Electronics 1

All Problems

Chapter 2: Basic Physics of Semiconductors 2
Chapter 3: Diode Models and Circuits 6
Chapter 4: Physics of Bipolar Transistors 15
Chapter 5: Bipolar Amplifiers 24
Chapter 6: Physics of MOS Transistors 41
Chapter 7: CMOS Amplifiers 50

RK Team



PROBLEMS

Sec. 2.1 Semiconductor Materials and
Their Properties

2.1. The intrinsic carrier concentration of ger-
manium (GE) is expressed as

—E
n; = 1.66 x 101732 expﬁg em™3,  (2.127)

where Eg = 0.66eV.

(a) Calculate n; at 300K and 600 K and
compare the results with those ob-
tained in Example 2.1 for Si.

Basic Physics
of Semiconductors

(b) Determine the electron and hole con-
centrations if Ge is doped with P at a
density of 5 x 10'% cm—3.

2.2. An n-type piece of silicon experiences an
electric field equal to 0.1 V/um.
(a) Calculate the velocity of electrons and
holes in this material.

(b) What doping level is necessary to pro-
vide a current density of 1 mA/um? un-
der these conditions? Assume the hole
current is negligible.



2.3.

24.

2.5.

A n-type piece of silicon with a length

of 0.1 um and a cross section area of

0.05 um x 0.05 um sustains a voltage dif-

ference of 1 V.

(a) If the doping level is 10" cm™—3, calcu-
late the total current flowing through
the device at 7' = 300 K.

(b) Repeat (a) for T =400K assuming
for simplicity that mobility does not
change with temperature. (This is not
a good assumption.)

From the data in Problem 2.1, repeat Prob-
lem 2.3 for Ge. Assume f, = 3900 cm?/
(V-s)and u, = 1900 cm?/(V - s).

Figure 2.37 shows a p-type bar of sili-
con that is subjected to electron injection
from the left and hole injection from the
right. Determine the total current flowing
through the device if the cross section area
isequaltol um x 1 pm.

5x 10™° 2x10™
; R
ElectronsE‘I > )
: <::|HOIes
0 2um
Figure 2.37
2.6. In Example 2.9, compute the total number

2.7.

*2.8.

EIectronsE:>

of electrons “stored” in the material from
x =0 to x = L. Assume the cross section
area of the bar is equal to a.

Repeat Problem 2.6 for Example 2.10 but
for x =0 to x = co. Compare the results
for linear and exponential profiles.

Repeat Problem 2.7 if the electron and hole
profiles are “sharp” exponentials, i.e., they
fall to negligible values at x =2 um and
x = 0, respectively (Fig. 2.38).

2 x 10%8

5x 10%°

Figure 2.38

2.9.

How do you explain the phenomenon of
drift to a high school student?

Sec. 2.2 pn Junctions

2.10.

2.11.

2.12,

2.13.

2,14,

A pnjunction with Np = 3 x 10’ cm~3 and

N4 =2 x 105 cm~3 experiences a reverse

bias voltage of 1.6 V.

(a) Determine the junction capacitance
per unit area.

(b) By what factor should N4 be increased
to double the junction capacitance?

Due to a manufacturing error, the p-side

of a pn junction has not been doped. If

Np =3 x 10' cm 3, calculate the built-in

potential at 7 = 300 K.

A junction employs Np =5 x 10" cm™

and Ny = 4 x 100 cm—3.

(a) Determine the majority and minority
carrier concentrations on both sides.

(b) Calculate the built-in potential at
T = 250K, 300 K, and 350 K. Explain
the trend.

3

An oscillator application requires a vari-
able capacitance with the characteristic
shown in Fig. 2.39. Determine Ny and Np.

A ¢, (fFlum?)

Figure 2.39

Two identical pn junctions are placed in se-

ries.

(a) Prove that this combination can be
viewed as a single two-terminal device
having an exponential characteristic.

(b) For atenfold change in the current, how
much voltage change does such a device
require?

. Figure 2.40 shows two diodes with reverse

saturation currents of Is; and Is; placed in

parallel.

(a) Prove that the parallel combination op-
erates as an exponential device.



(a) If the total currentis I,,,, determine the cur-
rent carried by each diode.

2.16.

2.17.

2.18.

I tot

+
Vg

D1 D>

Figure 2.40

Consider a pn junction in forward bias.

(a) To obtain a current of 1 mA with a volt-
age of 750 mV, how should /s be cho-
sen?

(b) If the diode cross section area is now

doubled, what voltage yields a current
of 1 mA?

Figure 2.41 shows two diodes with reverse
saturation currents of Is; and I, placed in
series. Calculate Iz, Vp1, and Vp, in terms
of VB, 151 s and Isz.

N

Figure 2.41

In the circuit of Problem 2.17, we wish to
increase /p by a factor of 10. What is the
required change in Vp?

Sec. 2.2.4 1/V Characteristics

2.19.

2.20.

Consider the circuit shown in Fig. 2.42,
where I = 2 x 1071 A. Calculate Vp; and
IxforVy =0.5V,0.8V,1V,and 1.2 V.Note
that Vp; changes little for Vx > 0.8 V.

Figure 2.42

In the circuit of Fig. 2.42, the cross section
area of D is increased by a factor of 10.
Determine Vp; and Iy for Vy = 0.8V and

2.21.

2.22.

2.23.

*2.24.

2.25.

2.26.

*2.27.

1.2 V. Compare the results with those ob-
tained in Problem 2.19.

Suppose D; in Fig. 2.42 must sustain a volt-
age of 850 mV for Vy = 2 V. Calculate the
required /s.

For what value of Vx in Fig. 2.42, does R
sustain a voltage equal to Vx/2? Assume
Is =2 x 10719 A.

We have received the circuit shown in
Fig. 2.43 and wish to determine R; and
Is. Wenotethat Vy =1V — Iy = 02mA
and Vy =2V — Iy = 0.5mA. Calculate
R1 and Is.

I'x

Ry

+
Vy _

\/. D1

Figure 2.43
Figure 2.44 depicts a parallel resistor-diode

combination. If Iy = 3 x 1071° A, calculate
Vpy for Iy = 1 mA, 2mA, and 4 mA.

'x%} R; = 1kQ %Dl

Figure 2.44

In the circuit of Fig. 2.44, we wish D; to
carry a current of 0.5 mA for Iy = 1.3 mA.
Determine the required /5.

For what value of Iy in Fig. 2.44, does
R carry a current equal to Iy /2?7 Assume
Is =3x 10716 A,

We have received the circuit shown
in Fig. 245 and wish to determine
Ry and Ig. Measurements indicate
that Ixy=1mA - Vy =12V and
Iy =2mA — Vy =1.8V. Calculate R;
and Is.

+
| X VX R 1 :E D1
Figure 2.45



2,28,

42,29,

2.31.

2.32.

In the circuit of Fig. 2.46, determine the
value of R; such that this resistor carries
0.5 mA. Assume Is = 5 x 10710 A for each
diode.

D1

YYy

Ix(A)1mA R, 3 D,

Figure 2.46

The circuit illustrated in Fig. 2.47 em-
ploys two identical diodes with Ig =
5 x 107'® A, Calculate the voltage across
R, for Iy =2 mA.

SPICE PROBLEMS

In the following problems, assume Is =
5x 10710 AL

For the circuit shown in Fig. 2.49, plot V,,,
as a function of [;,. Assume [;, varies from
0 to 2 mA.

Lin D1 Vout

Figure 2.49

Repeat Problem 2.31 for the circuit de-
picted in Fig. 2.50, where Ry =1kQ. At
what value of [;, are the currents flowing
through D; and R equal?

+
lin D1 EER1 Vout
: o

Figure 2.50

REFERENCE

*%2.30.

2.33.

2.34.

2.35.

D1

Ix RiZ2kQ ¢,

Figure 2.47

Sketch Vy as a function of Iy for the circuit
shown in Fig. 2.48. Assume (a) a constant-
voltage model, (b) an exponential model.

+
IX VX Rli

Figure 2.48

D1

l lAAS

Using SPICE, determine the value of Ry
in Fig. 2.50 such that D; carries 1 mA if
Iin =2 mA.

In the circuit of Fig. 2.51, R; = 500 €2. Plot
V,u: as a function of V;, if V;, varies from
—2V to +2 V. At what value of V}, are the
voltage drops across Ry and D; equal?

R1
VOUt

Figure 2.51

In the circuit of Fig. 2.51, use SPICE to se-
lect the value of Ry such that V,,,;, <0.7V
for Vi, <2 V. We say the circuit “limits” the
output.

1. B. Streetman and S. Banerjee, Solid-State Electronic Device, fifth edition,

Prentice-Hall, 1999.



Diode Models and Circuits

PROBLEMS

In the following problems, assume Vp,, =
800 mV for the constant-voltage diode model.

Section 3.2 pn Junction as a Diode

3.1. Plot the I/V characteristic of the circuit
shown in Fig. 3.63.

I'x

vy OY "
X _ D1 A ldeal
Figure 3.63

3.2. If the input in Fig. 3.63 is expressed as
Vx = Vycoswt, plot the current flowing
through the circuit as a function of time.

3.3. Plot Iy as a function of Vy for the circuit
shown in Fig. 3.65 for two cases: Vg = -1V
and Vp = +1V.

3.4. For the circuit depicted in Fig. 3.64, plot Ix

as a function of Viy fortwo cases: Vy = -1V
and Vp = +1 V.
I'x

Figure 3.64
3.5. If in Fig. 3.65, Vx = Vj cos wt, plot Iy as a
function of time for two cases: Vp = -1V
and Vg = +1V.
I'x
Ry

Ideal

Q7
T

Figure 3.65




3.6. Plot Iy and Ip; as a function of Vy for the
circuit shown in Fig. 3.66. Assume Vp > 0.

I'x

;;R
<+ "1
6] ﬂ
~ Vg Dilldeal
. -4
Ip1 *3.9.
Figure 3.66

3.7. In the circuit of Fig. 3.67, plot Ix and Iz; as *3.10.
a function of Vy for two cases: Vg = -1V

and VB = +1 V. +3.11.

Figure 3.67

3.8. For the circuit depicted in Fig. 3.68, plot Ix
and Iz as a function of Vy for two cases:
Vg=—-1Vand Vg =+1V.

. Assuming the

I'x

R,

+ |R1+E
D)

=R, D1Y Ideal
an

Figure 3.68

Vi

Ve

Plot the input/output characteristics of the
circuits depicted in Fig. 3.69 using an ideal
model for the diodes. Assume Vz =2 V.

Repeat Problem 3.9 with a constant-voltage
diode model.

If the input is given by Vj;, = V{ cos wt,
plot the output of each circuit in
Fig. 3.69 as a function of time. Assume an
ideal diode model.

. Plot the input/output characteristics of the

circuits shown in Fig. 3.70 using an ideal
model for the diodes.

.Repeat Problem 3.12 with a constant-

voltage diode model.

input is expressed as
Vin = Vi cos wt, plot the output of each cir-
cuit in Fig. 3.70 as a function of time. Use an
ideal diode model.

Figure 3.69

Vg
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Figure 3.70

*+3.15. Assuming a constant-voltage diode model, **3.17. For the circuits illustrated in Fig. 3.71, plot
plot V,,, as a function of [;, for the circuits Vou as a function of time if 1;,, = I cos wt.
shown in Fig. 3.71. Assume a constant-voltage model and a rel-

##3.16. In the circuits of Fig. 3.71, plot the current atively large /o.

flowing through R; as a function of Vj,. As- **3.18. Plot V,,,; as a function of [;, for the cir-

sume a constant-voltage diode model. cuits shown in Fig. 3.72. Assume a constant-

voltage diode model.

I + D, *
" Ry = D1 Vou Lin RiZ Vout
N V
o _T B S
(€) (b)
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Figure 3.71
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T ° 3 | T ° 3 D1 ER; _
O
(€Y (b) (©

Figure 3.72



*3.19. Plot the current flowing through R; in the
circuits of Fig. 3.72 as a function of /;,. As-
sume a constant-voltage diode model.

*3.20. In the circuits depicted in Fig. 3.72, as-
sume [;,, = Iy cos wt, where [ is relatively
large. Plot V,,,; as a function of time using a
constant-voltage diode model.

3.21. For the circuits shown in Fig. 3.73, plot V,,,
as a function of [;, assuming a constant-
voltage model for the diodes.

3.22. Plot the current flowing through R; as a
function of [, for the circuits of Fig. 3.73.
Assume a constant-voltage diode model.

\AS

Figure 3.73
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@

Figure 3.74

*3.23. Plot the input/output characteristic of the
circuits illustrated in Fig. 3.74 assuming a
constant-voltage model.

*3.24. Plot the currents flowing through R; and
D as a function of V;, for the circuits of
Fig. 3.74. Assume a constant-voltage diode
model.

(b)

circuits illustrated in Fig. 3.75 assuming a
constant-voltage model.

D as a function of V;, for the circuits of
Fig. 3.75. Assume a constant-voltage diode
model.



*+3.27. Plot the input/output characteristic of the

“3.28.

3,29,

“3.30.

<,R2

=
=
~

©

Figure 3.75

circuits illustrated in Fig. 3.76 assuming a
constant-voltage model and Vp =2 V.

Plot the currents flowing through R; and
D as a function of Vj, for the circuits of
Fig. 3.76. Assume a constant-voltage diode
model and Vz =2 V.

Plot the input/output characteristic of the
circuits illustrated in Fig. 3.77 assuming a
constant-voltage model.

Plot the currents flowing through R; and
D as a function of V}, for the circuits of
Fig. 3.77. Assume constant-voltage diode
model.

R1
AMA
Wy
Vipo—=¢ o +|I__' Vout
Dy Vg Do
R,
€ ]
R1
AMA
Wy
Vino—¢ S h Vout
Dl R2 Do
+
T Ve
(©)

Figure 3.76

*3.32.

(d)

*3.31. Beginning with Vp ,, ~ 800mV for each

diode, determine the change in V,,, if Vj,
changes from +2.4V to +2.5V for the cir-
cuits shown in Fig. 3.78.

Beginning with Vp ,, ~# 800mV for each
diode, calculate the change in V,, if [,
changes from 3 mA to 3.1 mA in the circuits
of Fig. 3.79.

In Problem 3.32, determine the change in
the current flowing through the 1-k€2 resis-
tor in each circuit.

3.33.

3.34. Assuming V;, =V, sin wt, plot the output
waveform of the circuit depicted in Fig. 3.80
for an initial condition of +0.5V across C;.

Assume V, =5V.

D; Ry
Vin + I__' Vout
D1y, Rz
(b)
D1 Ry
Vin Vout
D2 R,
+
_I Vg =
(d)



Figure 3.77

Dy
Vin Vout
R;=1kQ
@

D;i Ry
Vin Vout
1kQ
D>
(©

C
Figure 3.78

Dy
VOUt
in R,=1kQ

@

Di Ry
Vout
1kQ
Iin D>
(©)

C

Figure 3.79

in Vout
R1
D2 R,
(b)
D, D,
| Vin$'
D2 =R R, i
D 2
VOU[ VOut
=R, R,
(d) ©
Dy
Vin Vout
Ry=1kQ
D2
(b)
R

1
Vin Vout
1kQ
R,=2kQ X D>
(d)

Dy
VOUt
in R,;=1kQ
0 -

R1
Vout
| 1kQ
in R,=2kQ X D>
(d)
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3.35.

Figure 3.80

Repeat Problem 3.34 for the circuit shown
in Fig. 3.81.

Figure 3.81

Section 3.5 Applications of Diodes

3.36.

3.37.

*3.38.

3.39.

Suppose the rectifier of Fig. 3.32 drives a
100-Q21oad with a peak voltage of 3.5 V. For a
1000-uF smoothing capacitor, calculate the
ripple amplitude if the frequency is 60 Hz.

A 3-V adaptor using a half-wave rectifier
must supply a current of 0.5 A with a max-
imum ripple of 300 mV. For a frequency
of 60 Hz, compute the minimum required
smoothing capacitor.

While constructing a full-wave rectifier, a
student mistakenly has swapped the termi-
nals of D3 as depicted in Fig. 3.82. Explain
what happens.

Figure 3.82

Plot the voltage across each diode in
Fig. 3.38(b) as a function of time if
Vin = V cos wt. Assume a constant-voltage
diode model and Vp > Vp op-

3.40.

3.41.

3.42.

3.43.

3.44.

Assume the input and output grounds in
a full-wave rectifier are shorted together.
Draw the output waveform with and with-
out the load capacitor and explain why the
circuit does not operate as a rectifier.

A full-wave rectifier is driven by a sinusoidal
input Vj, = Vj cos wt, where V) =3V and
o = 27(60 Hz). Assuming Vp ,, = 800 mV,
determine the ripple amplitude with a
1000-uF smoothing capacitor and a load
resistance of 30 Q.

Suppose the negative terminals of Vj, and
Voue in Fig. 3.38(b) are shorted together.
Plot the input-output characteristic assum-
ing anideal diode model and explaining why
the circuit does not operate as a full-wave
rectifier.

Suppose in Fig. 3.43, the diodes carry a
current of 5 mA and the load, a current
of 20 mA. If the load current increases to
21 mA, what is the change in the total volt-
age across the three diodes? Assume R; is
much greater than 3r,.

In this problem, we estimate the ripple seen
by theload in Fig. 3.43 so as to appreciate the
regulation provided by the diodes. For sim-
plicity, neglect the load. Also, fi, = 60 Hz,
C; =100 uF, Ry =1000 €2, and the peak
voltage produced by the transformer is
equalto S V.

(a) Assuming R; carries a relatively con-
stant current and Vp ,, ~ 800 mV, esti-
mate the ripple amplitude across Cj.

(b) Using the small-signal model of the
diodes, determine the ripple amplitude
across the load.

12



3.45. Design the limiting circuit of Fig. 3.51 for Vout A
a negative threshold of —1.9V and a posi-

tive threshold of 4+-2.2 V. Assume the input + 2V 0

peak voltage is equal to 5 V, the maximum : :

allowable current through each diode is 2 4V 2V ; 5 >

mA, and Vp o, ~ 800 mV. T2V AV g,
------- -2V

“3.46.In the limiting circuit of Fig. 3.51, plot | -~
the currents flowing through D; and D; 05
as a function of time if the input is given
by Vocoswt and Vi > Vp,,+ Ve and
Vo> —=Vp.on — Vpa. “+3.49. Suppose a triangular waveform is applied

3.47. We wish to design a circuit that exhibits to the characteristic of Fig. 3.84 as shown
the input/output characteristic shown in Fig. in Fig. 3.85. Plot the output waveform and

Figure 3.84

3.83. Using 1-k€2 resistors, ideal diodes, and
other components, construct the circuit.

VOUt

note that it is a rough approximation of a si-
nusoid. How should the input-output char-
acteristic be modified so that the output be-

comes a better approximation of a sinusoid?

+2 V| d . Vout

V.. +2 V| ;
-2V

Figure 3.83

*3.48. “Wave-shaping” applications require the
input/output characteristicillustrated in Fig.
3.84. Using ideal diodes and other compo-
nents, construct a circuit that provides such
acharacteristic. (The value of resistors is not
unique.)

Figure 3.85

SPICE PROBLEMS

In the following problems, assume Ig = 5x
10710 A.

3.50. The half-wave rectifier of Fig. 3.86 must de-
liver a current of 5mA to R, for a peak input
level of 2 V.
(a) Using hand calculations, determine the
required value of R;.

(b) Verify the result by SPICE.

Figure 3.86




3.51.

3.52.

In the circuit of Fig. 3.87, Ry =500
and R, =1kQ. Use SPICE to con-
struct the input/output characteristic for
-2V <V, < +2V. Also, plot the current
flowing through R; as a function of V.

R1 Dy
p——o
+
F D2 =R
Vm Vout
o
Figure 3.87

The rectifier shown in Fig. 3.88 is driven by

a 60-Hz sinusoid input with a peak ampli-

tude of 5 V. Using the transient analysis in

SPICE,

(a) Determine the peak-to-peak ripple at
the output.

(b) Determine the peak current flowing
through D;.

(c) Compute the heaviest load (smallest
R;) that the circuit can drive while
maintaining aripple less than200 mV,,.

l * 0VOLII:
Vin y I %1009

Figure 3.88

2kQ

Figure 3.90

3.53. The circuit of Fig. 3.89 is used in some

analog circuits. Plot the input/output char-
acteristic for -2V <V, < +2V and de-
termine the maximum input range across
which |V, — V| < 5SmV.

Vee =425V

1kQ

VOLIt

Ve = 2.5V
Figure 3.89

3.54. The circuit shown in Fig. 3.90 can provide an

approximation of a sinusoid at the output
in response to a triangular input waveform.
Using the dc analysis in SPICE to plot the in-
put/output characteristic for 0 <V, <4V,
determine the values of V1 and Vg, such
that the characteristic closely resembles a
sinusoid.

Vout

(b)

14



PROBLEMS

In the following problems, unless otherwise
stated, assume the bipolar transistors operate
in the active mode.

Section 4.1 General Considerations

4.1.

4.2,

4.3.

Suppose the voltage-dependent current
source of Fig. 4.1(a) is constructed with
K =20mA/V. What value of load resis-
tance in Fig. 4.1(b) is necessary to achieve a
voltage gain of 15?

A resistance of Rg is placed in series with the
input voltage source in Fig. 4.2. Determine
Vout/ Vin-

Repeat Problem 4.2 but assuming that r;,
and K are related: r;, = a/x and K = bx.
Plot the voltage gain as a function of x.

Section 4.3 Operation of Bipolar Transistor
in Active Mode

4.4.

Due to a manufacturing error, the base
width of a bipolar transistor has increased
by a factor of two. How does the collector
current change?

4.5.

4.6.

Physics of
Bipolar Transistors

In the circuit of Fig. 4.48,
Iy =I5 =3 x 10710 A,
(a) Calculate Vp such that Iy = 1 mA.

(b) With the value of Vp found in (a),
choose Ig3 such that Iy = 2.5 mA.

Figure 4.48

In the circuit of Fig. 4.49, it is observed that
the collector currents of Q1 and O, are equal
if Vge1 — Vgrr = 20 mV. Determine the ra-
tio of transistor cross section areas if the
other device parameters are identical.

lc1 lco
Q1 Q2
+ +
VBE1 T VBE2 T =
Figure 4.49

15



4.7. Consider the circuit shown in Fig. 4.50.
(a) If Is1 =2 =5 x 10-1° A, determine
Vg such that Iy = 1.2 mA.
(b) What value of R¢ places the transistors
at the edge of the active mode?
ReZ "_LI Vee=25V

Y /x

Q1 ] Q2

Figure 4.50

4.8. Repeat Problem 4.7 if V¢ is lowered to
1.5V.

4.9. Calculate Vy in Fig. 4.51if Is = 6 x 1071© A,

Figure 4.51

4.10.In the circuit of Fig. 4.52, determine
the maximum value of V¢ that places

Q; at the edge of saturation. Assume
Is=3x10"10 A,

RcE 1kQ
Vee =2V

T

R1

10k Q

Figure 4.52

4.11. Consider the circuit shown in Fig. 4.53.
Calculate the value of Vp that places O
at the edge of the active region. Assume
Is=5x10"1° A,

Vs

Figure 4.53

4.12. An integrated circuit requires two current
sources: I = 1mA and I, = 1.5mA. As-
suming that only integer multiples of a unit
bipolar transistor having Iy =3 x 10716 A
can be placed in parallel, and only a single
voltage source, V3, is available (Fig. 4.54),
construct the required circuit with minimum
number of unit transistors.

Unit
Transistor

Figure 4.54

4.13. Repeat Problem 4.12 for three current
sources [; =02mA, L, =03mA, and
I; = 0.45mA.

4.14. Consider the circuit shown in Fig. 4.55,
assuming B =100 and Ig =7 x 1071° A.
If Ri =10k, determine Vp such that
IC = 1 mA.

R1

+

Vs
I_ =
Figure 4.55

4.15. In the circuit of Fig. 4.55, V = 800 mV and
Rp = 10kQ. Calculate the collector cur-
rent.

4.16.In the circuit depicted in Fig. 4.56,
Iy =2I =4 x 10_16 A If BL=pH = 100
and R; =5kQ, compute Vp such that
IX = 1 mA.

Wl

;.

Figure 4.56



4.17. In the circuit of Fig. 4.56,Is; =3 x 10719 A,  4.23. A fictitious bipolar transistor exhibits an

4.18.

Iy = 5 x 10_16 A,ﬂ1 =B = 100,Ry =5k,
and Vp = 800 mV. Calculate Iy and Iy.

The base-emitter junction of a transistor is
driven by a constant voltage. Suppose a volt-
age source is applied between the base and
collector. If the device operates in the for-
ward active region, prove that a change in
base-collector voltage results in no change
in the collector and base currents. (Neglect
the Early effect.)

Section 4.4 Bipolar Transistor Models and
Characteristics

4.19.

4.20.

4.21.

4.22,

Most applications require that the transcon-
ductance of a transistor remain relatively
constant as the signal level varies. Of course,
since the signal changes the collector cur-
rent, g, = Ic/Vr, does vary. Nonetheless,
proper design ensures negligible variation,
e.g., £10%. If a bipolar device is biased at
Ic = 1mA, whatisthelargest change in Vg
that guarantees only £10% variation in g,,?

A transistor with Iy =6 x 1071® A must
provide a transconductance of 1/(13 Q).
What base-emitter voltage is required?

Determine the operating point and the
small-signal model of Q; for each of
the circuits shown in Fig. 4.57. Assume
Is =8 x 107 A, 8 =100, and V4 = oo.

Determine the operating point and the
small-signal model of Q; for each of
the circuits shown in Fig. 4.58. Assume
Is =8x 10719 A, B =100, and V4 = oo.

Ic-VpE characteristic given by

v,
Ic = Isexp ﬁ (4.119)

where n is a constant coefficient. Construct
the small-signal model of the device if I is
still equal to B1p.

Figure 4.58

“4,24. A fictitious bipolar transistor exhibits the

4.25.

following relationship between its base and
collector currents:

(4.120)

where a is a constant coefficient. Construct
the small-signal model of the device if I is
still equal to Isexp (Vge/ Vr).

Ic = al%,

The collector voltage of a bipolar transistor
varies from 1 V to3V while the base-emitter
voltage remains constant. What Early volt-
age is necessary to ensure that the collector
current changes by less than 5%?

Figure 4.57
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*“4.26. In the circuit of Fig. 4.59, Iy = 5 x 1077 A. *4.31. Consider the circuit shown in Fig. 4.62,
Determine Vy for (a) V4 = oo, and (b) where /; is a 1-mA ideal current source and
Vi=5V. I =3 %1017 A,

Vg=08V Vg

Figure 4.59 Figure 4.62
4.27. In the circuit of Fig. 4.60, V¢ changes from
2.5to 3 V. Assuming Is = 1 x 1077 A and (a) Assuming V4 = oo, determine Vjp such
V4 = 5V, determine the change in the col- that Ic = 1 mA.
lector current of Q. (b) If V4 =5V, determine Vp such that
4.28. In Problem 4.27, we wish to decrease Vi to Ic = 1mA for a collector-emitter volt-
compensate for the change in . Determine ageof LS V.
the new value of V3. 4.32. Consider the circuit shown in Fig. 4.63,

where Iy = 6 x 1071° A and V4 = oo.

(a) Determine Vg such that Q; operates at
the edge of the active region.

(b) If we allow soft saturation, e.g., a
collector-base forward bias of 200 mV,
by how much can Vp increase?

Figure 4.60

4.29.In the circuit of Fig. 4.61, n identi-
cal transistors are placed in parallel. If
Iy =5x%x 107 A and V4, = 8V for each de-
vice, construct the small-signal model of the
equivalent transistor.

Vg

Figure 4.63

ees 4.33. For the circuit depicted in Fig. 4.64, calculate
the maximum value of V¢ that produces a
collector-base forward bias of 200 mV. As-

Vg=08V sume Is = 7 x 1071 A and V4 = cc.

Figure 4.61

4.30. A bipolar current source is designed for
an output current of 2 mA. What value of
V4 guarantees an output resistance greater
than 10 kQ2? Figure 4.64
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4.34. Consider the circuit shown in Fig. 4.65,
where Iy = 5 x 1071 A and V, = co. If Vp
is chosen to forward-bias the base-collector
junction by 200 mV, what is the collector
current?

Figure 4.65

“4,35. Assume Iy =2 x 1077 A, V4, =00, and
B =100 in Fig. 4.66. What is the maximum
value of R if the collector-base must expe-
rience a forward bias of less than 200 mV?

100k Q =

Figure 4.66

4.36. In the circuit of Fig. 4.67, g =100 and
V4 = oo. Calculate the value of I such
that the base-collector junction is forward-

biased by 200 mV.
RcZE9kQ
T Vee=2.5V
Rp = 1kQ -
iy
Figure 4.67

Section 4.6 pnp Transistor

4.37.1f Iy, =315, = 6 x 1071° A, calculate Iy in
Fig. 4.68.

+—I—O.82 \%

Figure 4.68

4.38. In the circuit of Fig. 4.69, it is observed that
Ic =3mA.If 8 = 100, calculate Is.

Figure 4.69

4.39. Determine the collector current of O in Fig.
4.70if Iy =2 x 1077 A and B8 = 100.

Figure 4.70

4.40. Determine the value of Is in Fig. 4.71 such
that Q; operates at the edge of the active
mode.

+
Vg=12V =

Figure 4.71

4.41. What is the value of g that places Q; at the
edge of the active mode in Fig. 4.72?7 As-
sume Is = 8 x 10710 A.

Figure 4.72

4.42. Calculate the collector current of Qp in
Fig. 4.73if I = 3 x 10717 A.

Figure 4.73

“4.43. Determine the operating point and the

small-signal model of Q; for each of
the circuits shown in Fig. 4.74. Assume
Is =3 x 1077 A, B =100, and V4 = oo.
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Figure 4.74

4.44. In the circuit of Fig. 4.75, g =5 x 10717 A.
Calculate Vy for (a) V4 =o0, and (b)
Vy=6V.

Figure 4.75

“4.45. Determine the operating point and the
small-signal model of Q; for each of
the circuits shown in Fig. 4.76. Assume
Is =3 x 107" A, B =100, and V4 = oo.

Figure 4.76

4.46. A pnp current source must provide an out-
put current of 2 mA with an output resis-

tance of 60 k2. What is the required Early
voltage?

4.47. Repeat Problem 4.46 for a current of 1 mA

and compare the results.

“4.48. Suppose V4 = 5 Vin the circuit of Fig. 4.77.

Figure 4.77

(a) What value of s places Q; at the edge
of the active mode?

(b) How does the result in (a) change if
VA = 00?

“4.49. Consider the circuit depicted in Fig.

4,78, where Iy = 6 x 1071° A, V4 =5V, and
I, =2mA.

Figure 4.78

(a) What value of Vj yields Vxy = 1V?

(b) If Vi changes from the value found in
(a) by 0.1 mV, what is the change in Vx?

(c) Construct the small-signal model of the
transistor.

*4.50. The terminal currents in the small-signal

model of Fig. 4.43 do not seem to agree with
those in the large-signal model of Fig. 4.40.
Explain why this is not an inconsistency.
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4.51.In the circuit of Fig. 4.79, 8 =100 and Assume Iy =5x10"10 A, B = 100,
VA = OQ.
(a) Determine Is such that Q; experiences
a collector-base forward bias of 200 mV.
(b) Calculate the transconductance of the
transistor.

VAZOO.

“4,53. Consider the circuit shown in Fig. 4.81,
where I = 31, = 5 x 10716 A, B = 100,
ﬂz = 50, VA = 0Q, and RC = 500 Q.
(a) We wish to forward-bias the collector-
base junction of O, by no more than
200 mV. What is the maximum allow-
able value of V;,,?
(b) With the value found in (a), calculate
the small-signal parameters of Q; and
= Q» and construct the equivalent circuit.

Figure 4.79 “*4.54. Repeat Problem 4.53 for the circuit depicted

in Fig. 4.82 but for part (a), determine the
*%4.52, Determine the region of operation of O minimum allowable value of Vj,,. Verify that
in each of the circuits shown in Fig. 4.80. QO operates in the active mode.

360 kQ

Figure 4.80

Figure 4.81 Figure 4.82



**4,55. Repeat Problem 4.53 for the circuit illus-

trated in Fig. 4.83.

+
Vee=25V
Rc -I
Q1 Vout
Vin QZ

Figure 4.83

**4.56. In the circuit of Fig. 4.84,
Iy =2 =6 % 10-17 A,
B1 = 80 and B, = 100.

SPICE PROBLEMS

In the following problems, assume Is ,,, =
5x 1071 A, Bupn = 100, Vg ypn = SV, Is prp =
8x 10710 A, Bonp =50, Vg ppp =3.5V.

4.57. Plot the input/output characteristic of the cir-
cuit shown in Fig. 4.85 for 0 < V},, <2.5 V.
What value of V, places the transistor at the
edge of saturation?

Vg=0.9V

Figure 4.85

@

Figure 4.87

Figure 4.84

(a) What value of V;, yields a collector cur-
rent of 2 mA for Q,?

(b) With the value found in (a), calculate
the small-signal parameters of Q; and
(> and construct the equivalent circuit.

4.58. Repeat Problem 4.57 for the stage depicted
in Fig. 4.86. At what value of Vj, does O
carry a collector current of 1 mA?

Figure 4.86

4.59.Plot Iy and I, as a function of
Vin for the circuits shown in Fig. 4.87

~ L4 4 AxT




4.60.Plot the input/output characteristic 4.61.Plot the input/output characteristic of the

of the circuit illustrated in Fig. 4.88 stage shown in Fig. 4.89 for0 < V;, <2.5V.
for 0 <V, <2V. What value of V,, At what value of V;, do Oy and Q; carry
yields a transconductance of (50 Q)_1 equal collector currents? Can you explain
for 01? this result intuitively?

Figure 4.88 Figure 4.89



Bipolar Amplifiers

PROBLEMS

Section 5.1.1 Input and Output Impedances

5.1. An antenna can be modeled as a Thevenin
equivalent having a sinusoidal voltage
source Vjcoswt and an output resistance
R, Determine the average power deliv-
ered to a load resistance R; and plot the
result as a function of R .

5.2. Determine the small-signal input resistance
of the circuits shown in Fig. 5.104. Assume
all diodes are forward-biased. (Recall from
Chapter 3 that each diode behaves as a
linear resistance if the voltage and current
changes are small.)
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Ml

Dy Dy
o—H—
[~ [~ I
Rin Rl Rin Rl P2 Rin 7 Rl b2

(@) (b) (c)
Figure 5.104

5.3. Compute the input resistance of the circuits ~ 5.5. Determine the input impedance of the
depicted in Fig. 5.105. Assume V4 = oo. circuits depicted in Fig. 5.107. Assume

5.4. Compute the output resistance of the cir- Va = oo.
cuits depicted in Fig. 5.106.

Vee Vee Vee Vee
Ry
Q1 I Q1 S
|_> R “ |_> |—> g
R, L = |'> R, Rin Rin Q>
) Rin =

n

Q2
(@) (b) (©) (d)
Figure 5.105 R Rout
{ Rout { out { Vee
Rs " Q1 \
Ry <-l Q1 I 9
V. ks Ql = Rout V. *
B I_ = - B I_ = QZ QZ
(a) (b) (c) (d)

Figure 5.106

Vee
|_> Q1
Rin Rl
(a)
Vee Vee

Q2 |_> Q2
|_> Q1 Rin Q1

Rin - -

(d) (e)

Figure 5.107



5.6. Compute the output impedance of the cir-
cuits shown in Fig. 5.108.

5.7.
Vee
" Q1
5.8.
Rc <—l
= Rout 5.9,
(@)
Figure 5.108

Vee=25V

Yy

100k Q= 500 Q 100kQ =

Al

Q1

@

Figure 5.109

34 kQ =

16 k Q =

Figure 5.110

5.10. Construct the small-signal equivalent of
each of the circuits in Problem 5.9.
5.11.In the circuit of Fig. 5.111, § =100 and
V4 = oc.
(a) If the collector current of Q1 is equal to
0.5 mA, calculate the value of Ig.

(b) If Q1 is biased at the edge of saturation,
calculate the value of Is.

Sections 5.2.1 and 5.2.2 Simple and
Resistive Divider Biasing

Compute the bias point of the circuits
depicted in Fig. 5.109. Assume g = 100,
Is =6 x 1071 A, and V, = oo.

Construct the small-signal equivalent of
each of the circuits in Problem 5.7.

Calculate the bias point of the circuits
shown in Fig. 5.110. Assume g = 100,
Iy =5x%x1071° A, and V4 = oo.

Vee=25V - Vee=25V
1kQ 100k Q= 1kQ
Q1 Q1
05V—=——
Q2 ' I—
(©)
Vee=25V

500 Q

Vee=25V

3kQ

Figure 5.111
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5.12. Consider the circuit shown in Fig. 5.112,
where B =100, Iy =6 x 1071 A, and

Vi = o0.

(a) What is the minimum value of Rp
that guarantees operation in the active
mode?

(b) With the value found in Rp, how much
base-collector forward bias is sustained
if B rises to 200?

Vee=25V

2kQ

Figure 5.112

5.13. The circuit of Fig. 5.113 must be designed for
an input impedance of greater than 10 k2
and a g, of at least 1/(260 ). If g = 100,
Ig =2 x 10717 A, and V4 = oo, determine
the minimum allowable values of Ry and R;.

*5.14. Repeat Problem 5.13 for a g, of at least
1/(26 2). Explain why no solution exists.

Vee=25V

Ry
=
MA

5kQ

B
N
L AM\—g
L) el

Figure 5.113

*5.15. We wish to design the CE stage depicted in
Fig. 5.114 for a gain (= g,,R¢) of A with an
output impedance of Rj,. What is the maxi-
mum achievable inputimpedance here? As-
sume V4 = oo.

By
=
AA

By
N
—M\—e

W

Figure 5.114

Section 5.2.3 Biasing with Emitter
Degeneration

5.16. The circuit of Fig. 5.115 is designed for
a collector current of 0.25 mA. Assume
Is =6 x 1071 A, B = 100, and V, = oc.
(a) Determine the required value of R;.
(b) What is the error in I¢ if Rg deviates
from its nominal value by 5%?

Vee=25V

3kQ

Figure 5.115

5.17.In the circuit of Fig. 5.116, determine the
maximum value of R, that guarantees op-
eration of Q1 in the active mode. Assume
B =100,Is =10"17 A, and V4 = oco.

Vee=25V

30kQ 2kQ

Figure 5.116

5.18.In the circuit depicted in Fig. 5.117,
Ig1 =1 =4 x 1016 A,,Bl =B = 100, and
V4 = oc.
(a) Determine the operating point of the
transistor.
(b) Draw the small-signal equivalent circuit.

Vee=25V

100 Q

Figure 5.117
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*8.19. Consider the circuit shown in Fig. 5.118,
where Ig; = 2[5 =5 x 10-16 A, B=p8=
100, and V4 = oo.
(a) Determine the collector currents of Q1

and Q5.
(b) Construct the small-signal equivalent
circuit.
Vee=25V
13kQ =R; Rc=1kQ
Q1 Q2
12kQ =R,
L Re = 400 Q

Figure 5.118

Section 5.2.4 Self-Biased Stage

5.20. The circuit of Fig. 5.119 must be biased with
a collector current of 1 mA. Compute the
required value of Rp if Ig =3 x 1071 A,
B =100, and V4 = occ.

Voe=2.5V

1kQ
Rg
Rp 100 Q
Q1

Figure 5.119

5.21.In the circuit of Fig. 5.120, Vxy =11 V. If
B =100 and V4 = oo, what is the value of

Is?
Vec=25V
10kQ 300 Q2
X
1
Figure 5.120

5.22. Due to a manufacturing error, a parasitic
resistor, Rp, has appeared in series with

the collector of Q in Fig. 5.121. What is
the minimum allowable value of Ry if the
base-collector forward bias must not exceed
200 mV? Assume Is =3 x 10710 A, g =
100, and V4 = oc.

Vee=25V

1kQ

R, = 500 Q

Q1

Figure 5.121

5.23. Consider the circuit shown in Fig. 5.122,
where Ig=6x10"1 A, g =100, and
V4 = oo. Calculate the operating point of

0.

Vee=25V
20kQ 500 2
Q1
400 Q
Figure 5.122

5,24, In the circuit of Fig. 5.123, I = 8 x 1016 A,

B =100, and V4 = oo.
(a) Determine the operating point of Q.

(b) Draw the small-signal equivalent
circuit.
Vee=25V
10kQ 1kQ
[ Ql
40kQ= L
Figure 5.123

*5.25.In the circuit of Fig. 5.124, Is1 =I5 =

3x1071% A, B =100, and V; = oco.
(a) Calculate Vp such that Q carries a col-
lector current of 1 mA.

(b) Construct the small-signal equivalent
circuit.
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Vee=25V

Figure 5.124

Section 5.2.5 Biasing of pnp Transistors

5.26. Determine the bias point of each cir-
cuit shown in Fig. 5.125. Assume B,,, =
2Bpmp = 100,15 =9 x 1071 A, and V4 = oo.

Vee=25V Vee=25V
Q1 Q1

60 k Q 2000 05
. 300 Q 80 kQ
@ =(b) )

Figure 5.125

5.27. Construct the small-signal model of the cir-
cuits in Problem 5.26.

5.28. Calculate the bias point of the circuits
shown in Fig. 5.126. Assume B,,,, = 2Bpnp =
100, Is = 9 x 1071% A, and V4 = oo.

Vee=25V Vee=25V
2kQ ®
Q1 32kQ
Q2
18 kQ 100 Q
T 1kQ 18kQ
@ (b)
Figure 5.126

5.29. Draw the small-signal model of the circuits
in Problem 5.28.

5.30. Calculate the value of Rg in Fig. 5.127 such
that Q, sustains a reverse bias of 300 mV
across its base-collector junction. Assume

B=50, I =8x10"1° A, and V4 = oo.
What happens if the value of Ry, is halved?

Vee=25V
10k Q Re
Q1
10k Q 5Kk
Figure 5.127

5.31. We have chosen Rp in Fig. 5.128 to place
Q0 at the edge of saturation. But the actual
value of this resistor can vary by £5%. De-
termine the forward- or reverse-bias across
the base-collector junction at these two ex-
tremes. Assume B =50, Is =8 x 10716 A,

and V4 = oo.
Vee=25V
5kQ
Q1
Re 1kQ
Figure 5.128

5.32.If 8 =80 and V4 = oo, what value of Is
yields a collector current of 1 mA in
Fig. 5.129?

Vee=25V

Q1
20kQ = 16kQ

Figure 5.129

*5.33. The topology depicted in Fig. 5.130(a) is
called a “Vpg multiplier.” (The npn coun-
terpart has a similar topology.) Construct-
ing the circuit shown in Fig. 5.130(b), de-
termine the collector-emitter voltage of O
if the base current is negligible. (The npn
counterpart can also be used.)
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(@
Figure 5.130

Section 5.3.1 Common-Emitter Topology

5.34. We wish to design the CE stage of Fig. 5.131
for a voltage gain of 20. What is the min-
imum allowable supply voltage if Q1 must

remainin the active mode? Assume V4 = oo
and Vg = 0.8 V.

Vee=25V
50k Q

Vout
in Q1

Figure 5.131

5.35. The circuit of Fig. 5.132 must be designed
for maximum voltage gain while maintain-
ing Q1 in the active mode. If V4 = 10 V and
Ve = 0.8 V, calculate the required bias cur-
rent.

Vee
R.E 1kQ
VOUt
Vin Q1

Figure 5.132

5.36. Suppose the bipolar transistor in Fig. 5.133
exhibits the following hypothetical charac-
teristic:

Vi
Ic = Is exp ﬁ (5.368)

and no Early effect. Compute the voltage
gain for a bias current of 1 mA.

Vee
RcZE 1kQ
VOUt
Vin Q1

Figure 5.133

5.37. The CE stage of Fig. 5.134 employs an ideal
current source as the load. If the voltage
gainis equal to 50 and the outputimpedance
equal to 10 k2, determine the bias current
of the transistor.

Vee
Ideal
VOUI
Vin Q1
Figure 5.134

*5.38. Determine the voltage gain and I/O

impedances of the circuits shown in Fig.
5.135. Assume V4 = oo. Transistor O, in
Figs. 5.135(d) and (e) operates in soft
saturation.

*5.39. Repeat Problem 5.38 with V; < oo.

5.40. Consider Eq. (5.157) for the gain of a de-
generated CE stage. Writing g,, = Ic/ V7,
we note that g,, and hence the voltage gain
vary if Ic changes with the signal level. For
the following two cases, determine the rela-
tive change in the gain if /¢ varies by 10%:
(a) gmRg is nominally equal to 3; (b) g,,Rg
is nominally equal to 7. The more constant
gain in the second case translates to greater
circuit linearity.

5.41. Express the voltage gain of the stage de-
picted in Fig. 5.136 in terms of the collector
bias current, I, and V7. If V4 = oo, what is
the gain if the dc voltage drops across R¢
and Rg are equal to 20Vr and 5V7, respec-
tively?
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VC C VCC

Vee
Q2 Q>
Q>
Ry
Rc
VOUt VOUt VOUt
Vin Q1 Vin Q1 Vin Q1
(@) (b) (c)
Vee Vee
Q> Q>
VOUt
Rc Rc
VOUt
Vm Ql Vin Ql
(d) (e)
Figure 5.135

v, o Vour this stage?
5.44. Construct the small-signal model of the CE
Re stage shown in Fig. 5.43(a) and calculate the
] voltage gain. Assume V4 = oo.
Figure 5.136 5.45. Construct the small-signal model of the CE
stage shown in Fig. 5.43(a) and prove that
5.42. We wish to design the degenerated stage of the output impedance is equal to Rc if the
Fig. 5.137 for a voltage gain of 10 with O, Early effect is neglected.
operating at the edge of saturation. Calcu- #+5.46, Determine the voltage gain and I1/O
late the bias current and the value of RC impedances of the circuits shown in
if =100, Iy =5 x 107'°A, and V; = co. Fig. 5.138. Assume V; = oo.

Calculate the inputimpedance of the circuit.

"""" 5.47. Compute the voltage gain

RVCC= 23V Fig. 5.139. Assume V4 = oo.
© y *5.48. Using a small-signal equivalent circuit, com-
v, o out pute the output impedance of a degenerated
' CE stage with V4 < co. Assume g > 1.
2000 *5.49. Compare the output impedances of the cir-
0] cuitsillustrated in Fig. 5.140. Assume 8 > 1.
Figure 5.137

“5.43. Repeat Problem 5.42 for a voltage gain of
R 100. Explain why no solution exists. What is
the maximum gain that can be achieved in

impedances of the circuits depicted in
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Vee Vee
Re
Q2
R VOlJt
1 Vin Q1
VOLIt
Vi
" 1 Q2
Re =
(@
Vee
Rc
Rp Vout
Vin Q1
Q2

(d)
Figure 5.138

(a) (b) ()

Figure 5.139

Vee
Q1
Q2 I
-

out

@
Figure 5.140

R Vee Q3 Vee
E Re Re
V.
in Q1 Vi 0, Vin 01 Vin Q1
Vv,
R out Vout Ve Vout
¢ Re Re Re
Q> —
Q VOlJt -
2 Q2 Q2 =

Vee

VOUI

(d)
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*8.50. Calculate the output impedance of the cir-
cuits shown in Fig. 5.141. Assume 8 > 1.

*5.51. Writing r, = V¢ /Ic, expand Eq. (5.217)
and prove that the result remains close to
ry if IgRp > Vi (which is valid because Ve
and Vpg typically differ by about 0.5 V or

5.52. Calculate v,,,/v;, for each of the circuits de-
picted in Fig. 5.142. Assume Is = 8 x 1071°
A, B =100, and V4 = oco. Also, assume the
capacitors are very large.

5.53. Repeat Example 5.33 with Rp = 25k Q and
Rc =250 Q. Is the gain greater than unity?

higher).
{ Rout
{ Rout Vee
" 0, " Q1
Q2
Q
2 R, L
(@ (b) ©
Figure 5.141
Vee=25V Vee=25V
100kQ = = 1kQ 50kQ= = 1kQ
) Eu— Vout ) — Vout
Vino— Q1 Vino—W—— Q1
c, 1kQ ¢
100 Q C, I 2kQ
(a) (b)
Figure 5.142

Section 5.3.2 Common-Base Topology

5.54. The common-base stage of Fig. 5.143 is bi-
ased with a collector current of 2 mA. As-
sume V4 = oo.

(a) Calculate the voltage gain and 1/O
impedances of the circuit.

(b) How should V3 and R¢ be chosen to
maximize the voltage gain with a bias
current of 2 mA?

5.55. Determine the voltage gain of the circuits
shown in Fig. 5.144. Assume V, = oc.

VCC
Rc =500 Q
Vout

Q1 Yo

%

in

Figure 5.143

*5.56. Compute the input impedance of the stages
depicted in Fig. 5.145. Assume V4 = oo.
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Q2
Re
VOUI
Q1 Vo
Vin
@
Figure 5.144

(@) (b)
Figure 5.145

5.57. Calculate the voltage gain and I/O
impedances of the CB stage shown in Fig.
5.146. Assume V, < oo.

Vee
ideal
VOUI
Q1 Vo
Vin
Figure 5.146

5.58. Consider the CB stage depicted in Fig.
5.147, where B =100, I =8 x 10716 A,
V4 = oo, and Cp is very large.
(a) Determine the operating point of Q.

© (d)

(b) Calculate the voltage gain and I/O
impedances of the circuit.

= 1kQ =

m
YYY
=
w
x~
e}

Figure 5.147

5.59. Repeat Problem 5.58 for Cz = 0.

*5.60. Calculate the voltage gain and the 1/O

impedances of the stage depicted in Fig.
5.148 if V4 = oo and Cp is very large.



Figure 5.148

5.61. Compute the voltage gain and I/O impe-
dances of the stage shown in Fig. 5.149
if V4 = oo and Cp is very large.

Vee
Q2
R1
VOUt CB
Q1 —
v j-l ik

n

AL
—y

Figure 5.149

*5.62. Calculate the voltage gain of the circuit
shown in Fig. 5.150if V4 < oo.

Vee
ideal
Vout
Q1
Vin
Rs

Figure 5.150

Yy

5.63. The circuit of Fig. 5.151 provides two out-
puts. If Isy = 2Is,, determine the relation-
ship between vo1 /vin and voyn/vin. Assume

V4 = o0.
VCC
Vout1 ° Vout2
Vino
Figure 5.151

voltage gain of a CB stage with emitter de-
generation, a base resistance, and V4 < oo.
Assume 8 > 1.

Section 5.3.3 Emitter Follower

5.65. For Ry = 100 Q in Fig. 5.152, determine the
bias current of O such that the gain is equal
to 0.8. Assume V4 = oco.

Vee=25V
Vin Q1
Vout
Re
Figure 5.152

5.66. The circuit of Fig. 5.152 must provide an in-
put impedance of greater than 10 k2 with a
minimum gain of 0.9. Calculate the required
bias current and Rg. Assume 8 = 100 and
V4 = oc.

5.67. A microphone having an output impedance
Rg =200 drives an emitter follower as
shown in Fig. 5.153. Determine the bias
current such that the output impedance
does not exceed 5 2. Assume 8 = 100 and

Vi = oo.
Vee=25V
Rs
Vin Q1
h®
ROUt
Figure 5.153

5.68. Compute the voltage gain and I/O impe-
dances of the circuits shown in Fig. 5.154.
Assume V, = oco.

35



5,6,

5.70.

Vee
Vin Q1 Vin
VOUt
Y Q2
(@
Vee
Vin Q1
VOlJt
Re
Q2
(d)
Figure 5.154

Figure 5.155 depicts a “Darlington pair,”

where Qp plays a role somewhat sim-

ilar to an emitter follower driving Q5.

Assume V4 = oo and the collectors of

Q1 and Q, are tied to Vgc. Note that

Ipi(~ Ic1) = Ipr = Ic2/B.

(a) If the emitter of Q, is grounded, deter-
mine the impedance seen at the base of
0.

(b) If the base of Q1 is grounded, calculate
the impedance seen at the emitter of Q5.

(c) Compute the current gain of the pair,
defined as (IC1 + ICQ)/Igl.

Figure 5.155

Determine the voltage gain of the fol-
lower depicted in Fig. 5.156. Assume Iy =
7x1071 A, B =100, and V4, =5V. (But
for bias calculations, assume V; = c0.) Also,
assume the capacitors are very large.

Vee Vee
o) Vin Q1
1
%
Vout " out
S
Q2 Q2
(b) (c)

Vee

Vin Q1
Re
Vout
Q2
(e)
- Vee=25V
10kQ=
Vino— Q1 C,
C
! VOLIt
1kQ 100 Q
Figure 5.156

*5.71. In the emitter follower shown in Fig. 5.157,
Q> serves as a current source for the input
device Q1.

(a) Calculate the output impedance of the
current source, R¢s.

(b) Replace Q; and R with the impedance
obtained in (a) and compute the voltage
gain and I/O impedances of the circuit.

Vee
Vin Q1

{Rcs

Re

Figure 5.157
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5.72. Figure 5.158 illustrates a cascade of an emit-
ter follower and a common-emitter stage.
Assume V, < oo.

(a) Calculate the input and output impe-
dances of the circuit.

(b) Determine the voltage gain, vy, /vin =

(UX/Uin)(Uout/vX)‘

Figure 5.160

5.75. We wish to design the CE stage of Fig. 5.161
for maximum voltage gain but with an out-
put impedance no greater than 500 Q2. Al-
lowing the transistor to experience at most
400 mV of base-collector forward bias, de-
sign the stage.

Figure 5.158

*5.73. Figure 5.159 shows a cascade of an emitter
follower and a common-base stage. Assume
Vi = oo.

(a) Calculate the I/O impedances of the cir- Figure 5.161

cuit.

(b) Calculate the voltage gain, vou/vin = 5.76.The stage depicted in Fig. 5.161 must
(vx/Vin) (Vour/vx )- achieve maximum input impedance but
with a voltage gain of at least 20 and an out-

put impedance of 1 k. Design the stage.

5.77. The CE stage of Fig. 5.161 must be designed
for minimum supply voltage but with a volt-
age gain of 15 and an output impedance
of 2k<. If the transistor is allowed to sus-
tain a base-collector forward bias of 400 mV,
design the stage and calculate the required
supply voltage.

Figure 5.159 5.78. We wish to design the CE stage of Fig. 5.161
for minimum power dissipation. If the volt-
age gain must be equal to A, determine the
trade-off between the power dissipation and
the output impedance of the circuit.

Design Problems

In the following problems, unless otherwise
stated, assume B=100, Is=6x10"1°A, and 5.79. Design the CE stage of Fig. 5.161 for a power
V4 = o0. budget of 1 mW and a voltage gain of 20.

5.74. Design the CE stage shown in Fig.5.160 for  5.80. Design the degenerated CE stage of Fig.

avoltage gain of 10, and input impedance of
greater than 5 k€2, and an output impedance
of 1 k€. If the lowest signal frequency of in-
terest is 200 Hz, estimate the minimum al-
lowable value of Cg.

5.162 for a voltage gain of 5 and an out-
put impedance of 500 Q2. Assume Rp sus-
tains a voltage drop of 300 mV and the cur-
rent flowing through R; is approximately 10
times the base current.
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5.81.

5.82.

5.83.

5.84.

5.85

Figure 5.162

The stage of Fig. 5.162 must be designed
for maximum voltage gain but an output
impedance of no greater than 1 kQ. Design
the circuit, assuming that Ry sustains 200
mV, the current flowing through R; is ap-
proximately 10 times the base current, and
Q) experiences a maximum base-collector
forward bias of 400 mV.

Design the stage of Fig. 5.162 for a power
budget of 5 mW, a voltage gain of 5, and a
voltage drop of 200 mV across Rg. Assume
the current flowing through R; is approxi-
mately 10 times the base current.

Design the common-base stage shown in
Fig. 5.163 for a voltage gain of 20 and an
input impedance of 50 2. Assume a volt-
age drop of 10V =260 mV across Ry so
that this resistor does not affect the input
impedance significantly. Also, assume the
current flowing through R; is approximately
10 times the base current, and the lowest
frequency of interest is 200 Hz.

Vee=25V

R, =
CB Vout
H
RZE Vin
Figure 5.163

The CB amplifier of Fig. 5.163 must achieve
avoltage gain of 8 with an outputimpedance
of 500 2. Design the circuit with the same
assumptions as those in Problem 5.83.

. We wish to design the CB stage of Fig.

5.163 for an output impedance of 200 2 and
a voltage gain of 20. What is the minimum

5.86.

5.87.

5.88.

5.89.

5.90.

required power dissipation? Make the same
assumptions as those in Problem 5.83.

Design the CB amplifier of Fig. 5.163 for a
power budget of 5 mW and a voltage gain
of 10. Make the same assumptions as those
in Problem 5.83.

Design the CB stage of Fig. 5.163 for
the minimum supply voltage if an input
impedance of 50 2 and a voltage gain of 20
are required. Make the same assumptions
as those in Problem 5.83.

Design the emitter follower shown in Fig.
5.164 for a voltage gain of 0.85 and an input
impedance of greater than 10 k2. Assume
R; =200 <.

Vee=25V

Figure 5.164

The follower of Fig. 5.164 must consume 5
mW of power while achieving a voltage gain
of 0.9. What is the minimum load resistance,
R, that it can drive?

The follower shown in Fig. 5.165 must drive
a load resistance, R; = 50, with a volt-
age gain of 0.8. Design the circuit assum-
ing that the lowest frequency of interest
is 100 MHz. (Hint: select the voltage drop
across R to be much greater than V7 so that
this resistor does not affect the voltage gain
significantly.)

Figure 5.165
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SPICE PROBLEMS

In the following problems, assume I ,,, =
5x 1071 A, Bupn = 100, Vi ypn = 5V, Is pp =
8 x 1071 A, By =50, Vi pnp = 3.5 V.

5.91. The common-emitter shown in Fig. 5.166
must amplify signals in the range of 1 MHz

Vee=25V
100kQ = = 1kQ
I'x
N.
_L_”_ 0, 1kQ 4 v
= C 2 X
CZI 5002 H
Figure 5.167

to 100 MHz.
Vec=25V
100kQ = = 1kQ
P ) ea— Vout

Figure 5.166

(a) Using the .op command, determine the

bias conditions of O and verify that it
operates in the active region.

(b) Running an ac analysis, choose the

value of C; such that [Vp/ V| =~ 0.99at1
MHz. This ensures that C; acts as ashort
circuit at all frequencies of interest.

(c) Plot |V, / Vi, as a function of frequency

for several values of Cy, e.g., 1 uF, 1
nF, and 1 pF. Determine the value of
C, such that the gain of the circuit at
10 MHz is only 2% below its maximum
(i.e., for C, = 1 uF).

(d) With the proper value of C, found in

(c), determine the input impedance of
the circuit at 10 MHz. (One approach is
to insert a resistor in series with V, and
adjust its value until Vp/Vj, or V,,,/ Vi,
drops by a factor of two.)

5.93. Consider the self-biased stage shown in Fig.

5.168.

(a) Determine the bias conditions of Q.

(b) Select the value of C; such that it op-
erates as nearly a short circuit (e.g.,
[Vp/Vin| = 0.99) at 10 MHz.

(c) Compute the voltage gain of the circuit
at 10 MHz.

(d) Determine the input impedance of the
circuit at 10 MHz.

(e) Suppose the supply voltage is provided
by an aging battery. How much can V¢¢
fall while the gain of the circuit degrades
by only 5%?

Vee=25V

1kQ
Vout

Figure 5.168
5.94. Repeat Problem 5.93 for the stage illus-
trated in Fig. 5.169. Which one of the two

circuits is less sensitive to supply variations?

Vee=25V

5.92, Predicting an output impedance of about
1 k<2 for the stage shown in Fig. 5.166, a stu-
dent constructs the circuit depicted in Fig.
5.167,where Vy represents an ac source with
zero dc value. Unfortunately, Vy/Vy is far
from 0.5. Explain why.

10 kQ ¥1 kQ
AA, 0o Vout

AAAl

1 kQ

Vino— Q1

G

Figure 5.169

39



5.95. The amplifier shown in Fig. 5.170 employs
an emitter follower to drive a 50-2 load at
a frequency of 100 MHz.
(a) Determine the value of Rg; such that
Q> carries a bias current of 2 mA.

= 600 Q2
AM

N
x

e}
A

Figure 5.170

(b) Determine the minimum acceptable
value of Cy, C,, and Cj if each one is
to degrade the gain by less than 1%.

(c) What is the signal attenuation of the
emitter follower? Does the overall gain

increase if Rgp is reduced to 100 Q7?
Why?

Vee=25V

QZ C3
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Physics of

MOS Transistors

PROBLEMS

In the following problems, unless otherwise
stated, assume 1, Cor = 200 uA/V?, 1,Cox =
100 uA/V?, and Vi =04V for NMOS
devices and —0.4 V for PMOS devices.

Sec. 6.2 Operation of MOSFET

this combination is equivalent to a single
transistor, M,,. What are the width and
length of M,,?

*6.1. Two identical MOSFETs are placed in se- w w
ries as shown in Fig. 6.36. If both devices L L
operate as resistors, explain intuitively why Figure 6.36



6.2.

6.3.

“6.4.

6.5.

“6.6.

Referring to Fig. 6.11 and assuming that

V]_) > 0,

(a) Sketch the electron density in the chan-
nel as a function of x.

(b) Sketch the local resistance of the chan-
nel (per unit length) as a function of x.

Calculate the total charge stored in the
channel of an NMOS device if C,, =
10fF/um?, W =5um, L =0.1um, and
VGS — VTH =1V. Assume VDS =0.

Consider a MOSFET experiencing pinch-off
near the drain. Equation (6.4) indicates that
the charge density and carrier velocity must
change in opposite directions if the current
remains constant. How can this relationship
be interpreted at the pinch-off point, where
the charge density approaches zero?

Assuming [ is constant, solve Eq. (6.7) to
obtain an expression for V(x). Plot both
V(x) and dV /dx as a function of x for dif-
ferent values of W or Vpy.

The drain current of a MOSFET in the tri-
ode region is expressed as

w 1
ID = Mncr)xz[(VGS - VTH)VDS - _VIZ)S]'

6.7.

“6.8.

6.9.

6.10.

2

(6.77)
Suppose the values of u,C,, and W/L are
unknown. Is it possible to determine these
quantities by applying different values of
Vs — Vry and Vpg and measuring Ip?

An NMOS device carries 1 mA with Vgg—
VTH = 0.6 Vand 1.6 mA with VGS — VTH =
0.8 V. If the device operates in the triode
region, calculate Vpg and W/ L.

Compute the transconductance of a MOS-
FET operating in the triode region. Define
gm = 0lp/dVgs for a constant Vpg. Explain
why g, = 0 for Vps = 0.

For a MOS transistor biased in the triode
region, we can define an incremental drain-
source resistance as

alp \ !
YDS,tri = % .

Derive an expression for this quantity.

(6.78)

We wish to use an NMOS transistor as
a variable resistor with R,, =500 at

6.11.

6.12.

6.13.

6.14.

6.15.

6.16.

6.17.

Ves=1Vand R,, =400Q at Vgs =1.5V.
Explain why this is not possible.

An NMOS device operating with a small
drain-source voltage serves as a resistor. If
the supply voltage is 1.8 V, what is the min-
imum on-resistance that can be achieved
with W/L = 20?

Itis possible to define an “intrinsic time con-
stant” for a MOSFET operating as a resis-
tor:

T = ROYLCGSs (6.79)

where Cgs = WLC,,. Obtain an expression
for t and explain what the circuit designer
must do to minimize the time constant.

In the circuit of Fig. 6.37, M; serves as
an electronic switch. If V,, ~ 0, determine
W/L such that the circuit attenuates the sig-
nal by only 5%. Assume V5 =1.8V and
R; =100 <.

1
\/in VOUt
Ry

Figure 6.37

In the circuit of Fig. 6.37, the input is a

small sinusoid superimposed on a dc level:

Viw = Vocoswt + V1, where V, is on the

order of a few millivolts.

(a) For V| = 0, obtain W/L in terms of Ry
and other parameters so that V,, =
0.95Vi,.

(b) Repeat part (a) for V; =0.5V. Com-
pare the results.

For an NMOS device, plot /p as a function
of Vs for different values of Vpg.

In Fig. 6.17, explain why the peaks of the
parabolas lie on a parabola themselves.

For MOS devices with very short channel
lengths, the square-law behavior is not valid,
and we may instead write:

Ip = WCox(Vas — Vru)vsar (6.80)

where vy, is a relatively constant velocity.
Determine the transconductance of such a
device.
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6.18. Advanced MOS devices do not follow the
square-law behavior expressed by Eq. (6.17).
A somewhat better approximation is:

1

Ip = iﬂ-n ox (VGS —Vm)®, (6.81)

where o is less than 2. Determine the
transconductance of such a device.

*6.19. Determine the region of operation of M; in
each of the circuits shown in Fig. 6.38.

Figure 6.38

05VJI___|_IM(;5V I

@

=
6]
<
Iﬂ_
+
<
-
1

1

Figure 6.39

*6.20. Determine the region of operation of M; in

each of the circuits shown in Fig. 6.39.

6.21. Two current sources realized by iden-
tical MOSFETs (Fig. 6.40) match to
within 1%, i.e., 0991]_)2 < ID] < 101ID2 If
Vpsi = 0.5V and Vpg; =1V, what is the
maximum tolerable value of A?

6.22. Assume A =0, compute W/L of M; in
Fig. 6.41 such that the device operates at
the edge of saturation.
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Lk e
VB I_ -

Figure 6.40

6.23. Using the value of W/L found in Problem
6.22, explain what happens if the gate oxide
thickness is doubled due to a manufacturing
error.

6.24. In the Fig. 6.42 ,what is the minimum allow-
able value of Vpp if M| must not enter the
triode region? Assume A = 0.

Vpp=1.8V
Rp = 500 Q
M, W_10_

Figure 6.42

6.25. Calculate the bias current of M; in Fig. 6.43
iftA=0.

Figure 6.43

6.26. Compute the value of W/L for M; in

Figure 6.44

“6.27.

46,28,

6.29.

6.30.

6.31.

Vpp=1.8V

Rp= 1kQ
My
Ve
Figure 6.41

In Fig. 6.45, derive a relationship among
the circuit parameters that guarantees M;
operates at the edge of saturation. Assume
A=0.

Figure 6.45

Sketch Iy as a function of Vy for the circuits
shown in Fig. 6.46. Assume Vx goes from 0
to Vpp = 1.8 V. Also, A = 0. Determine at
what value of Vy the device changes its re-
gion of operation.

Assuming W/L = 10/0.18 » = 0.1 V!, and
Vpp = 1.8V, calculate the drain current of
M; in Fig. 6.47.

In the circuit of Fig. 6.48, W/L =20/0.18
and A = 0.1 V-'. What value of Vy places
the transistor at the edge of saturation?

An NMOS device operating in saturation

with A = O must provide a transconductance

of 1/(50 2).

(a) Determine W/L if Ip = 0.5 mA.

(b) Determine W/L if Vs — Viy = 0.5 V.

(c) Determine Ip if Vgs — Vg = 0.5 V.

Determine how the transconductance of a

MOSFET (operating in saturation) changes

if

(a) W/Lisdoubled but I remains constant.

(b) Vs — Vo is doubled but Ip remains
constant.

(c) Ipisdoubled but W/L remains constant.

(d) Ip is doubled but Vs — Vpy remains
constant.
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6.33.

6.34.

#6.35.

Figure 6.46
Vpp=18V
Voo Rp= 5kQ
1kQ=Rp
V, L .
M4 B I —
Figure 6.47 Figure 6.48
Vpp=18V Vpp=18V Vpp=18V
Rp= 100 Q Rp= 5kQ 1mA
M My My
1v I L - =
(a) (b) (©)
Vpp=18V Vpp=18V
My My
2kQ 0.5mA

(d)
Figure 6.49

The “intrinsic gain” of a MOSFET oper-
ating in saturation is defined as g,,ro. De-
rive an expression for g,ro and plot the
result as a function of Ip. Assume Vpg is
constant.

If »=01V~! and W/L =20/0.18, con-
struct the small-signal model of each of the
circuits shown in Fig. 6.49.

Assuming a constant Vpg, plot the intrinsic

gain, g,to, of a MOSFET

(a) as a function of Vg — Vi if Ip is con-
stant.

(b) as a function of Ip if Vs — Vpyy is con-
stant.

®©

6.36. An NMOS device with A = 0.1 V-1 must
provide a g,ro of 20 with Vpg=15V.
Determine the required value of W/L if
Ip = 0.5mA.

6.37. Repeat Problem 6.36 for A = 0.2 V1,

6.38. Construct the small-signal model of the cir-
cuits depicted in Fig. 6.50. Assume all tran-
sistors operate in saturation and A # 0.

Sec. 6.4 PMOS Transistor

*6.39. Determine the region of operation of M; in

each circuit shown in Fig. 6.51.

*6.40. Determine the region of operation of M; in

each circuit shown in Fig. 6.52.
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VDD VDD VDD

VOUI cht

VOUI

Vin Ml
Vout
M,

(d)

Figure 6.50
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M oav L[1EM Y
'_L_|+ oy I * loav I o.evJ—’L—| 1

= 0.3V

_ -I I-

@ (b) (© (@

Figure 6.51
My My
1.5 VJ:+ " 0.9 Vmo 9
T- Losv - T I
= _I = =
@ ®)
My My
T S I A ]
09V 04V 1V 09V
I T I T- Loav -
= = = _I =
(c) (d)
Figure 6.52

6.41. If A = 0, what value of W/L places M, at the **6.44. Sketch Ix as a function of Vx for the circuits

edge of saturation in Fig. 6.53? shown in Fig. 6.55. Assume Vy goes from 0
6.42. With the value of W/L obtained in Problem to Vpp = 1.8 V. Also, & = 0. Determine at
6.41, what happens if V; changes to +0.8 V2 what value of Vy the device changes its re-

. gion of operation.
6.43.1f W/L = 10/0.18 and 1 = 0, determine the

operating point of M; in each circuit de- 6.45. (;ons.truct the'smz.lll-signa.l model of each
picted in Fig. 6.54. circuit shown in Fig. 6.56 if all of the tran-
sistors operate in saturation and A # 0.
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Vpp=1.8V Vpp=1.8V Vpp=18V

Vpp= 18V |._| M, M, 1kQ
_L_I M, 500 Q 1kQ J__I M,
1V + - -
T- 2kQ =

B H] (@ (b) (©
Figure 6.53 Figure 6.54

© (d)

Figure 6.55
VDD VDD
R
S Vino—| M4
Vino—[E M, Vout
R
Vout P
Ro M,
(@ (b)
VDD
V;
|n°_| M4 Viut
Vout
R
R e
W—[= v,
(d) (e)

Figure 6.56
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“%6.46. Consider the circuit depicted in Fig. 6.57, Voo
where M; and M, operate in saturation and
exhibit channel-length modulation coeffi-
cients 4, and A, respectively.

(a) Construct the small-signal equivalent M,
circuit and explain why M; and M, ap-
pear in “parallel.”

(b) Determine the small-signal voltage gain
of the circuit.

Figure 6.57

SPICE PROBLEMS

In the following problems, use the MOS 6.48. Plot the input/output characteristic of the

models and source/drain dimensions given in stage shown in Fig. 6.59 for 0 < Vj,, < 1.8 V.
Appendix A. Assume the substrates of NMOS At what value of Vj, does the slope (gain)
and PMOS devices are tied to ground and Vpp, reach a maximum?
respectively.
Vpp=18V

6.47. For the circuit shown in Fig. 6.58, plot Vx 500 O

as a function of Iy for 0 < Iy <3 mA. V.

Explain the sharp change in Vy as Ix My 10 ot

exceeds a certain value. Vino—| 018

Figure 6.59

6.49. For the arrangements shown in Fig. 6.60,
plot Ip as a function of Vx as Vx varies from
0 to 1.8 V. Can we say these two arrange-
Figure 6.58 ments are equivalent?

@ (b)

Figure 6.60




6.50. Plot Iy as a function of Vy for the arrange-
ment depicted in Fig. 6.61 as Vy varies from
0 to 1.8 V. Can you explain the behavior of
the circuit?

I'x
My My .
S S Vi
¥
0.9V Jois ["]o18  -T

Figure 6.61

6.51. Repeat Problem 6.50 for the circuit illus-
trated in Fig. 6.62.

Figure 6.62
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CMOS Amplifiers

PROBLEMS

In the following problems, unless otherwise
stated, assume 1,Cox = 200 nA/V2, 1, Cox =
100 uA/V?, % = 0,and Vg = 0.4 V for NMOS
devices and —0.4 V for PMOS devices.

Sec.7.1.2 Biasing

7.1.

7.2.

In the circuit of Fig. 7.39, determine the
maximum allowable value of W/L if M;
must remain in saturation. Assume A = 0.

Vpp=18V

50 k Q 1kQ

My

Figure 7.39

We wish to design the circuit of Fig. 7.40 for
a drain current of 1 mA. If W/L = 20/0.18,
compute R; and R, such that the input
impedance is at least 20 k€2.

Vpp=18V
Ry 500 Q
My
R L
Figure 7.40

7.3. Consider the circuit shown in Fig. 7.41. Cal-
culate the maximum transconductance that
M, can provide (without going into the tri-
ode region.)

Vpp=18V
10k Q 1kQ
My

100 Q

Figure 7.41

50



7.4. The circuit of Fig. 7.42 must be designed for

a voltage drop of 200 mV across Rg.

(a) Calculate the minimum allowable value
of W/L if M| must remain in saturation.

(b) What are the required values of Ry and

R, if the input impedance must be at
least 30 k2?

X
N
T—MA

Figure 7.42

7.5. Consider the circuit depicted in Fig. 7.43,

7.6.

where W/L =20/0.18. Assuming the cur-
rent flowing through R; is one-tenth of Ip,
calculate the values of R; and R, so that
IDI = 0.5mA.

Ry
i
AMA

B
N
M—e.

Figure 7.43

The self-biased stage of Fig. 7.44 must be de-
signed for a drain current of 1 mA. If M, is
to provide a transconductance of 1/(100 £2),
calculate the required value of Rp.

Vpp=18V
Rg Rp
My
Figure 7.44

7.7. We wish to design the stage in Fig. 7.45 for a

*7.9.

drain current of 0.5 mA. If W/L = 50/0.18,
calculate the values of Ry and R; such that
these resistors carry a current equal to one-
tenth of Ip;.

Vpp=1.8V
R1 2kQ
l_| Ml
R, = L
Figure 7.45

*7.8. Due to a manufacturing error, a par-

asitic resistor, Rp has appeared in the
circuit of Fig. 7.46. We know that cir-
cuit samples free from this error ex-
hibit Vg = Vps + 100 mV whereas defec-
tive samples exhibit Vs = Vpg +50mV.
Determine the values of W/L and Rp.

Vpp=1.8V
30kQE Ry =2kQ
A
\AAJ
iy
Figure 7.46

Due to a manufacturing error, a parasitic
resistor, Rp has appeared in the circuit of
Fig. 7.47. We know that circuit samples free
from this error exhibit V55 = Vps whereas
defective samples exhibit Vs = Vps + V.
Determine the values of W/L and Rp if the
drain current is 1 mA without Rp.

Vpp=18V
10kQ= = 1kQ
v, =R,
20kQ=
= Rg=200Q
Figure 7.47
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Sec. 7.1.3 Realization of Current Sources

7.10.

7.11.

7.12

7.13.

7.14.

In the circuit of Fig. 7.48, M, and M, have
lengths equal to 0.25 um and A = 0.1 V™!,
Determine W; and W, such that
IX = Zly = 1 mA. Assume VDS] = VDSZ =
Vs = 0.8 V. What is the output resistance
of each current source?

e R
B I_ = =

Figure 7.48

An NMOS current source must be designed
for an output resistance of 20 k2 and an out-
putcurrent of 0.5 mA. Whatis the maximum
tolerable value of 1?

.The two current sources in Fig. 7.49.

must be designed for Iy = Iy = 0.5mA.
If Vg =1V, Vg =12V, A =01V}, and
Li = L, =0.25 um, calculate Wy and W,.
Compare the output resistances of the two
current sources.

I'x Iy
v + M v + My
B1 I_ = B2 I_ =
Figure 7.49

Consider the circuit shown in Fig. 7.50,
where (W/L), =10/0.18 and (W/L), =
30/0.18. If » =0.1 V™!, calculate V3 such
that Vy =09 V.

Vpp=18V

Y +
B :-l:_ Ml

Figure 7.50

In the circuit of Fig. 7.51, M; and M, serve
as current sources. Calculate Iy and Iy if
Vg =1V and W/L = 20/0.25. How are the
output resistances of M, and M, related?

Figure 7.51

*7.15. A student mistakenly uses the circuit of Fig.

7.52 as a current source. If W/L = 10/0.25,
A=01V! V5 =02V, and Vy has a dc
level of 1.2 V, calculate the impedance seen
at the source of M;.

Va1

Figure 7.52

*7.16. In the circuit of Fig. 7.53, (W/L), = 5/0.18,

(W/L), =10/0.18, 1 = 0.1 V™!, and 2, =

0.15Vv-L.

(a) Determine Vg such that Ip; = |Ipy| =
0.5mA for Vx =0.9V.

(b) Now sketch Iy as a function of Vy as Vy
goes from 0 to Vpp.

Vop=1.8V

Ve

Figure 7.53

Sec.7.2 Common-Source Stage

7.17.In the common-source stage of Fig. 7.54,

W/L =30/0.18 and A = 0.

(a) What gate voltage yields a drain current
of 0.5 mA? (Verify that M; operates in
saturation.)

Vpp=1.8V
Rp= 2kQ
VOUY
Vi[5 M,

Figure 7.54
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(b) With such a drain bias current, calculate
the voltage gain of the stage.

7.18. The circuit of Fig. 7.54 is designed with
W/L =20/0.18,» = 0,and Ip = 0.25 mA.
(a) Compute the required gate bias voltage.
(b) With such a gate voltage, how much can
W/L be increased while M; remains in
saturation? What is the maximum volt-
age gain that can be achieved as W/L
increases?

7.19. We wish to design the stage of Fig. 7.55
for a voltage gain of 5 with W/L < 20/0.18.
Determine the required value of R) if the
power dissipation must not exceed 1 mW.

Vpp= 18V
Rp
VOUK

Vino—| M

Figure 7.55

7.20. The CS stage of Fig. 7.56 must provide
a voltage gain of 10 with a bias cur-
rent of 0.5 mA. Assume A = 0.1 V™!, and
do =015V~
(a) Compute the required value of (W/L),.
(b) If (W/L), =20/0.18, calculate the re-

quired value of V3.

Vpp=18V
Vo= M,

VOUI
Vino—[5 M,

Figure 7.56

7.21.1In the stage of Fig. 7.56, M, has a long
length so that A, « A;. Calculate the volt-
age gainif o, = 0.1 V-1, (W/L), = 20/0.18,
and Ip = 1 mA.

#+7.22, The circuit of Fig. 7.56 is designed for a bias

current of [; with certain dimensions for

M; and M. If the width and the length of

both transistors are doubled, how does the

voltage gain change? Consider two cases:

(a) the bias current remains constant, or (b)
the bias current is doubled.

7.23. The CS stage depicted in Fig. 7.57 must
achieve a voltage gain of 15 at a bias cur-
rent of 0.5 mA. If 4y =0.15V~! and X, =
0.05 V~!, determine the required value of

(W/L),.
Vop=18V
Vino_l M2
VOLIt
Vbo—| M,
Figure 7.57

7.24. Explain which one of the topologies shown
in Fig. 7.58 is preferred.

VDD VDD
Vy o—| M, V|n°_| M,
Vout Vout
Vin O I Ml Vb ._| Ml
@ (b)

Figure 7.58

7.25. We wish to design the circuit shown in
Fig. 7.59 for a voltage gain of 3. If
(W/L), = 20/0.18, determine (W/L),. As-

sume A = 0.
Vpp=18V
M3
VOLIt
Vino—] My
Figure 7.59

7.26. In the circuit of Fig. 7.59, (W/L), = 10/0.18
and IDl = 0.5mA.
(a) If » = 0,determine (W/L), such that M,
operates at the edge of saturation.
(b) Now calculate the voltage gain.
(c) Explain why this choice of (W/L),
yields the maximum gain.
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Voo Voo
My o | RV
VOUt VOUt
My Vino—[o M, M3

(b) ©

M, Vye—]
Vout
Vi °_| Ml Vm°_|
@
Voo
Vi o—l
Vino— M, "
Vout
Voo [o My My

(d)
Figure 7.60

7.27.The CS stage of Fig. 7.59 must achieve a
voltage gain of 5.
(a) If (W/L), =2/0.18, compute the re-
quired value of (W/L),.
(b) What is the maximum allowable bias
current if M; must operate in satura-
tion?

“+7.28.If 1 # 0, determine the voltage gain of the
stages shown in Fig. 7.60.

*7.29. In the circuit of Fig. 7.61, determine the gate **7.

voltage such that M; operates at the edge of
saturation. Assume A = 0.

*7.30. The degenerated CS stage of Fig. 7.61 must
provide a voltage gain of 4 with a bias cur-
rent of 1 mA. Assume a drop of 200 mV
across Rg and A = 0.

Vpp=1.8V
Rp
VOUI
Vi[5 M,
Rs
Figure 7.61

+7.33.

VDD VDD
i M
Vout RD
Voe—[5 M, l_l Mg Vout
T T T Vino—[; M,

© U]

7.34.

7.35.

7.36.

(a) If Rp = 1k, determine the required
value of W/L. Does the transistor oper-
ate in saturation for this choice of W/L?

(b) If W/L =50/0.18, determine the re-
quired value of Rp. Does the transistor
operate in saturation for this choice of
Rp?

picted in Fig. 7.62. Assume A = 0.

.Consider a degenerated CS stage with

A > 0. Assuming g,ro > 1, calculate the
voltage gain of the circuit.

Determine the output impedance of each
circuit shown in Fig. 7.63. Assume A # 0.

The CS stage of Fig. 7.64 carries a bias cur-
rentof ImA.If Rp = 1kQandAr =0.1 V1,
compute the required value of W/L for a
gate voltage of 1 V. What is the voltage gain
of the circuit?

Repeat Problem 7.34 with A = 0 and com-
pare the results.

Anadventurous student decides to try anew
circuit topology wherein the input is applied
to the drain and the output is sensed at the
source (Fig. 7.65). Assume A # 0, determine
the voltage gain of the circuit and discuss the
result.
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VDD VDD VDD
M M
Vout Rp ©
Vino—] My Vout Vino—| v
y Vino—| M,
J-—l 3 O
T T Mg =
@ (b) (©
Voo Voo
Rp Vee[L M,
Vout V| o I Ml
Vi
|n°_| M]_ Vout
M
My, = V% 3
(d) (e)
Figure 7.62
VDD
{ Rout { Rout
Vine[x M, Vi M, M, W
M, — V% I
@
{ Rout
Vb’_l M,
Vin°_| My My
© )
Figure 7.63
Vpp=18V
Rp
VOUt
Vino—| Mq
Figure 7.64 Figure 7.65
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7.37. In the common-source stage depicted in Fig.
7.66, the drain current of M; is defined by
the ideal current source /; and remains in-
dependent of R; and R, (why?). Suppose
I =1 mA, Rp =500, A =0, and C; is
very large.

(a) Compute the value of W/L to obtain a
voltage gain of 5.

(b) Choose the values of R; and R; to place
the transistor 200 mV away from the
triode region while R; + R, draws no
more than 0.1 mA from the supply.

(c) With the values found in (b), what hap-
pens if W/L is twice that found in (a)?
Consider both the bias conditions (e.g.,
whether M comes closer to the triode
region) and the voltage gain.

- Vpp=18V
R, =
C Vout
—
+ =
Vi R2 3
= = T Gy
Figure 7.66

7.38. Consider the CS stage shown in Fig. 7.67,
where I; defines the bias current of M; and

Cy is very large.

(a) Ifx = 0and I} = 1 mA, what is the max-
imum allowable value of Rp for M, to
remain in saturation?

(b) With the value found in (a), determine
W/L to obtain a voltage gain of 5.

Vop=18V

R, =
C Vout
—
+
Ve O
B I Gy
Figure 7.67

Sec. 7.3 Common-Gate Stage

7.39. The common-gate stage shown in Fig. 7.68
must provide a voltage gain of 4 and an in-
put impedance of 50 Q. If Ip = 0.5 mA, and
A = 0, determine the values of Rp and W/L.

Vpp=1.8V
Rp
VOUt
MV
Vin
Figure 7.68

7.40. Suppose in Fig. 7.68, Ip = 0.5mA, » =0,
and V, = 1 V. Determine the values of W/L
and Rp for an input impedance of 50 €2 and
maximum voltage gain (while M; remains
in saturation).

7.41. The CG stage depicted in Fig. 7.69 must pro-

vide an input impedance of 50 2 and an out-

put impedance of 500 Q2. Assume A = 0.

(a) What is the maximum allowable value
of Ip?

(b) With the value obtained in (a), calculate
the required value of W/L.

(c) Compute the voltage gain.

~ Vpp=18V

Vi

Figure 7.69

*7.42. A CG stage with a source resistance of Ry

employs a MOSFET with A > 0. Assuming
gmro > 1, calculate the voltage gain of the
circuit.

7.43. The CG amplifier shown in Fig. 7.70 is bi-
ased by means of /; = 1 mA. Assume A =0
and C; is very large.

Figure 7.70



Vin
Rs
Vbo—|
Figure 7.71

(a) What value of Rp places the transistor M
100 mV away from the triode region?

b) Whatis the required W/L if the circuit must
q
provide a voltage gain of 5 with the value
of Rp obtained in (a)?

*7.44. Determine the voltage gain of each stage
depicted in Fig. 7.71. Assume A = 0.

7.45. Consider the circuit of Fig. 7.72, where a
common-source stage (M; and Rp;) is fol-
lowed by a common-gate stage (M, and
Rpo).

(a) Writing voue/vin = (vx/Vin)(Vour/vx) and
assuming A = 0, compute the overall
voltage gain.

(b) Simplify the result obtained in (a) if
Rpi — oo. Explain why this result is to
be expected.

Figure 7.72

7.46. Repeat Problem 7.45 for the circuit shown

in Fig. 7.73.
Voo
Rp2
Vine— ° Vout
v
X
Rp1
Figure 7.73

7.47. Assuming A = 0, calculate the voltage gain
of the circuit shown in Fig. 7.74. Explain why
this stage is not a common-gate amplifier.

Vi

Figure 7.74
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7.48. Calculate the voltage gain of the stage de-
picted in Fig. 7.75. Assume A =0 and the
capacitors are very large.

-T- VDD
Rp=
° Vout
C, Ry = My
- 2

R = ICB

Figure 7.75

Sec.7.4 Source Follower

7.49. The source follower shown in Fig. 7.76 is bi-
ased through R. Calculate the voltage gain
if W/L =20/0.18and A = 0.1 V1.

Vpp=18V

R;=50kQ

Vipo—t—|

Figure 7.76

7.50. We wish to design the source follower
shown in Fig. 7.77 for a voltage gain of 0.8.
If W/L =30/0.18 and A = 0, determine the
required gate bias voltage.

Vpp=18V
Vino—| My
VOUt
500 Q = Rg
Figure 7.77

7.51. The source follower of Fig. 7.77 is to be de-
signed with a maximum bias gate voltage of
1.8 V. Compute the required value of W/L
for a voltage gain of 0.8 if A = 0.

7.52. The source follower depicted in Fig. 7.78
employs a current source. Determine the
values of /; and W/L if the circuit must pro-
vide an output impedance less than 100 Q
with Vg = 0.9 V. Assume A = 0.

Vop=18V

Vino— My
Vout

I1

Figure 7.78

7.53.The circuit of Fig. 7.78 must exhibit
an output impedance of less than 50 2
with a power budget of 2 mW. Deter-
mine the required value of W/L. Assume
A=0.

7.54. We wish to design the source follower of
Fig. 7.79 for a voltage gain of 0.8 with a
power budget of 3 mW. Compute the re-
quired value of W/L. Assume C; is very
large and 1 = 0.

Vpp=1.8V
Vino—[5 M, c,
VOUI
I 50;%_5’:

Figure 7.79

*7.55. Determine the voltage gain of the stages

shown in Fig. 7.80. Assume 2 # 0.

*7.56. Consider the circuit shown in Fig. 7.81,

where a source follower (M; and ;) pre-

cedes a common-gate stage (M, and Rp).

(a) Writing Vout/ Vin = (UX/vin)(vout/UX),
compute the overall voltage gain.

(b) Simplify the result obtained in (a) if
8ml = Em2-

Design Problems

In the following problems, unless otherwise
stated, assume A = 0.

7.57. Design the CS stage shown in Fig. 7.82 for a
voltage gain of 5 and an output impedance
of 1 k€. Bias the transistor so that it oper-
ates 100 mV away from the triode region.
Assume the capacitors are very large and
Rp =10kQ.
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7.58.

7.59

7.60.

Vino—| My
VOUt
Rs
Vo[ M,
@
Voo
Vino—| My
%
Rl out
._| M2
R, = L
(d)
Figure 7.80
Voo
Rp
° Vout
Vin°_| l_’ Vb
OXn
Figure 7.81

The CS amplifier of Fig. 7.82 must be de-
signed for a voltage gain of 5 with a power
budget of 2 mW. If Rplp =1V, determine
the required value of W/L. Make the same
assumptions as those in Problem 7.57.

. We wish to design the CS stage of Fig.

7.82 for maximum voltage gain but with
W/L <50/0.18 and a maximum output
impedance of 500 Q. Determine the re-
quired current. Make the same assumptions
as those in Problem 7.57.

The degenerated stage depicted in Fig.
7.83 must provide a voltage gain of 4
with a power budget of 2 mW while
the voltage drop across Rg is equal to
200 mV. If the overdrive voltage of the tran-
sistor must not exceed 300 mV and R; + R,

7.61.

VDD VDD
Vino—| M4 Vino—| My
Vout Vout
Ve[S M, J._l M,
Ry T T

Voo
Vb2 —{[Z M,
Vb1 o—| M,
VOUt
Vin— M4
()
Vpp=1.8V
Rg = = Rp c,
Cy +—A—Vou
Vino—] |——||:_LA/11
Figure 7.82

must consume less than than 5% of the al-
located power, design the circuit. Make the
same assumptions as those in Problem 7.57.

- Vpp=18V
R =
Cl Vout
——
+ =
Vi Re 3
Figure 7.83

Design the circuit of Fig. 7.83 for a volt-
age gain of 5 and a power budget of
6 mW. Assume the voltage drop across Rg
is equal to the overdrive voltage of the tran-
sistor and Rp = 200 Q.
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7.62. The circuit shown in Fig. 7.84 must pro-
vide a voltage gain of 6, with Cg serv-
ing as a low impedance at the frequencies
of interest. Assuming a power budget of
2 mW and an input impedance of 20 k€2,
design the circuit such that M; operates
200 mV away from the triode region. Se-
lect the values of C; and Cy so that their
impedance is negligible at 1 MHz.

Vpp=18V

Figure 7.84

7.63. In the circuit of Fig. 7.85, M, serves as a cur-
rent source. Design the stage for a voltage
gain of 20 and a power budget of 2 mW. As-
sume A = 0.1 V™! for both transistors and
the maximum allowable level at the output
is 1.5 V (i.e., M, must remain in saturation
if Vo <1.5V).

Vpp=1.8V
Vee—[E M,

VOth
Vine—[, M,

Figure 7.85

7.64. Consider the circuit shown in Fig. 7.86,
where Cp is very large and 1, = 0.5, =

0.1V~
V=18V
Ca DD
aH— M,
R
VOUI
Vino—] My
Figure 7.86

(a) Calculate the voltage gain.

(b) Design the circuit for a voltage gain
of 15 and a power budget of 3 mW.
Assume Rg ~ 10(ro1]|roz) and the dc
level of the output must be equal to
Vop/2.

7.65. The CS stage of Fig. 7.87 incorporates a
degenerated PMOS current source. The
degeneration must raise the output
impedance of the current source to about
10rp; such that the voltage gain remains
nearly equal to the intrinsic gain of M;. As-
sume A = 0.1 V™! for both transistors and a
power budget of 2 mW.

(a) If Vg =1V, determine the values of
(W/L), and Rs so that the impedance
seen looking into the drain of M; is
equal to 10rp;.

(b) Determine (W/L), to achieve a voltage

gain of 30.
Vpp=18V
Rs
Vye—] M,
VOUI
Vino_| My
Figure 7.87

7.66. Assuming a power budget of 1 mW and an
overdrive of 200 mV for M;, design the cir-
cuit shown in Fig. 7.88 for a voltage gain
of 4.

Vop= 18V

M
Vout

Vin°_| My

Figure 7.88

7.67. Design the common-gate stage depicted in
Fig. 7.89 for an input impedance of 50 2 and
a voltage gain of 5. Assume a power budget
of 3mW.

60



7.68.

7.69.

7.70.

— Vpp=18V

Figure 7.89

Design the circuit of Fig. 7.90 such that
M; operates 100 mV away from the
triode region while providing a voltage
gain of 4. Assume a power budget of

2 mW.
- Vpp=18V

Figure 7.90

Figure 7.91 shows a self-biased common-
gate stage, where Rg &~ 10Rp and Cg serves
as a low impedance so that the voltage gain
is still given by g,,Rp. Design the circuit for
a power budget of 5 mW and a voltage gain
of 5. Assume Rg ~ 10/g,, so that the input
impedance remains approximately equal to

1/gm-

Vop=1.8V

Figure 7.91

Design the CG stage shown in Fig. 7.92
such that it can accommodate an output
swing of 500mV,,, i.e., V,, can fall below
its bias value by 250 mV without driving

7.71.

7.72,

M into the triode region. Assume a voltage
gain of 4 and an input impedance of 50 Q.
Select Ry ~ 10/g,, and Ry + R, = 20k<.
(Hint: since M; is biased 250 mV away
from the triode region, we have Rglp+
Vs — Ve +250mV = Vpp — IpRp.)

— Vpp=18V

Figure 7.92

Design the source follower depicted in Fig.
7.93 for a voltage gain of 0.8 and a power
budget of 2mW. Assume the output dclevel
is equal to Vpp/2 and the input impedance
exceeds 10 k<.

Vpp=1.8V

Figure 7.93

Consider the source follower shown in Fig.
7.94. The circuit must provide a voltage gain
of 0.6 at 100 MHz. Design the circuit such
that the dc voltage at node X is equal to
Vbp/2. Assume the input impedance ex-
ceeds 20 k€.

Vpp=18V

Figure 7.94
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7.73. In the source follower of Fig. 7.95, M, serves
as a current source. The circuit must oper-
ate with a power budget of 3 mW, a voltage
gain of 0.9, and a minimum allowable output
of 0.3 V (i.e., M, must remain in saturation
if Vps2 > 0.3 V). Assuming A = 0.1 V™! for
both transistors, design the circuit.

SPICE PROBLEMS

In the following problems, use the MOS mod-
els and source/drain dimensions given in Ap-
pendix A. Assume the substrates of NMOS
and PMOS devices are tied to ground and Vpp,
respectively.

7.74. In the circuit of Fig. 7.96, [, is an ideal cur-

rent source equal to 1 mA.

(a) Using hand calculations, determine
(W/L), such that g,,; = (100 Q).

(b) Select C; for an impedance of
~ 100 Q2 (<« 1k€2) at 50 MHz.

(c) Simulate the circuit and obtain the
voltage gain and output impedance at
50 MHz.

(d) Whatis the change in the gainif /; varies
by £20%?

Vpp=1.8V

Figure 7.96

7.75. The source follower of Fig. 7.97 employs a

bias current source, M.

(a) What value of Vj, places M, at the edge
of saturation?

(b) What value of V;, places M; at the edge
of saturation?

(c) Determine the voltage gain if Vj, has a
dc value of 1.5 V.

Vpp=18V
Vino—[5 M,

Vout
Vb'_| My

Figure 7.95

(d) What is the change in the gain if V,
changes by £50 mV?

Figure 7.97

7.76. Figure 7.98 depicts a cascade of a source
follower and a common-gate stage. As-
sume V, =12V and (W/L), = (W/L), =
10 um/0.18 pum.

(a) Determine the voltage gain if Vj, has a
dc value of 1.2 V.

(b) Verify that the gain drops if the dc
value of Vj, is higher or lower than
12 V.

(c) What dc value at the input reduces the
gain by 10% with respect to that ob-
tained in (a)?

VDD

1kQ

° Vout
Vino—| l_.vb
®1ma

Figure 7.98
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7.77. Consider the CS stage shown in Fig. 7.99,
where M, operates as a resistor.

Figure 7.99

(a) Determine W, such that an input dc
level of 0.8 V yields an output dc level
of 1 V. What is the voltage gain under
these conditions?

(b) What is the change in the gain if the
mobility of the NMOS device varies by

+10%? Can you explain this result us-
ing the expressions derived in Chapter 6
for the transconductance?

7.78. Repeat Problem 7.77 for the circuit illus-
trated in Fig. 7.100 and compare the sensi-
tivities to the mobility.

Figure 7.100
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