Ry =Ry = 1 KA.
The frequency at which the impedance
of C; begins to become negligible
compared to Ry and Ry can be found by
examining the Thevenin resistance

seen by Cy:

Ci Ry +Ro

VIN

From this representation of the
circuit, it is evident that
1
fp =
27(R1 + Ro)Cq
For the suggested values of Ry and
Ro, the required value of C; would be

1 1
= ~ 8 nF
21(Ry + Rg)fp 27(2 kN) (10 kHz)

9.3 | The frequency range between

100 Hz and 1 MHz constitutes the
"midband" region. In the circuit
shown, C; is a low-frequency capaci-
tor that behaves as a short circuit
in-and-above the "midband" region.
Similérly, Co is a high-frequency
capacitor that behaves as an open
circuit in-and-below the midband
region. The poles associated with
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each capacitor can be found by invok-
ing the dominant pole principle using
the following simplified circuits:

VIN °~—-E4 vOuT
1

Ry
Ro
Low frequency pa
circuit .
VIN o——v\éy“v o voUT
1
€1 — Ro

High frequency
circuit o

From the above circuits, the required
capacitor values can be found. In the
low-frequency circuit, (Co = open),
C1 sees Ry and Ry in series. The low-
frequency pole f|_ of the circuit can
be set to 100 Hz by choosing

1

1= 2r(io ka + 1 M) (200 Fi2)"

In the high-frequency circuit (C; =
short), Co sees an equivalent Theve-
nin resistance of Ry||Ry = 9.9 kil.

1.6 nF

- The high-frequency pole fy of the

circuit can be set to 1 MHz by
choosing

C ! =}

27 27(9.9 k) (1 MHz)

Note that C; »> Co, as suggested in
the problem statement. In this case,
C1/Co = 100.

In the midband (C; = short, Co
open), the output becomes.

Rovin 1 MO

OUT = R + Ry  1.01 MO

6 pF

VIN = 0.99vIN
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9.4 | The transfer function has zeros

at w= 102, 103, and 10° rad/s; it
has poles at w = 104, 105, 106, and
107 rad/s. The expression has no
single factor of jw in the numerator,
hence the magnitude Bode plot begins
at low frequencies with a horizontal
slope. Evaluating the expression for
w << 102, which is the lowest break-
point (pole or =zero) in the system
function, yields |[Vou4/Vinl 2 100 =
40 dB.

As the frequency of V;, is raised
through the various breakpoints in
the system function, the slope of the
Bode plot will shift upward when a
zero is encountered and downward when
a pole is encountered. At w = 102,
for example, the zero in the numera-
tor shifts the slope upward by 20
dB/dec; the next zero at 103 repeats
the upward shift for a total slope of
40 dB/dec.

At w = 104, the first pole in the
denominator is encountered, which
shifts the slope downward by -20
dB/dec for a total of +20 dB/dec. At
W= 105, a pole and zero are encoun-
tered simultaneously; their effects
cancel. The remaining two poles at w
= 106 and 107 each add successive
downward shifts in the slope of -20
dB/dec, for a total slope at high
frequencies (well above the highest
breakpoint of 107 r/s) of -20 dB/dec.

The Bode plot is briefly horizontal
between 106 and 107 rad/s. This
portion of the plot represents the
"midband® region over which the
transfer function has its maximum
height. The magnitude of Vout/Vin
over this frequency range can be
estimated by noting that each binom-
ial of the form (1 + jw/w,) will
contribute a factor of 1l/w, to

136

|Vout/Vinl in the midband.

The one
exception will be the binomial (1 +
jw/107), which will contribute a
factor of 1 because its pole lies
above the midband.

Thus |Vout/Vinl in the midband will
be approximately equal to

(104) (10%) (108)
(102) (108) (105)
Using these basic guidelines, the

magnitude Bode plot of the system
function can be drawn:

Vout/Vinl (dB)
140

= 107 = 140 dB

120
100 —

80 |-

40 f—mmmms

0 L1 1111
1 10 102 103 104 10° 106 107 w
The angle plot can be formed in a

similar manner. Below w = 102, where

the magnitude plot has a horizontal

slope, the angle is zero. As the
frequency of Vi, is raised through w
= 102, the angle of V,,4, measured
relative to V;,, undergoes a shift of
+90°, Its phase angle just at w = 102
becomes +45°. As w passes through
103, the total phase shift changes
toward 1809, reaching the value 90° +
450 = 135° just at w = 103,

Above w = 104, the net phase shift
of Vout is reduced again toward 90°;
it is decreased toward zero as w
passes through 106 rad/sec. Note that
the phase angle of V,,; reaches zero

:
£




over the region where the magnitude
Bode plot is flat.

Beyond w = 107, the phase angle of
Vout heads  assymptotically toward
—90° for all further increases in the
frequency of Vi, reaching the value
-45° just at w = 107,

Here is an approximate angle Bode
plot for the given system function:

180° - X Vout

135°

900

450

) 10 102 103 104 105 106 107 w
("
%w} B0 e mm

-90° |—

9.5 | Here is the incremental repre-

sentation of the amplifier, includ-
ing C;, with vyy and vgyr expressed
in phasor notation:

Vin 0‘54 tip Vout
1
re S Poib Rc
R11IRg

N\
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The base current i}, can be expressed
in terms of the node voltage vp.
Application of KVL yields

vp = ipry + (fo + 1) ipRE
or . Vb
ip =
re + (Bo + 1)RE
Note that the "effective" value of
RE, as seen from the base, becomes

(o + 1)RE. This concept was ex-
plored in Chapter 8.

The dependent source pulls a small-
signal current fyip, up from ground
through Rc, so that vg, 4 = -foipRe.
The ratio vgut/vp, the "intrinsic!
gain of the amplifier, thus becomes

Yout _ =BoRc
Vb rr+ (fo + DRE

Now find a frequency-dependent
expression for V|, (phasor notation)
in terms of V;,. The small-signal
input resistance r;, seen by Cj is
RilIR2||[ry + (Bo + 1)RE]. Expressing
the impedance of the capacitor as
1/jwCy yields, via voltage division,

Vb Fin _JurinG
Vin B Fin + 1/juCy ~ 1 + juripCy
Combining the above equations lead to

Vout - -PoRc
Vin rr+ (fo + DRE 1 + jurjnCy
where rin = RylIRy||[rr + (Fo*DRE].
The low-frequency midband endpoint
occurs at the pole w_ = 1/r;,Cy.
Substitution of numbers results in
ra = Pol9m = PoVT/Ic = 2.5 kil
rin = 73k0|{27kQ] | [2.5kA + 101(2kAQ)]
= 18 kil
w_ = [(18 kD) (1 /lF)]"1 = 55.6 rad/s
Ivout/vb] = 100(3kA)/(2.5kA + 202kN)
=1.47 = 3.3 dB
Here is a Bode plot of [Vout/Vinl:

jur;nC1




S VoutVinl (@B)
20 dB/dec
o J 4
» 3.3 dB
/ | l D
55.6 w (rad/s)

9.6 | Here is the incremental repre-

!

£

sentation of the amplifier with vy
and vgyr expressed in phasor nota-
tion:

Vin ;ib

Fy Poib Rc

vout

From KVL around the input loop,
Vin
1)Z
where re + (fo + 1)ZE

Zg = Rel1(1/jwCg) = Rg/(1 + jwRgCE)
Vout is equal to -f,IpRc, so that
Vout - =PoRc
Vin  rxr+ (fo + DRe/(1 + jwReCE)
_ _ PoRc( + juReCE)
re + (fo + 1)RE + jurgReCE
Dividing numerator and denominator by

I, =

re + (fo + 1)Rg and manipulating re-
sults in
Vout.  -PoRc (1 + juwRgCE)

Vin It (Po*1)RE 1 + ju(rel IRE)CE
where re = rg/(fo + 1) = 1/gy =
7V1/Ic . This gain expression has a

zero at
f, = 1/27RgCg = 79.6 Hz
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and a pole at

fp = 1/27(re| [RE)CE = 6.45 kHz
Note that f; < f,. At low frequen-
cies (f <¢ f;), the binomial factors
containing jw in the above equation

reduce to wunity, and that the gain
approaches the value
Vout _ -PoRc R

= 8 —= = -1.5
vin rr+ (b + DRE Rg

The magnitude of this expression is

equivalent to 3.5 dB.

In the midband region
the frequency-dependent binomials
approach  the values jwRgCg and
jw(relIRE)CE, respectively. The
latter factor can be put in the form
o Lral (Por1)] REce = ju—TiE CE

rx/ (Bo*1) + RE rr + (for1)RE
The gain expression for f )) fp thus
approaches the value

(f > fp),

JWRECE

Vout= -PoRc

Vin ror+ (fo + DRE ju(rel IRE)CE
~foRc rr + (Bo*DRE

reg + (Bo+1)RE rqRe Cg

-8R

PoRc = -g = =C€%C _ 100

The magnitude of this gain expression
is equivalent to 41.6 dB.

A magnitude Bode plot of the ampli-
fier gain, showing the low-frequency,
midband, and transition regions, is
drawn below.

AlVout/Vinl (dB)
20 dB/dec

100 103 ; 104 f (Hz)

79.6 Hz 6.45 kHz
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9.7 | In and above the midband re-

gion, the low-frequency capacitor Cg
behaves as a short circuit. Here is
an appropriate small-signal mode! for
the circuit that includes ry and Cy:

Vout

For this circuit, vouy = -gpvaRec, as
before. With ry and Cy present, the
phasor V4 becomes, via the impedance
form of the voltage divider,

v [ rol | (1/juCy) ]
"lrg + rpll (1/juCy)

Algebraic reduction of the above
expression leads to
'x
Vr = Vin .
ry + Fy + juryryCy
r 1
= V; X

n -
rx + ry 1 + ju(ryg||ry)Cy

Vg T T

Note that the same result can be
obtained by representing Vi,, rx, and
ry by a Thevenin equivalent circuit
and computing the pole associated
with rih and Cy.

Substituting this expression for Vg
into the expression for vg,¢ yields

Vout = ~guRC rr 1
Vin " rx + Fp 1 + ju(rg]lry)Cy
Note that at frequencies well below
wy = {(ry||ry)Cyl~1, the gain becomes
v r
out - 'ngC x

Vin rx+ rﬂ'
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which is the midband gain expression
with ry included in the model. For
the element values given, the midband
gain becomes

Vin 25 mV 50 1 + 2.5 kil
= -118 £ 41.4 dB

Because of the attenuation introduced
by including ry in the small-signal
model, the computed gain is slightly
smaller than the midband gain of -120
found in the previous problem.
The high-frequency pole occurs at
1 1
sz = =
2r(ryllry)Cxy  27(49 ) (20 pF)
162 MHz. Here is a magnitude Bode
plot of the midband and high frequen-
cy regions of the circuit’s response:

midband
region

[Vout/Vinl (dB)

41.4 dB

fy = 162 MHz

- | | I* I I

105 106 107 108 109 f (Hz)

9.8 | a) The "intrinsic" gain ve/vp

(with R_ disconnected) will be equal
to -ggpRc. Setting this gain to 40 dB
(magnitude of 100) with Ic = 0.5 mA
requires Rc to be chosen so that

R I¢ pe = 100
9miC = T c~=

1009VT 100 (25mV)_

- Ic T o0.5mA
Note that this choice is tantamount
to setting the voltage drop across R¢

to 100 times the thermal voltage fVT.
With this value of Rc, the node vol-

5 kil




.
)
g

tage V¢ becomes Vo¢ - IcRc =6V -
(0.5 mA) (5 kQ)) = 3.5 V.

Now find the required value of Rg.
Vg is to be biased at -2 V via the
proper choice of Ry and Ryp. The node
voltage VE will thus be Vg - Vg =
=2.7 V and the voltage drop across Rg
equal to VE - VEg = -2.7V - (-6 V) =
3.3 V. For the condition Ig ~ I¢ =
0.5 mA, the chosen value of Rg must
be (3.3 V)/ (0.5 mA) = 6.6 kil.

The values of Ry and Ry, which set
VB, are most easily chosen by
neglecting Ig compared to the current
through R;. In such a case, Vg will
be given approximately by the voltage
divider relation, which can be
written in the following form:

Ro VB - VEg -2V - (-68V)
Ri + Ro - Vee - VEE T8V - (-6V)
In this equation, Vcc - Vgg is the
voltage drop across Ry + Ro, and
VB - VEE is the drop across Rp alone.
With Rp = 10 kfl, the conditions of
the equation can be met by choosing
Ry = 20 k.

b) From the two-port small-signal
amplifier model, the overall gain in
the midband with vg, Rg, and R
connected becomes

Fin RL
ay
Fin * Rs rout *+ RL
where ri, = R1|[Ro||ry and rgyug = Re.
These incremental resistance values
are computed in the midband where Cq,
Co, and Cg behave as short circuits.

For this BJT, which is biased with
Ic = 0.5 mA,

Po _ PorVT _ 100(25 mV)
M am Ic  05mA
so that rj, =(20 kQ)|] (10 kD) || (5 k)
~ 2.9 kil. Substitution of values for

1
T3

5 kil
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rin and royg into the expression for
the overall midband gain yields

2.9 kil 5 kil
— e (~100) —————— = -18.2
2.9kQ1 + 5kA 5kl + 5kAl
The gain magnitude has a decibel
value of 20 logyp (18.2) = 25.2 dB.
c) The external capacitors Cy, Co,
and Cg are all low-frequency capaci-
tors; the internal capacitances (4
and C, are high-frequency capacitors.

d) The low- and high-frequency
endpoints of the midband region can
be computed by finding the poles of
the dominant low- and high-frequency
capacitors. To use the dominant pole
computation method, find the Thevenin
resistance seen by each capacitance
with all other capacitances in their
midband state (i.e., low-frequency
capacitors set to short circuits and
high-frequency capacitances set to
open circuits). Under these condi-
tions, for example, the capacitor C1
sees a Thevenin resistance of rgh1 =
Rs + R1|[Ra)|ry = 7.9 kil. The com-
puted pole of C; thus becomes
w1 = (rgh1€)~1= [(0.5 pF) (7.9 kn)]-1

= 254 rad/s
Similarly, the Thevenin resistance
seen by Co under "midband" conditions
is given by rgho = Re +# R = 5 kil +
5 kil = 10 kil so that
wp = (rghaCe)~1 = [(0.5 wF) (10 ka)]-1
= 200 rad/s

The Thevenin resistance seen by Cg
with C; & Co set to short circuits is
REIl(rx + ry + Rs|IR11IR2)/(fo + 1) =
(6.6 k) || (2 B+ 5 kA + 2.9 kA)/101 =
77 @1, so that wg = (rthECE)-l = 2600
rad/s.

0f the three low-frequency capacitor
poles, wg is dominant (highest com-
puted pole frequency) and represents
the low-frequency endpoint of the




midband region. Note that rgpp,
which was computed with Cg set to a
short, must be re-computed with Cg
set to an open if the true value of
wy is desired. The value of rgpo is
not affected by the status of Cg,
hence wp is correct as computed.

The high-frequency end of the
midband can be evaluated by setting
all low-frequency capacitors to short
circuits and using Miller’s theorem
on the incremental circuit model:

ths

Vths > — < Rp
' Ty C

In the above circuit diagram ryphg
RslIR1]|Re + ry = 2.9 kil and Ry
Rel|RL = 2.5 kiI.
The equivalent Miller capacitances Cp
and Cg are evaluated as follows:
CA = Cﬁ[l + gn(RclIRL] = 102 pF and
Cg = Cy[1 + (gmRclIRD™1] 2 2 pF
The capacitance Cy can be found by
evaluating the expression
gm/27fT - C# = (20mA/V)/[2x (250MHZ) ]
- 2pF = 11 pF

The computed high-frequency poles
thus become

[(Cr + CA) (rxl Irens) ]t

WA=
= [(113 pF) (5 k| ]2.9 kn)]-1
= 4.8 x 106 rad/s

and

wg = (C’“RQ)"1

= [(2pF) (2.5kM)]-1 = 2 x 108 rad/s
0f these two computed values, wp is
the lowest and represents the high-
frequency endpoint of the midband
region. Note that +the use of the
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Miller approximation is justified in
this case because wp << wp.

9.9 | At high frequencies, Cq behaves

as a short circuit. The remaining
high-frequency capacitors can be
incorporated into the small-signal
representation of the circuit:

Rg ||C9d Vout
Vin oV c 1 c °
+ s ds
Vgs ::::g — Rp
- ImVgs

The incremental MOSFET output resis-
tance r, appears directly in parallel
with Rp. If rolIRp ~ Rp, the
resistance r, can be omitted from the
model .

Applying Miller’s theorem transforms
the circuit into the following form:

) Rg Vout
i + |Cgs + Ca _mfﬁs R
ng p— onvgs p— D
L Cds *+ Cp

where Cp = Cgq(1 + amRD)

and (g = Cgq[1 + (amRp) 717 = Cad
Note that the Miller approximation
must be justified, as noted below, if
this substitution is to be made.

The Thevenin resistances seen by
these capacitances determine the
high-frequency time constants. With
Vin set to zero, the resistance seen
by Cgs + Cp becomes just Rg, so that

Ty = RG[Cgs + ng(l + gnRp) ]




Similarly, with vi, set to zero, the
dependent source becomes an open
circuit and the resistance seen by
Cds + CB becomes just Rp, so that
T2 = Rp(Cgs + Cyq)

These time constant expressions are
valid if the Miller approximation,
which requires that 77 >) 79, is
justified.

9.10 | a) If Ip = 0.5 mA, then

Vg = IpRg4 = (0.5 mA) (2 ki) =
From the voltage divider relatlon
Vg = VCC—~E———— 12v ——ME =4V
Ry + Ro 3 M0
Thus Vgg = Vg - Vg 24V -1V=3V.
If Q1 operates in the constant-cur-
rent region, then Ip = K(Vgs - VTR)2
= (2 mA/V2) (B V - 2.5 V)2 ~ 0.5 mA
b) gm = 2(KIp)1/2 = 2 mA/V.
c) Use the dominant pole technique:
1

Ca(Rg + R1lIR2)
1
= ~ 750 rad
2 nF(50 0 + 1 M0 |2 MO) radfs

1

CeRal1(1/9m)]
1
=G ah) @ kajjso0 o)~ 0 red/s
1 1
h]C = =
Cc(R3z + R) 5 nF(5 kil + 10 kA1)

1.3 x 104 rad/s
The largest of these computed values,
i.e. wc, represents the true low
frequency pole. Note that Rg has
little effect on the value of wg
since Rg << Rp[[Ro.

d) Here is a model of the circuit
valid at high frequencies. The

ug =

WE=
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capacitors Cg, Cc, and Cg have been
set to short circuits:

Vin o\ \/—
Rg

R1!IRg

—

In this model, R, = Ra|[RL||ro =
3.3 k1. Applying Miller’s theorem
results in:

Vout
Vin
Re Cs
pn— j— p
R1lIR2 Cgs + CA—Tn
where ‘ .
CA = cgd[1 + Qme]
= (5 pF)[1 + (2 mA/V) (3.3 k)]
~ 38 pF
Cg = Cgd =5 pF

Evaluate the tentative poles by
computing the Thevenin resistance
seen by (C gs * Cp) and Cg:
wpy = [(Cgs + CA) (Rq IRl IRQ)]-
= [(40 pF) (500)]-1 = 500 Mrad/s
(Note that R1||R2||RG ® Rg = 50 0).
w2 = (CaRo)~1
[(5pF)(3 3k)]-1 ~ 60.6 Mrad/s

The lower of these two values, i.e.
WHo = 60.6 Mrad/s = 9.6 MHz, repre-
sents the dominant, high frequency
pole and the -3-dB high-frequency
endpoint to the midband region.

9.11 | a) To the extent that the in-

ternal MOSFET capacitances can be
ignored, the gate of @ appears as an
open circuit to vi,, Ryp, Ro, and Cj.
The rise time associated with Cy can

'
£

-




-
A\

thus be evaluated by considering the
following subcircuit:

|C1
| | 0 Vg
R1lIRg
Vin
where R1[|Rp = (110 kQ)]] (40 k) =
29.3 kfl. Note that Vg will initially
jump to the value of the step func-
tion vi, and will decay toward zero
thereafter. The exponential time

constant associated with this decay

is 71 = (R11|R9)Cy. Setting 71 to
1 ms requires that
1= — T 0.034 4F = 34 nF
1= wsm - 34 uF = 34 n
b) The incremental resistance
appearing at the vgyr terminal is
equal to Rp. Thus Cp sees the

following incremental circuit, where
ay is the small-signal gain produced

by Q; and Qop:

Rp
© Vout
RL —= C2

ayVin

In this case, vgoyy will rise exponen-
tially toward the value

RL
ayVin ————
voin RL + Rp
after the transition of the step

function. The time constant associa-
ted with this transition is 79 =
(Rpl IRV Co. Setting 79 to 1 s
requires that __
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| 1 ps
Cyp = —= = 30
(5 kD) |1 (10 k)
c¢) The incremental resistance seen
by C3 is R3||(1/gn1), where gy =

2{K1Ip1 = 2' (0.02 mA/V2) (0.5 mA)

= 0.2 mA/V ==> 1/gy1 =5 kil. If the
source node of Q1 is to be held at
incremental ground over the time span
of 79 and 79, the charging time
constant of C3 must be at least an
order of magnitude longer than 71 and
To. In this case, 71 =1 ms, hence

0 pF

T3 must be at least, say 10 ms. This
value of 73 can be realized if
T3 10 ms
5 uF

Ca = = ~
3 7 Rgl1(1/gm) 3.3 k][5 kA

9.12 The time constant 79 = 500 ns
is determined by the product of a
capacitance (say C1) and the

incremental Thevenin resistance rgpg

seen by C;. In the frequency domain,
the pole associated with these
elements becomes

1 1
Wy = = = 2 x 108 rad/s

rgh1€1 500 ns :

Similarly, for the elements associa-
ted with ws,
Wwo = ! ! = 4 x 108 rad/s

rgh2Co ~ 250 ns

Since these two poles are close in
frequency, the value of wy must be
found using superposition of poles.
Specifically, wy will be equal to the
"parallel combination" of wy and wy:
wH = wy||wpg = 1.33 x 106 rad/s
Note that this frequency is
equivalent to '
1 1

= = 1.33 x 106 rad/s.
T4 + Tp 750 ns -




