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Exercise 1–1

Chapter 1

Solutions to Exercises within the Chapter

Ex: 1.1 When output terminals are

open-circuited, as in Fig. 1.1a:

For circuit a. voc = vs(t)

For circuit b. voc = is(t) × Rs

When output terminals are short-circuited, as in

Fig. 1.1b:

For circuit a. isc = v s(t)

Rs

For circuit b. isc = is(t)

For equivalency

Rs is(t) = v s(t)

Rs a

b

�
�

vs (t)

Figure 1.1a

is (t)

a

b

Rs

Figure 1.1b

Ex: 1.2

voc � vs

Rs

�
�

isc

voc = 10 mV

isc = 10 µA

Rs = voc

isc

= 10 mV

10 µA
= 1 k�

Ex: 1.3 Using voltage divider:

vo(t) = vs(t) × RL

Rs + RL

vs (t) vo

Rs

�
�

�

�

RL

Given vs(t) = 10 mV and Rs = 1 k�.

If RL = 100 k�

vo = 10 mV × 100

100 + 1
= 9.9 mV

If RL = 10 k�

vo = 10 mV × 10

10 + 1
≃ 9.1 mV

If RL = 1 k�

vo = 10 mV × 1

1 + 1
= 5 mV

If RL = 100 �

vo = 10 mV × 100

100 + 1 K
≃ 0.91 mV

For vo = 0.8v s,

RL

RL + Rs

= 0.8

Since Rs = 1 k�,

RL = 4 k�

Ex: 1.4 Using current divider:

Rsis � 10 �A RL

io

io = is × Rs

Rs + RL

Given is = 10 µA, Rs = 100 k�.

For

RL = 1 k�, io = 10 µA × 100

100 + 1
= 9.9 µA

For

RL = 10 k�, io = 10 µA × 100

100 + 10
≃ 9.1 µA

For

RL = 100 k�, io = 10 µA× 100

100 + 100
= 5 µA

For RL = 1 M�, io = 10 µA × 100 K

100 K + 1 M

≃ 0.9 µA

For io = 0.8is,
100

100 + RL

= 0.8

⇒ RL = 25 k�
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Exercise 1–2

Ex: 1.5 f = 1

T
= 1

10−3
= 1000 Hz

ω = 2π f = 2π × 103 rad/s

Ex: 1.6 (a) T = 1

f
= 1

60
s = 16.7 ms

(b) T = 1

f
= 1

10−3
= 1000 s

(c) T = 1

f
= 1

106
s = 1 µs

Ex: 1.7 If 6 MHz is allocated for each channel,

then 470 MHz to 806 MHz will accommodate

806 − 470

6
= 56 channels

Since the broadcast band starts with channel 14, it

will go from channel 14 to channel 69.

Ex: 1.8 P = 1

T

T
∫

0

v
2

R
dt

= 1

T
× V 2

R
× T = V 2

R

Alternatively,

P = P1 + P3 + P5 + · · ·

=
(

4V√
2π

)2
1

R
+
(

4V

3
√

2π

)2
1

R

+
(

4V

5
√

2π

)2
1

R
+ · · ·

= V 2

R
× 8

π 2
×
(

1 + 1

9
+ 1

25
+ 1

49
+ · · ·

)

It can be shown by direct calculation that the

infinite series in the parentheses has a sum that

approaches π 2/8; thus P becomes V 2/R as found

from direct calculation.

Fraction of energy in fundamental

= 8/π 2 = 0.81

Fraction of energy in first five harmonics

= 8

π 2

(

1 + 1

9
+ 1

25

)

= 0.93

Fraction of energy in first seven harmonics

= 8

π 2

(

1 + 1

9
+ 1

25
+ 1

49

)

= 0.95

Fraction of energy in first nine harmonics

= 8

π 2

(

1 + 1

9
+ 1

25
+ 1

49
+ 1

81

)

= 0.96

Note that 90% of the energy of the square wave is

in the first three harmonics, that is, in the

fundamental and the third harmonic.

Ex: 1.9 (a) D can represent 15 equally-spaced

values between 0 and 3.75 V. Thus, the values are

spaced 0.25 V apart.

v A = 0 V ⇒ D = 0000

v A = 0.25 V ⇒ D = 0000

v A = 1 V ⇒ D = 0000

v A = 3.75 V ⇒ D = 0000

(b) (i) 1 level spacing: 20 × +0.25 = +0.25 V

(ii) 2 level spacings: 21 × +0.25 = +0.5 V

(iii) 4 level spacings: 22 × +0.25 = +1.0 V

(iv) 8 level spacings: 23 × +0.25 = +2.0 V

(c) The closest discrete value represented by D is

+1.25 V; thus D = 0101. The error is -0.05 V, or

−0.05/1.3 × 100 = −4%.

Ex: 1.10 Voltage gain = 20 log 100 = 40 dB

Current gain = 20 log 1000 = 60 dB

Power gain = 10 log Ap = 10 log (Av Ai )

= 10 log 105 = 50 dB

Ex: 1.11 Pdc = 15 × 8 = 120 mW

PL = (6/
√

2)2

1
= 18 mW

Pdissipated = 120 − 18 = 102 mW

η = PL

Pdc

× 100 = 18

120
× 100 = 15%

Ex: 1.12 vo = 1 × 10

106 + 10
≃ 10−5 V = 10 µV

PL = v
2
o/RL = (10 × 10−6)2

10
= 10−11 W

With the buffer amplifier:

vo = 1 × Ri

Ri + Rs

× Avo × RL

RL + Ro

= 1 × 1

1 + 1
× 1 × 10

10 + 10
= 0.25 V

PL = v
2
o

RL

= 0.252

10
= 6.25 mW

Voltage gain =
vo

v s

= 0.25 V

1 V
= 0.25 V/V

= −12 dB

Power gain (Ap) ≡ PL

Pi

where PL = 6.25 mW and Pi = v i i1,

v i = 0.5 V and

ii = 1 V

1 M� + 1 M�
= 0.5 µA
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Exercise 1–3

This figure belongs to Exercise 1.15.

�
�

�
�

�

�

�

�

�

�

vs vi1

10vi1

100 k�

1 M� vi2

1 k�

100 k�

100vi2

vL

1 k�

100 � 

Stage 1 Stage 2

�
�

Thus,

Pi = 0.5 × 0.5 = 0.25 µW

and

Ap = 6.25 × 10−3

0.25 × 10−6
= 25 × 103

10 log Ap = 44 dB

Ex: 1.13 Open-circuit (no load) output voltage =

Avov i

Output voltage with load connected

= Avov i

RL

RL + Ro

0.8 = 1

Ro + 1
⇒ Ro = 0.25 k� = 250 �

Ex: 1.14 Avo = 40 dB = 100 V/V

PL = v
2
o

RL

=
(

Avov i

RL

RL + Ro

)2/

RL

= v
2
i ×

(

100 × 1

1 + 1

)2/

1000 = 2.5 v
2
i

Pi = v
2
i

Ri

= v
2
i

10,000

Ap ≡ PL

Pi

= 2.5v
2
i

10−4
v

2
i

= 2.5 × 104 W/W

10 log Ap = 44 dB

Ex: 1.15 Without stage 3 (see figure above)

v L

v s

=
(

1 M�

100 k� + 1 M�

)

(10)

(

100 k�

100 k� + 1 k�

)

×(100)

(

100

100 + 1 k�

)

v L

v s

= (0.909)(10)(0.9901)(100)(0.0909)

= 81.8 V/V

Ex: 1.16 Refer the solution to Example 1.3 in the

text.

v i1

vs

= 0.909 V/V

v i1 = 0.909 v s = 0.909 × 1 = 0.909 mV

v i2

vs

= v i2

v i1

× v i1

v s

= 9.9 × 0.909 = 9 V/V

v i2 = 9 × v S = 9 × 1 = 9 mV

v i3

vs

= v i3

v i2

× v i2

v i1

× v i1

vs

= 90.9 × 9.9 × 0.909

= 818 V/V

v i3 = 818 v s = 818 × 1 = 818 mV

v L

vs

= v L

v i3

× v i3

v i2

× v i2

v i1

× v i1

v s

= 0.909 × 90.9 × 9.9 × 0.909 ≃ 744 V/V

v L = 744 × 1 mV = 744 mV

Ex: 1.17 Using voltage amplifier model, the

three-stage amplifier can be represented as

vi
Ri

Ro

A
vovi

�

�

�
�

Ri = 1 M�

Ro = 10 �

Avo = Av1 × Av2 × Av3 = 9.9 × 90.9 × 1 =
900 V/V

The overall voltage gain

vo

vs

= Ri

Ri + Rs

× Avo × RL

RL + Ro
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Exercise 1–4

For RL = 10 �

Overall voltage gain

= 1 M

1 M + 100 K
× 900 × 10

10 + 10
= 409 V/V

For RL = 1000 �

Overall voltage gain

= 1 M

1 M + 100 K
× 900 × 1000

1000 + 10
= 810 V/V

∴ Range of voltage gain is from 409 V/V to

810 V/V.

Ex: 1.18

ii io

Ais ii

RLRoRs Riis

ii = is

Rs

Rs + Ri

io = Ais ii

Ro

Ro + RL

= Ais is

Rs

Rs + Ri

Ro

Ro + RL

Thus,

io

is

= Ais

Rs

Rs + Ri

Ro

Ro + RL

Ex: 1.19

Ri

Ro

Gmvi

RL
Ri�

�
vi

�

�

�

�

vo
vs

v i = v s

Ri

Ri + Rs

vo = Gmv i (Ro ‖ RL)

= Gmv s

Ri

Ri + Rs

(Ro ‖ RL)

Thus,

vo

v s

= Gm

Ri

Ri + Rs

(Ro ‖ RL)

Ex: 1.20 Using the transresistance circuit model,

the circuit will be

RiRsis

ii Ro

RL
voRmii

�

�

�
�

ii

is

= Rs

Ri + Rs

vo = Rm ii × RL

RL + Ro

vo

ii

= Rm

RL

RL + Ro

Now
vo

is

= vo

ii

× ii

is

= Rm

RL

RL + Ro

× Rs

Ri + Rs

= Rm

Rs

Rs + Ri

× RL

RL + Ro

Ex: 1.21

vb = ibrπ + (β + 1)ib Re

= ibrπ + (β + 1)Re

But vb = v x and ib = ix , thus

Rin ≡ v x

ix

= vb

ib

= rπ + (β + 1)Re

Ex: 1.22

f Gain

10 Hz 60 dB

10 kHz 40 dB

100 kHz 20 dB

1 MHz 0 dB
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Exercise 1–5

Gain (dB)

�20 dB/decade

3 dB

frequency

0

20

40

60

1 10 10 10 10 10 10 10 f (Hz)

Ex: 1.23

RLRo
Ri ViVi Gm Vo CL

�

�

�

�

Vo = Gm Vi Ro ‖ RL ‖ CL

= Gm Vi

1

Ro

+ 1

RL

+ sCL

Thus,
Vo

Vi

= Gm

1

Ro

+ 1

RL

× 1

1 + sCL

1

Ro

+ 1

RL

Vo

Vi

= Gm(RL ‖ Ro)

1 + sCL(RL ‖ Ro)

which is of the STC LP type.

ω0 = 1

CL(RL ‖ Ro)

= 1

4.5 × 10−9(103 ‖ Ro)

For ω0 to be at least wπ × 40 × 103, the highest

value allowed for Ro is

Ro = 103

2π × 40 × 103 × 103 × 4.5 × 10−9 − 1

= 103

1.131 − 1
= 7.64 k�

The dc gain is

Gm(RL ‖ Ro)

To ensure a dc gain of at least 40 dB (i.e., 100),

the minimum value of Gm is

⇒ RL ≥ 100/(103 ‖ 7.64 × 103) = 113.1 mA/V

Ex: 1.24 Refer to Fig. E1.24

V2

Vs

= Ri

Rs +
1

sC
+Ri

= Ri

Rs + Ri

s

s + 1

C(Rs + Ri )

which is an HP STC function.

f3dB = 1

2πC(Rs + Ri )
≤ 100 Hz

C ≥ 1

2π(1 + 9)103 × 100
= 0.16 µF
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Exercise 2–1

Chapter 2

Solutions to Exercises within the Chapter

Ex: 2.1 The minimum number of terminals

required by a single op amp is 5: two input

terminals, one output terminal, one terminal for

positive power supply, and one terminal for

negative power supply.

The minimum number of terminals required by a

quad op amp is 14: each op amp requires two

input terminals and one output terminal

(accounting for 12 terminals for the four op

amps). In addition, the four op amps can all share

one terminal for positive power supply and one

terminal for negative power supply.

Ex: 2.2 Relevant equations are:

v3 = A(v2 − v1); v I d = v2 − v1,

v I cm = 1

2
(v1 + v2)

(a)

v1 = v2 − v3

A
= 0 − 4

103
= −0.004 V = −4 mV

v I d = v2 − v1 = 0 − (−0.004) = +0.004 V

= 4 mV

v I cm = 1

2
(−4 mV + 0) = −2 mV

(b) −10 = 103(2 − v1) ⇒ v1 = 2.01 V

v I d = v2 −v1 = 2−2.01 = −0.01 V = −10 mV

v I cm = 1

2
(v1 + v2) = 1

2
(2.01 + 2) = 2.005 V

≃ 2 V

(c)

v3 = A(v2 − v1) = 103(1.998 − 2.002) = −4 V

v I d = v2 − v1 = 1.998 − 2.002 = −4 mV

v I cm = 1

2
(v1 + v2) = 1

2
(2.002 + 1.998) = 2 V

(d)

−1.2 = 103
v2 − (−1.2) = 103(v2 + 1.2)

⇒ v2 = −1.2012 V

v I d = v2 − v1 = −1.2012 − (−1.2)

= −0.0012 V = −1.2 mV

v I cm = 1

2
(v1 + v2) = 1

2
[ − 1.2 + (−1.2012)]

≃ −1.2 V

Ex: 2.3 From Fig. E2.3 we have: v3 = μvd and

vd = (Gmv2 − Gmv1)R = Gm R(v2 − v1)

Therefore:

v3 = μGm R(v2 − v1)

That is, the open-loop gain of the op amp is

A = μGm R. For Gm = 20 mA/V and

μ = 50, we have:

A = 50 × 20 × 5 = 5000 V/V, or equivalently,

74 dB.

Ex: 2.4 The gain and input resistance of the

inverting amplifier circuit shown in Fig. 2.5 are

− R2

R1

and R1, respectively. Therefore, we have:

R1 = 100 k� and

− R2

R1

= −10 ⇒ R2 = 10 R1

Thus:

R2 = 10 × 100 k� = 1 M�

Ex: 2.5

�

�

vi

vo

ii

R � 10 k�

From Table 1.1 we have:

Rm = vo

ii

∣

∣

∣

∣

io = 0

; that is, output is open circuit

The negative input terminal of the op amp (i.e.,

v i ) is a virtual ground, thus v i = 0:

vo = v i − Rii = 0 − Rii = −Rii

Rm = vo

ii

∣

∣

∣

∣

io = 0

= − Rii

ii

= −R ⇒ Rm = −R

= −10 k�

Ri = v i

ii

and v i is a virtual ground (v i = 0),

thus Ri = 0

ii

= 0 ⇒ Ri = 0 �

Since we are assuming that the op amp in this

transresistance amplifier is ideal, the op amp has

zero output resistance and therefore the output

resistance of this transresistance amplifier is also

zero. That is Ro = 0 �.
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Exercise 2–2

�

�

R � 10 k�

10 k�
0.5 mA

vi

vo

Connecting the signal source shown in Fig. E2.5

to the input of this amplifier, we have:

v i is a virtual ground that is v i = 0, thus the

current flowing through the 10-k� resistor

connected between v i and ground is zero.

Therefore,

vo = v i − R × 0.5 mA = 0 − 10 k� × 0.5 mA

= −5 V.

Ex: 2.6

�

�

R2 � 5 k�

R1 � 1 k�

RL � 1 k�

vO
v1

i1 iO

iL

i2

2 V �
�

v1 is a virtual ground, thus v1 = 0 V

i1 = 2 V − v1

R1

= 2 − 0

1 k�
= 2 mA

Assuming an ideal op amp, the current flowing

into the negative input terminal of the op amp is

zero. Therefore, i2 = i1 ⇒ i2 = 2 mA

v O = v1 − i2 R2 = 0 − 2 mA × 5 k� = −10 V

iL = vo

RL

= −10 V

1 k�
= −10 mA

iO = iL − i2 = −10 mA − 2 mA = −12 mA

Voltage gain = v O

2 V
= −10 V

1 V
= −5 V/V or

14 dB

Current gain = iL

i1

= −10 mA

2 mA
= −5 A/A or

14 dB

Power gain

= PL

Pi

= −10(−10 mA)

2 V × 2 mA
= 25 W/W or 14 dB

Note that power gain in dB is 10 log10

∣

∣

∣

∣

PL

Pi

∣

∣

∣

∣

.

Ex: 2.7

�

�

R1

R2

v1

v2
vO

Rf

For the circuit shown above we have:

v O = −
(

R f

R1

v1 + R f

R2

v2

)

Since it is required that v O = −(v1 + 4v2),

we want to have:

R f

R1

= 1 and
R f

R2

= 4

It is also desired that for a maximum output

voltage of 4 V, the current in the feedback

resistor not exceed 1 mA.

Therefore

4 V

R f

≤ 1 mA ⇒ R f ≥ 4 V

1 mA
⇒ R f ≥ 4 k�

Let us choose R f to be 4 k�, then

R1 = R f = 4 k� and R2 = R f

4
= 1 k�

Ex: 2.8

v O =
(

Ra

R1

)(

Rc

Rb

)

v1 +
(

Ra

R2

)(

Rc

Rb

)

v2

−
(

Rc

R3

)

v3

We want to design the circuit such that

v O = 2v1 + v2 − 4v3

Thus we need to have
(

Ra

R1

)(

Rc

Rb

)

= 2,

(

Ra

R2

)(

Rc

Rb

)

= 1, and
Rc

R3
= 4

From the above three equations, we have to find

six unknown resistors; therefore, we can

arbitrarily choose three of these resistors. Let us

choose Ra = Rb = Rc= 10 k�.
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Exercise 2–3

Then we have

R3 = Rc

4
= 10

4
= 2.5 k�

(

Ra

R1

)(

Rc

Rb

)

= 2, ⇒ 10

R1

× 10

10
= 2

⇒ R1 = 5 k�
(

Ra

R2

)(

Rc

Rb

)

= 1 ⇒ 10

R2

× 10

10
= 1

⇒ R2 = 10 k�

Ex: 2.9 Using the superposition principle to find

the contribution of v1 to the output voltage v O ,

we set v2 = 0

�

�

7 k�

1 k�

1 k�

3 k�

vO

v1

v2

v+ (the voltage at the positive input of the op amp

is: v+ = 3

1 + 3
v1 = 0.75v1

Thus v O =
(

1 + 7 k�

1 k�

)

v+ = 8 × 0.75v1 = 6v1

To find the contribution of v2 to the output

voltage v O we set v1 = 0.

Then v+ = 1

1 + 3
v2 = 0.25v2

Hence

v O =
(

1 + 7 k�

1 k�

)

v+ = 8 × 0.25v2 = 2v2

Combining the contributions of v1 and v2

to v O , we have v O = 6v1 + 2v2

Ex: 2.10

�

�

7 k�

1 k�

1 k�

3 k�

v1

v3

vO

v2

Using the superposition principle to find the

contribution of v1 to v O , we set v2 = v3 = 0.

Then we have (refer to the solution of Exercise

2.9): v O = 6v1

To find the contribution of v2 to v O , we set

v1 = v3 = 0, then: v O = 2v2

To find the contribution of v3 to v O we set

v1 = v2 = 0, then

vo = −7 k�

1 k�
v3 = −7v3

Combining the contributions of v1, v2, and

v3 to v O we have: v O = 6v1 + 4v2 − 7v3.

Ex: 2.11

�

�

R1

R2 i

vi

vO

v O

v i

= 1 + R2

R1

= 2 ⇒ R2

R1

= 1 ⇒ R1 = R2

If v O = 10 V, then it is desired that i = 10 µA.

Thus,

i = 10 V

R1 + R2

= 10 µA ⇒ R1 + R2 = 10 V

10 µA

R1 + R2 = 1 M� and

R1 = R2 ⇒ R1 = R2 = 0.5 M�

Ex: 2.12

(a)

�

�

R1

vI

vOv�

R2

v I − v− = v O/A ⇒ v− = v I − v O/A (1)

But from the voltage divider across v O ,

v− = v O

R1

R1 + R2

(2)

Equating Eq. (1) and Eq. (2) gives

v O

R1

R1 + R2

= v I − v O

A
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Exercise 2–4

which can be manipulated to the form

v O

v I

= 1 + (R2/R1)

1 + 1 + (R2/R1)

A

(b) For R1 = 1 k� and R2 = 9 k� the ideal value

for the closed-loop gain is 1 + 9

1
, that is, 10. The

actual closed-loop gain is G = 10

1 + 10/A
.

If A = 103, then G = 9.901 and

ǫ = G − 10

10
× 100 = −0.99% ≃ −1%

For v I = 1 V, v O = G × v I = 9.901 V and

v O = A(v+ − v−) ⇒ v+ − v− = v O

A
= 9.901

1000

≃ 9.9 mV

If A = 104, then G = 9.99 and ǫ = −0.1%.

For v I = 1 V, v O = G × v I = 9.99 V,

therefore,

v+ − v− = v O

A
= 9.99

104
= 0.999 mV ≃ 1 mV

If A = 105, then G = 9.999 and ǫ = −0.01%

For v I = 1 V, v O = G × v I = 9.999 thus,

v+ − v− = v O

A
= 9.999

105
= 0.09999 mV

≃ 0.1 mV

Ex: 2.13

i I = 0 A, v1 = v I = 1 V

i1 = v1

1 k�
= 1 V

1 k�
= 1 mA

i2 = i1 = 1 mA

�

�

vOv1

iO

i2

i1

iI
iL 1 k�

1 k�

9 k�

vI � 1 V
�
�

v O = v1 + i2 × 9 k� = 1 + 1 × 9 = 10 V

iL = v O

1 k�
= 10 V

1 k�
= 10 mA

iO = iL + i2 = 11 mA

v O

v i

= 10 V

1 V
= 10 V/V or 20 dB

iL

i I

= 10 mA

0
= ∞

PL

PI

= v O × iL

v I × i I

= 10 × 10

1 × 0
= ∞

Ex: 2.14

(a) Load voltage = 1 k�

1 k� + 1 M�
× 1 V ≃ 1 mV

(b) Load voltage = 1 V

Ex: 2.15

(a) R1 = R3 = 2 k�, R2 = R4 = 200 k�

Since R4/R3 = R2/R1 we have:

Ad = v O

v I 2 − v I 1

= R2

R1

= 200

2
= 100 V/V

(b) Rid = 2R1 = 2 × 2 k� = 4 k�

Since we are assuming the op amp is ideal,

Ro = 0 �

(c)

Acm ≡ v O

v I cm

= R4

R3 + R4

(

1 − R2

R1

R3

R4

)

The worst-case common-mode gain (i.e., the

largest Acm) occurs when the resistor tolerances

are such that the quantity in parentheses is

maximum. This in turn occurs when R2 and R3

are at their highest possible values (each one

percent above nominal) and R1 and R4 are at their

lowest possible values (each one percent below

nominal), resulting in

Acm = R4

R3 + R4

(

1 − 1.01 × 1.01

0.99 × 0.99

)

| Acm | ≃ R4

R3 + R4

×0.04 ≃ 200

202
×0.04 ≃ 0.04 V/V

The corresponding CMRR is

CMRR = | Ad |
| Acm | = 100

0.04
= 2500

or 68 dB.
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Exercise 2–5

Ex: 2.16 We choose R3 = R1 and R4 = R2.

Then for the circuit to behave as a difference

amplifier with a gain of 10 and an input resistance

of 20 k�, we require

Ad = R2

R1

= 10 and

RI d = 2R1 = 20 k� ⇒ R1 = 10 k� and

R2 = Ad R1 = 10 × 10 k� = 100 k�

Therefore, R1 = R3 = 10 k� and

R2 = R4 = 100 k�.

Ex: 2.17 Given v I cm = +5 V

v I d = 10 sin ωt mV

2R1 = 1 k�, R2 = 0.5 M�

R3 = R4 = 10 k�

v I 1 = v I cm − 1

2
v I d = 5 − 1

2
× 0.01 sin ωt

= 5 − 0.005 sin ωt V

v I 2 = v I cm + 1

2
v I d

= 5 + 0.005 sin ωt V

v−(op amp A1) = v I 1 = 5 − 0.005 sin ωt V

v−(op amp A2) = v I 2 = 5 + 0.005 sin ωt V

v I d = v I 2 − v I 1 = 0.01 sin ωt

v O1 = v I 1 − R2 × v I d

2R1

= 5 − 0.005 sin ωt − 500 k� × 0.01 sin ωt

1 k�

= (5 − 5.005 sin ωt) V

v O2 = v I 2 + R2 × v I d

2R1

= (5 + 5.005 sin ωt) V

v+(op amp A3) = v O2×
R4

R3 + R4

= v O2

10

10 + 10

= 1

2
v O2 = 1

2
(5 + 5.005 sin ωt)

= (2.5 + 2.5025 sin ωt)V

v−(op amp A3) = v+(op amp A3)

= (2.5 + 2.5025 sin ωt) V

v O = R4

R3

(

1 + R2

R1

)

v I d

10 k�

10 k�

(

1 + 0.5 M�

0.5 k�

)

× 0.01 sin ωt

= 1(1 + 1000) × 0.01 sin ωt

= 10.01 sin ωt V

Ex: 2.18

vO (t) �

vi(t)

vI (t�) dt�

�

�

C

R

�1

CR
�

t

0

i

i

The signal waveforms will be as shown.

vI (t)

vO (t)

t

t

�2.5 V

�2.5 V

�2.5 V

�2.5 V

0

2 �s

When v I = +2.5 V, the current through the

capacitor will be in the direction indicated,

i = 2.5 V/R, and the output voltage will

decrease linearly from +2.5 V to −2.5 V. Thus in

(T/2) seconds, the capacitor voltage changes by

5 V. The charge equilibrium equation can be

expressed as

i(T/2) = C × 5 V

2.5

R

T

2
= 5C ⇒ C R = 2.5T

10
= 1

4
× 2 × 10−6

= 0.5 µs

Ex: 2.19

Vo
Vi

�

�

C

R

The input resistance of this inverting integrator is

R; therefore, R = 10 k�.
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Exercise 2–6

Since the desired integration time constant

is 10−3 s, we have: C R = 10−3 s ⇒

C = 10−3 s

10 k�
= 0.1 µF

From Eq. (2.27) the transfer function of this

integrator is:

Vo( jω)

Vi ( jω)
= − 1

jωC R

For ω = 10 rad/s, the integrator transfer function

has magnitude
∣

∣

∣

∣

Vo

Vi

∣

∣

∣

∣

= 1

1 × 10−3
= 100 V/V

and phase φ = 90◦.

For ω = 1 rad/s, the integrator transfer function

has magnitude
∣

∣

∣

∣

Vo

Vi

∣

∣

∣

∣

= 1

1 × 10−3
= 1000 V/V

and phase φ = 90◦.

The frequency at which the integrator gain

magnitude is unity is

ωint = 1

C R
= 1

10−3
= 1000 rad/s

Ex: 2.20

Vo
Vi

�

�

C

R

C = 0.01 µF is the input capacitance of this

differentiator. We want C R = 10−2 s (the time

constant of the differentiator); thus,

R = 10−2

0.01 µF
= 1 M�

From Eq. (2.33), the transfer function of the

differentiator is

Vo( jω)

Vi ( jω)
= − jωC R

Thus, for ω = 10 rad/s the differentiator transfer

function has magnitude
∣

∣

∣

∣

Vo

Vi

∣

∣

∣

∣

= 10 × 10−2 = 0.1 V/V

and phase φ = −90◦.

For ω = 103 rad/s, the differentiator transfer

function has magnitude
∣

∣

∣

∣

Vo

Vi

∣

∣

∣

∣

= 103 × 10−2 = 10 V/V

and phase φ = −90◦.

If we add a resistor in series with the capacitor to

limit the high-frequency gain of the differentiator

to 100, the circuit would be:

Vo
Vi

�

�

C

R

R1

At high frequencies the capacitor C acts like a

short circuit. Therefore, the high-frequency gain

of this circuit is:
R

R1

. To limit the magnitude of

this high-frequency gain to 100, we should have:

R

R1

= 100 ⇒ R1 = R

100
= 1 M�

100
= 10 k�

Ex: 2.21

Refer to the model in Fig. 2.27 and observe that

v+ − v− = VO S + v2 − v1 = VO S + v I d

and since v O = v3 = A(v+ − v−), then

v O = A(v I d + VO S) (1)

where A = 104 V/V and VO S = 5 mV. From

Eq. (1) we see that v id = 0 results in v O = 50 V,

which is impossible; thus the op amp saturates

and v O = +10 V. This situation pertains for

v I d ≥ −4 mV. If v I d decreases below −4 mV,

the op-amp output decreases correspondingly.

For instance, v I d = −4.5 mV results in v O = +5

V; v I d = −5 mV results in v O = 0 V;

v I d = −5.5 mV results in v O = −5 V; and

v I d = −6 mV results in v O = −10 V, at which

point the op amp saturates at the negative level of

−10 V. Further decreases in v I d have no effect on

the output voltage. The result is the transfer

characteristic sketched in Fig. E2.21. Observe

that the linear range of the characteristic is now

centered around v I d = −5 mV rather than the

ideal situation of v I d = 0; this shift is obviously a

result of the input offset voltage VO S .
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Exercise 2–7

Ex: 2.22 (a) The inverting amplifier of

−1000 V/V gain will exhibit an output dc offset

voltage of ±VO S(1 + R2/R1) =
±3 mV× (1 + 1000) = ±3.03 V. Now, since the

op-amp saturation levels are ±10 V, the room left

for output signal swing is approximately ±7 V.

Thus to avoid op-amp saturation and the attendant

clipping of the peak of the output sinusoid, we

must limit the peak amplitude of the input sine

wave to approximately 7 V/1000 = 7 mV.

(b) If at room temperature (25◦C), VO S is

trimmed to zero and (i) the circuit is operated at a

constant temperature, the peak of the input sine

wave can be increased to 10 mV. (ii) However, if

the circuit is to operate in the temperature range

of 0◦C to 75◦C (i.e., at a temperature that deviates

from room temperature by a maximum of 50◦C),

the input offset voltage will drift from by a

maximum of 10 µV/◦C × 50◦C = 500 µV or 0.5

mV. This will reduce the allowed peak amplitude

of the input sinusoid to 9.5 mV.

Ex: 2.23

(a) If the amplifier is capacitively coupled in the

manner of Fig. 2.32(a), then the input offset

voltage VO S will see a unity-gain amplifier [Fig.

2.32(b)] and the dc offset voltage at the output

will be equal to VO S , that is, 3 mV. Thus, almost

the entire output range of ±10 V will be available

for signal swing, allowing a sine-wave input of

approximately 10-mV peak without the risk of

output clipping. Obviously, in this case there is

no need for output trimming.

(b) We need to select a value of the coupling

capacitor C that will place the 3-dB frequency of

the resulting high-pass STC circuit at 1000 Hz,

thus

1000 = 1

2πC R1

⇒ C = 1

2π × 1000 × 1 × 103
= 0.16 µF

Ex: 2.24 From Eq. (2.35) we have:

VO = IB1 R2 ≃ IB R2

= 100 nA × 1 M� = 0.1 V

From Eq. (2.37) the value of resistor R3 (placed

in series with positive input to minimize the

output offset voltage) is

R3 = R1 ‖ R2 = R1 R2

R1 + R2

= 10 k� × 1 M�

10 k� + 1 M�

= 9.9 k�

R3 = 9.9 k� ≃ 10 k�

With this value of R3, the new value of the output

dc voltage [using Eq. (2.38)] is:

VO = IO S R2 = 10 nA × 10 k� = 0.01 V

Ex: 2.25 Using Eq. (2.39) we have:

v O = VO S + VO S

C R
t ⇒ 12 = 2 mV + 2 mV

1 ms
t

⇒ t = 12 V − 2 mV

2 mV
× 1 ms ≃ 6 s

Vo
Vi 

VOS 

�

�

RF

R

C

�
�

With the feedback resistor RF , to have at least

±10 V of output signal swing available, we have

to make sure that the output voltage due to VO S

has a magnitude of at most 2 V. From Eq. (2.34),

we know that the output dc voltage due to VO S is

VO = VO S

(

1 + RF

R

)

⇒ 2 V = 2 mV

(

1 + RF

10 k�

)

1 + RF

10 k�
= 1000 ⇒ RF ≃ 10 M�

The corner frequency of the resulting STC

network is ω0 = 1

C RF

We know RC = 1 ms and

R = 10 k� ⇒ C = 0.1 µF

Thus ω0 = 1

0.1 µF × 10 M�
= 1 rad/s

f0 = ω0

2π
= 1

2π
= 0.16 Hz

Ex: 2.26

20 log A0 = 106 dB ⇒ A0 = 200,000 V/V

ft = 3 MHz

fb = ft/A0 = 3 MHz

200,000
= 15 Hz
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Exercise 2–8

At fb, the open-loop gain drops by 3 dB below

its value at dc; thus it becomes 103 dB.

For f ≫ fb, | A| ≃ ft/ f ; thus

At f = 300 Hz, | A| = 3 MHz

300 Hz
= 104 V/V

or 80 dB

At f = 3 kHz, | A| = 3 MHz

3 kHz
= 103 V/V

or 60 dB

At f = 12 kHz, which is two octaves higher than

3 kHz, the gain will be 2 × 6 = 12 dB below its

value at 3 kHz; that is, 60 − 12 = 48 dB.

At f = 60 kHz, | A| = 3 MHz

60 kHz
= 50 V/V

or 34 dB

Ex: 2.27

A0 = 106 V/V or 120 dB

The gain falls off at the rate of 20 dB/decade.

Thus, it reaches 40 dB at a frequency four

decades higher than fb,

104 fb = 100 kHz ⇒ fb = 10 Hz

The unity-gain frequency ft will be two decades

higher than 100 kHz, that is,

ft = 100 × 100 kHz = 10 MHz

Alternatively, we could have found ft from the

gain-bandwidth product

ft = A0 fb = 106 × 10 Hz = 10 MHz

At a frequency f ≫ fb,

| A| = ft/ f

For f = 10 kHz, | A| = 10 MHz

10 kHz
= 103 V/V or 60 dB

Ex: 2.28

20 log A0 = 106 dB ⇒ A0 = 200,000 V/V

ft = 20 MHz

For a noninverting amplifier with a nominal dc

gain of 100,

1 + R2

R1

= 100

Since the nominal dc gain is much lower than A0,

f3dB ≃ ft

/(

1 + R2

R1

)

= 20 MHz

100
= 200 kHz

Ex: 2.29 For the input voltage step of magnitude

V the output waveform will still be given by the

exponential waveform of Eq. (2.56) if

ωt V ≤ S R

that is, V ≤ S R

ωt

⇒ V ≤ S R

2π ft

resulting in

V ≤ 0.16 V

From Appendix F we know that the 10% to 90%

rise time of the output waveform of the form of

Eq. (2.56) is tr ≃ 2.2 × time constant = 2.2

ωt

.

Thus, tr ≃ 0.35 µs

If an input step of amplitude 1.6 V (10 times as

large compared to the previous case) is applied,

the output will be slew-rate limited and thus

linearly rising with a slope equal to the slew rate,

as shown in the following figure.

vo

1.6 V

0
ttr

Slope � SR

tr = 0.9 × 1.6 − 0.1 × 1.6

1 V/µs

⇒ tr = 1.28 µs

Ex: 2.30 From Eq. (2.57) we have:

fM = S R

2πVO max

= 318 kHz

Using Eq. (2.58), for an input sinusoid with

frequency f = 5 fM , the maximum possible

amplitude that can be accommodated at the

output without incurring SR distortion is:

VO = VO max

(

fM

5 fM

)

= 5 × 1

5
= 1 V (peak)
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Exercise 3–1

Chapter 3

Solutions to Exercises within the Chapter

Ex: 3.1 T = 50 K

ni = BT 3/2e−Eg/(2kT )

= 7.3 × 1015(50)3/2 e−1.12/(2×8.62×10−5×50)

≃ 9.6 × 10−39/cm3

T = 350 K

ni = BT 3/2e−Eg/(2kT )

= 7.3 × 1015(350)3/2 e−1.12/(2×8.62×10−5×350)

= 4.15 × 1011/cm3

Ex: 3.2 ND = 1017/cm3

From Exercise 3.1, ni at

T = 350 K = 4.15 × 1011/cm3

nn = ND = 1017/cm3

pn
∼=

ni2

ND

= (4.15 × 1011)2

1017

= 1.72 × 106/cm3

Ex: 3.3 At 300 K, ni = 1.5 × 1010/cm3

pp = NA

Want electron concentration

= n p = 1.5 × 1010

106
= 1.5 × 104/cm3

∴ NA = pp = ni2

n p

= (1.5 × 1010)2

1.5 × 104

= 1.5 × 1016/cm3

Ex: 3.4 (a) νn−drift = −μn E

Here negative sign indicates that electrons move

in a direction opposite to E .

We use

νn-drift = 1350 × 1

2 × 10−4
∵ 1 µm = 10−4 cm

= 6.75 × 106 cm/s = 6.75 × 104 m/s

(b) Time taken to cross 2-µm

length = 2 × 10−6

6.75 × 104
≃ 30 ps

(c) In n-type silicon, drift current density Jn is

Jn = qnμn E

= 1.6 × 10−19 × 1016 × 1350 × 1 V

2 × 10−4

= 1.08 × 104 A/cm2

(d) Drift current In = AJn

= 0.25 × 10−8 × 1.08 × 104

= 27 µA

The resistance of the bar is

R = ρ × L

A

= qnμn × L

A

= 1.6 × 10−19 × 1016 × 1350 × 2 × 10−4

0.25 × 10−8

= 37.0 k�

Alternatively, we may simply use the preceding
result for current and write

R = V/In = 1 V/27 µA = 37.0 k�

Note that 0.25 µm2 = 0.25 × 10−8 cm2.

Ex: 3.5 Jn = q Dn

dn(x)

dx

From Fig. E3.5,

n0 = 1017/cm3 = 105/(µm)3

Dn = 35 cm2/s = 35 × (104)2 (µm)2/s

= 35 × 108 (µm)2/s

dn

dx
= 105 − 0

0.5
= 2 × 105

µm−4

Jn = q Dn

dn(x)

dx

= 1.6 × 10−19 × 35 × 108 × 2 × 105

= 112 × 10−6 A/µm2

= 112 µA/µm2

For In = 1 mA = Jn × A

⇒ A = 1 mA

Jn

= 103
µA

112 µA/(µm)2
≃ 9 µm2

Ex: 3.6 Using Eq. (3.20),

Dn

μn

= Dp

μp

= VT

Dn = μn VT = 1350 × 25.9 × 10−3

∼= 35 cm2/s

Dp = μp VT = 480 × 25.9 × 10−3

∼= 12.4 cm2/s
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Exercise 3–2

Ex: 3.7 Equation (3.25)

W =
√

2ǫs

q

(

1

NA

+ 1

ND

)

V0

=
√

2ǫs

q

(

NA + ND

NA ND

)

V0

W 2 = 2ǫs

q

(

NA + ND

NA ND

)

V0

V0 = 1

2

(

q

ǫs

)(

NA ND

NA + ND

)

W 2

Ex: 3.8 In a p+n diode NA≫ ND

Equation (3.26) W =
√

2ǫs

q

(

1

NA

+ 1

ND

)

V0

We can neglect the term
1

NA

as compared to
1

ND

,

thus

W ≃
√

2ǫs

q ND

· V0

Equation (3.26) xn = W
NA

NA + ND

≃ W
NA

NA

= W

Equation (3.28), x p = W
ND

NA + ND

since NA ≫ ND

≃ W
ND

NA

= W

/(

NA

ND

)

Equation (3.28), Q J = Aq

(

NA ND

NA + ND

)

W

≃ Aq
NA ND

NA

W

= Aq ND W

Equation (3.29), Q J = A

√

2ǫsq

(

NA ND

NA + ND

)

V0

≃ A

√

2ǫsq

(

NA ND

NA

)

V0 since NA ≫ ND

= A
√

2ǫsq ND V0

Ex: 3.9 In Example 3.5, NA = 1018/cm3 and

ND = 1016/cm3

In the n-region of this pn junction

nn = ND = 1016/cm3

pn = n2
i

nn

= (1.5 × 1010)2

1016
= 2.25 × 104/cm3

As one can see from above equation, to increase

minority-carrier concentration (pn) by a factor of

2, one must lower ND (= nn) by a factor of 2.

Ex: 3.10

Equation (3.40) IS = Aqn2
i

(

Dp

L p ND

+ Dn

Ln NA

)

since
Dp

L p

and
Dn

Ln

have approximately

similar values, if NA ≫ ND , then the term
Dn

Ln NA

can be neglected as compared to
Dp

L p ND

∴ IS
∼= Aqn2

i

Dp

L p ND

Ex: 3.11 IS = Aqn2
i

(

Dp

L p ND

+ Dn

Ln NA

)

= 10−4 × 1.6 × 10−19 × (1.5 × 1010)2

×

⎛

⎜

⎜

⎝

10

5 × 10−4 × 1016

2

+ 18

10 × 10−4 × 1018

⎞

⎟

⎟

⎠

= 1.46 × 10−14 A

I = IS(e
V/V T − 1)

≃ ISeV/V T = 1.45 × 10−14e0.605/(25.9×10−3)

= 0.2 mA

Ex: 3.12 W =
√

2ǫs

q

(

1

NA

+ 1

ND

)

(V0 − VF )

=

√

2 × 1.04 × 10−12

1.6 × 10−19

(

1

1018
+ 1

1016

)

(0.814 − 0.605)

= 1.66 × 10−5 cm = 0.166 µm

Ex: 3.13 W =
√

2ǫs

q

(

1

NA

+ 1

ND

)

(V0 + VR)

=

√

2 × 1.04 × 10−12

1.6 × 10−19

(

1

1018
+ 1

1016

)

(0.814 + 2)

= 6.08 × 10−5 cm = 0.608 µm

Using Eq. (3.28),

Q J = Aq

(

NA ND

NA + ND

)

W

= 10−4 × 1.6 × 10−19

(

1018 × 1016

1018 + 1016

)

× 6.08 ×

10−5 cm

= 9.63 pC
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Exercise 3–3

Reverse current

I = IS = Aqn2
i

(

Dp

L p ND

+ Dn

Ln NA

)

= 10−14 × 1.6 × 10−19 × (1.5 × 1010)2

×
(

10

5 × 10−4 × 1016
+ 18

10 × 10−4 × 1018

)

= 7.3 × 10−15 A

Ex: 3.14 Equation (3.47),

C j0 = A

√

( ǫsq

2

)

(

NA ND

NA + ND

)(

1

V0

)

= 10−4

√

(

1.04 × 10−12 × 1.6 × 10−19

2

)

√

(

1018 × 1016

1018 + 1016

)(

1

0.814

)

= 3.2 pF

Equation (3.46),

C j = C j0
√

1 + VR

V0

= 3.2 × 10−12

√

1 + 2

0.814

= 1.72 pF

Ex: 3.15 Cd = d Q

dV
= d

dV
(τ T I )

= d

dV
τ T × IS(e

V/V T − 1)

= τ T IS

d

dV
(eV/V T − 1)

= τ T IS

1

VT

eV/V T

= τ T

VT

× ISeV/V T

∼=
(

τ T

VT

)

I

Ex: 3.16 Equation (3.49),

τ p =
L2

p

Dp

= (5 × 10−4)2

10

= 25 ns

Equation (3.57),

Cd =
(

τ T

VT

)

I

In Example 3.6, NA = 1018/cm3,

ND = 1016/cm3

Assuming NA ≫ ND,

τ T ≃ τ p = 25 ns

∴ Cd =
(

25 × 10−9

25.9 × 10−3

)

0.1 × 10−3

= 96.5 pF
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Exercise 4–1

Chapter 4

Solutions to Exercises within the Chapter

Ex: 4.1 Refer to Fig. 4.3(a). For v I ≥ 0, the

diode conducts and presents a zero voltage drop.

Thus v O = v I . For v I < 0, the diode is cut off,

zero current flows through R, and v O = 0. The

result is the transfer characteristic in Fig. E4.1.

Ex: 4.2 See Fig. 4.3a and 4.3b. During the

positive half of the sinusoid, the diode is forward

biased, so it conducts resulting in v D = 0. During

the negative half cycle of the input signal v I , the

diode is reverse biased. The diode does not

conduct, resulting in no current flowing in the

circuit. So v O = 0 and v D = v I − v O = v I . This

results in the waveform shown in Fig. E4.2.

Ex: 4.3 îD = v̂ I

R
= 10 V

1 k�
= 10 mA

dc component of v O = 1

π
v̂ O

= 1

π
v̂ I = 10

π

= 3.18 V

Ex: 4.4

(a)

�5 V

V � 0 V

� 2 mAI �2.5 k�
5 � 0

2.5

�

�

(b)

�5 V

V � 5 V

I � 0 A2.5 k�

�

�

(c)

�5 V

V � 5 V

 I � 0 A

�

�

2.5 k�

(d)

�5 V

V � 0 V

0 � 5

2.5
 I � 

�

�

2.5 k�� 2 mA

(e)

V � 3 V

3 V

2 V

1 V

3

1
 I � 1 k� � 3 mA

0

0

I

(f)

�3 V

�2 V

�1 V

 I � 1 k�

�5 V

0

0

I

V � 1 V

� 4 mA

5 � 1

1

�

�

Ex: 4.5 Vavg = 10

π

50 + R =
10

π
1 mA

= 10

π
k�

∴ R = 3.133 k�
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Exercise 4–2

Ex: 4.6 The maximum current arises when

|v I | = 20 V. In this case,

iD = 20 − 5

R

To ensure this is 50 mA,

R = 20 − 5

50
= 0.3 k� = 300�

Ex: 4.7 Equation (4.5)

V2 − V1 = 2.3 V T log

(

I2

I1

)

At room temperature VT = 25 mV

V2 − V1 = 2.3 × 25 × 10−3 × log

(

10

0.1

)

= 115 mV

Ex: 4.8 i = ISev/VT (1)

1 (mA) = ISe0.7/VT (2)

Dividing (1) by (2), we obtain

i (mA) = e(v−0.7)/VT

⇒ v = 0.7 + 0.025 ln(i)

where i is in mA. Thus,

for i = 0.1 mA,

v = 0.7 + 0.025 ln(0.1) = 0.64 V

and for i = 10 mA,

v = 0.7 + 0.025 ln(10) = 0.76 V

Ex: 4.9 iD = ISev/VT

⇒ IS = iDe−v/VT = 0.25 × e−300/25

= 1.23 × 106m A = 1.23 × 10−9A

Ex: 4.10 �T = 125 − 25 = 100◦C

IS = 10−14 × 1.15�T

= 1.17 × 10−8A

Ex: 4.11 At 20◦C I = 1 V

1 M�
= 1 µA

Since the reverse leakage current doubles for

every 10◦C increase, at 40◦C

I = 4 × 1 µA = 4 µA

⇒ V = 4 µA × 1 M� = 4.0 V

@ 0◦C I = 1

4
µA

⇒ V = 1

4
× 1 = 0.25 V

Ex: 4.12 a. Use iteration:

Diode has 0.7 V drop at 1 mA current.

Assume VD = 0.7 V

ID = 5 − 0.7

10 k�
= 0.43 mA

Use Eq. (4.5) and note that

V1 = 0.7 V, I1 = 1 mA

I
D

V
CC � 5 V V

D

R � 10 k�

�

�

V2 − V1 = 2.3 × VT log

(

I2

I1

)

V2 = V1 + 2.3 × VT log

(

I2

I1

)

First iteration

V2 = 0.7 + 2.3 × 25 × 10−3 log

(

0.43

1

)

= 0.679 V

Second iteration

I2 = 5 − 0.679

10 k�
= 0.432 mA

V2 = 0.7 + 2.3 × 25.3 × 10−3 log

(

0.432

1

)

= 0.679 V ≃ 0.68 V

we get almost the same voltage.

∴ The iteration yields

ID = 0.43 mA, VD = 0.68 V

b. Use constant voltage drop model:

VD = 0.7 V constant voltage drop

ID = 5 − 0.7

10 k�
= 0.43 mA

Ex: 4.13

RI

10 V

2.4 V

�

�

Diodes have 0.7 V drop at 1 mA
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Exercise 4–3

∴ 1 mA = ISe0.7/VT (1)

At a current I (mA),

I = ISeVD/VT (2)

Using (1) and (2), we obtain

I = e(VD−0.7)/VT

For an output voltage of 2.4 V, the voltage drop

across each diode = 2.4

3
= 0.8 V

Now I, the current through each diode, is

I = e(0.8−0.7)/0.025

= 54.6 mA

R = 10 − 2.4

54.6 × 10−3

= 139 �

Ex: 4.14

(a)

�5 V

V � 0.7 V

I � � 1.72 mA2.5 k�
5 � 0.7

2.5

�

�

(b)

�5 V

V � 5 V

I � 0 A 2.5 k�

�

�

(c)

�5 V

V � 5 V

I � 0 A

�

�

2.5 k�

(d)

�5 V

�0.7 � 5

2.5
 I � 

�

�

2.5 k�

� 1.72 mA

V � 0.7 V

(e)

V � 3 � 0.7

3 V

2 V

1 V

2.3

1
 I � 

I

0

0

1 k�

� 2.3 mA

� 2.3 V

(f)

�3 V
0

�2 V

�1 V

 I � 
1 k�

5 V

0

I

V � 1 � 0.7

� 1.7 V

� 3.3 mA

5 � 1.7

1

Ex: 4.15 With a reverse voltage, the diode in

Fig. 4.10 will not conduct. Thus, the voltage drop

on R will be zero, and the reverse voltage on the

diode is −VD = −VDD . To ensure we respect the

peak inverse voltage, we require

VDD = VD > −30 V. Hence, the minimum

voltage on VDD is −30 V.

Ex: 4.16 When conducting a reverse current of

20 mA, the reverse voltage is

VZ = VZ T + �IZrz =
3.5 V + (20 mA − 10 mA)10�

= 3.6 V

The maximum current, Imax, is the current at

200 mW power dissipation.

200 mW = Imax(3.5 V + 10�(Imax − 10 mA))
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Exercise 4–4

0.2 = 3.5Imax + 10I 2
max − 0.1Imax

⇒ I 2
max + 0.34Imax − 0.02 = 0

⇒ Imax = 1

2

(

−0.34 +
√

0.342 + 4 × 0.02
)

= 51 mA

Ex: 4.17 rd = VT

ID

ID = 0.1 mA rd = 25 × 10−3

0.1 × 10−3
= 250 �

ID = 1 mA rd = 25 × 10−3

1 × 10−3
= 25 �

ID = 10 mA rd = 25 × 10−3

10 × 10−3
= 2.5 �

Ex: 4.18 For small signal model,

�iD = �v D/rd (1)

where rd = VT

ID

For exponential model,

iD = ISeV /V T

iD2

iD1

= e(V2−V1) /V T = e�v D/V T

�iD = iD2 − iD1 = iD1e�v D /V T − iD1

= iD1

(

e�v D/V T − 1
)

(2)

In this problem, iD1 = ID = 1 mA.

Using Eqs. (1) and (2) with VT = 25 mV, we

obtain

�v D (mV) �iD (mA) �iD (mA)

small exponential

signal model

a − 10 − 0.4 − 0.33

b − 5 − 0.2 − 0.18

c + 5 + 0.2 + 0.22

d + 10 + 0.4 + 0.49

Ex: 4.19

a. In this problem,
�VO

�iL

= 20 mV

1 mA
= 20 �.

∴ Total small-signal resistance of the four diodes

= 20 �

∴ For each diode, rd = 20

4
= 5 �.

But rd = VT

ID

⇒ 5 = 25 mV

ID

.

∴ ID = 5 mA

R
IL

VO

�15 V

and R = 15 − 3

5 mA
= 2.4 k�.

b. For VO = 3 V, voltage drop across each diode

= 3

4
= 0.75 V

iD = ISeV/VT

IS = iD

eV/VT
= 5 × 10−3

e0.75/0.025
= 4.7 × 10−16 A

c. If iD = 5 − i L = 5 − 1 = 4 mA.

Across each diode the voltage drop is

VD = VT ln

(

ID

IS

)

= 25 × 10−3 × ln

(

4 × 10−3

4.7 × 10−16

)

= 0.7443 V

Voltage drop across 4 diodes

= 4 × 0.7443 = 2.977 V

so change in VO = 3 − 2.977 = 23 mV.

Ex: 4.20 When the diode current is halved, the

voltage changes by

�VZ = rz�IZ = 80� × −5 mA

2
= −200 mV

⇒ VZ = 6 − 0.2 = 5.8 V

When the diode current is doubled,

�VZ = rz�IZ = 80� × 5 mA = 400 mV

⇒ VZ = 6 + 0.4 = 6.4 V

Finally, the value of VZ0 is that obtained by using

the model at zero current.

VZ = VZ0 + rz IZ

⇒ VZ0 = VZ − rz IZ = 6 V − 80� × 5 mA

= 5.6 V
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Exercise 4–5

Ex: 4.21

�

vS

VD

2�
	t

Vs � 12  2

0

uu

a. The diode starts conduction at

v S = VD = 0.7 V

v S = Vs sin ωt, here Vs = 12
√

2

At ωt = θ ,

v S = Vs sin θ = VD = 0.7 V

12
√

2 sin θ = 0.7

θ = sin−1

(

0.7

12
√

2

)

≃ 2.4◦

Conduction starts at θ and stops at 180 − θ.

∴ Total conduction angle = 180 − 2θ = 175.2◦

b. v O,avg = 1

2π

(π−θ)
∫

θ

(Vs sin φ − VD) dφ

= 1

2π
[−Vs cos φ − VDφ]

φ=π−θ
φ−θ

= 1

2π
[Vs cos θ − Vs cos (π − θ) − VD (π − 2θ)]

But cos θ ≃ 1, cos (π − θ) ≃ − 1, and

π − 2θ ≃ π

v O,avg = 2Vs

2π
− VD

2

= Vs

π
− VD

2

For Vs = 12
√

2 and VD = 0.7 V

v O,avg = 12
√

2

π
− 0.7

2
= 5.05 V

c. The peak diode current occurs at the peak

diode voltage.

∴ îD = Vs − VD

R
= 12

√
2 − 0.7

100

= 163 mA

PIV = +V S = 12
√

2

≃ 17 V

Ex: 4.22

( )




�

vS

Vs

�VS

�


� �VD

output

0

input

	t

a. As shown in the diagram, the output is zero

between (π − θ) to (π + θ)

= 2θ

Here θ is the angle at which the input signal

reaches VD .

∴ Vs sin θ = VD

θ = sin−1

(

VD

Vs

)

2θ = 2 sin−1

(

VD

Vs

)

b. Average value of the output signal is given by

VO = 1

2π

⎡

⎣2 ×
(π−θ)
∫

θ

(Vs sin φ − VD) dφ

⎤

⎦

= 1

π
[−Vs cos φ − VDφ]π−θ

φ=θ

≃ 2
Vs

π
− VD , for θ small.

c. Peak current occurs when φ = π

2
.

Peak current

= Vs sin (π /2) − VD

R
= Vs − VD

R

If v S is 12 V(rms),

then Vs =
√

2 × 12 = 12
√

2

Peak current = 12
√

2 − 0.7

100
≃ 163 mA

Nonzero output occurs for angle = 2 (π − 2θ)

The fraction of the cycle for which v O > 0 is

= 2 (π − 2θ)

2π
× 100
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Exercise 4–6

=
2

[

π − 2 sin−1

(

0.7

12
√

2

)]

2π
× 100

≃ 97.4 %

Average output voltage VO is

VO = 2
Vs

π
− VD = 2 × 12

√
2

π
− 0.7 = 10.1 V

Peak diode current îD is

îD = Vs − VD

R
= 12

√
2 − 0.7

100

= 163 mA

PIV = Vs − VD + VS

= 12
√

2 − 0.7 + 12
√

2

= 33.2 V

Ex: 4.23

Vs

�Vs

� sin–1�   �

2VD

output

0
2VD

VS

input




t

(a) VO,avg = 1

2π

∫

(Vs sin φ − 2VD) dφ

= 2

2π
[−Vs cos φ − 2VDφ]π−θ

φ=θ

= 1

π
[Vs cos φ − Vs cos(π − θ) − 2VD(π − 2θ)]

But cos θ ≈ 1,

cos (π − θ) ≈ − 1

π − 2θ ≈ π . Thus

⇒ VO,avg ≃ 2Vs

π
− 2VD

= 2 × 12
√

2

π
− 1.4 = 9.4 V

(b) Peak diode current = Peak voltage

R

= Vs − 2VD

R
= 12

√
2 − 1.4

100

= 156 mA

PIV = Vs − VD = 12
√

2 − 0.7 = 16.3 V

Ex: 4.24 Full-wave peak rectifier:

R C
�

�

vO

vS

�

�
vS

D1

D2

Vp

Vr

assume 
ideal diodes

t

�t
{

T

2

The ripple voltage is the amount of voltage

reduction during capacitor discharge that occurs

when the diodes are not conducting. The output

voltage is given by

v O = Vpe−t/RC

Vp − Vr = Vpe− T/2
RC ← discharge is only

half the period. We also assumed �t ≪ T

2
.

Vr = Vp

(

1 − e− T /2
RC

)

e− T /2
RC ≃ 1 − T /2

RC
, for C R ≫ T/2

Thus Vr ≃ Vp

(

1 − 1 + T /2

RC

)

Vr = Vp

2 f RC
(a) Q.E.D.

To find the average diode current, note that the

charge supplied to C during conduction is equal

to the charge lost during discharge.

QSUPPLIED = QLOST

iCav�t = CV r SUB (a)

(

iD,av − IL

)

�t = C
Vp

2 f RC
= Vp

2 f R

= Vpπ

ωR

iD,av = Vpπ

ω�t R
+ IL

where ω�t is the conduction angle.
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Exercise 4–7

Note that the conduction angle has the same

expression as for the half-wave rectifier and is

given by Eq. (4.30),

ω�t ∼=
√

2Vr

Vp

(b)

Substituting for ω�t , we get

⇒ iD,av = πVp
√

2Vr

Vp

· R

+ IL

Since the output is approximately held at Vp,
Vp

R
≈ IL · Thus

⇒ iD,av
∼= π IL

√

Vp

2Vr

+ IL

= IL

[

1 + π

√

Vp

2Vr

]

Q.E.D.

If t = 0 is at the peak, the maximum diode current

occurs at the onset of conduction or at t = −ω�t.

During conduction, the diode current is given by

iD = iC + iL

iD,max = C
dv S

dt

∣

∣

∣

∣

t=−ω�t

+ iL

assuming iL is const. iL ≃ Vp

R
= IL

= C
d

dt

(

Vp cos ωt
)

+ IL

= −C sin ω t × ωVp + IL

= −C sin(−ω�t) × ωVp + IL

For a small conduction angle

sin(−ω�t) ≈ − ω�t. Thus

⇒ iD,max = Cω�t × ωVp + IL

Sub (b) to get

iD,max = C

√

2V r

Vp

ωVp + IL

Substituting ω = 2π f and using (a) together with

Vp/R ≃ IL results in

iDmax = IL

[

1 + 2π

√

Vp

2Vr

]

Q.E.D.

Ex: 4.25

The output voltage, v O , can be expressed as

v O =
(

Vp − 2VD

)

e−t/RC

�

��

�

vS

vO

D2

D1

D3

D4

C

R

ac

line

voltage

At the end of the discharge interval

v O = Vp − 2VD − Vr

The discharge occurs almost over half of the time

period ≃ T/2.

For time constant RC ≫ T

2

e−t/RC ≃ 1 − T

2
× 1

RC

∴ VP −2VD −Vr =
(

Vp − 2VD

)

(

1 − T

2
× 1

RC

)

⇒ Vr =
(

Vp − 2VD

)

× T

2RC

Here Vp = 12
√

2 and Vr = 1 V

VD = 0.8 V

T = 1

f
= 1

60
s

1 = (12
√

2 − 2 × 0.8) × 1

2 × 60 × 100 × C

C = (12
√

2 − 1.6)

2 × 60 × 100
= 1281 µF

Without considering the ripple voltage, the dc

output voltage

= 12
√

2 − 2 × 0.8 = 15.4 V

If ripple voltage is included, the output voltage is

= 12
√

2 − 2 × 0.8 − Vr

2
= 14.9 V

IL = 14.9

100 �
≃ 0.15 A

The conduction angle ω�t can be obtained using

Eq. (4.30) but substituting Vp = 12
√

2 − 2 × 0.8:

ω�t =
√

2Vr

Vp

=
√

2 × 1

12
√

2 − 2 × 0.8

= 0.36 rad = 20.7◦

The average and peak diode currents can be

calculated using Eqs. (4.34) and (4.35):
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Exercise 4–8

iDav = IL

(

1 + π

√

Vp

2Vr

)

, where IL = 14.9 V

100 �
,

Vp = 12
√

2 − 2 × 0.8, and Vr = 1 V; thus

iDav = 1.45 A

iDmax = I

(

1 + 2π

√

Vp

2Vr

)

= 2.76 A

PIV of the diodes

= VS − VDO = 12
√

2 − 0.8 = 16.2 V

To provide a safety margin, select a diode capable

of a peak current of 3.5 to 4A and having a PIV

rating of 20 V.

Ex: 4.26

�

�
vA

iD

vI i�

i�

�
vD

�
vO

1 k�iR

The diode has 0.7 V drop at 1 mA current.

iD = ISev D/VT

iD

1 mA
= e(v D−0.7)/V T

⇒ v D = VT ln

(

iD

1 mA

)

+ 0.7 V

For v I = 10 mV, v O = v I = 10 mV

It is an ideal op amp, so i+ = i− = 0.

∴ iD = iR = 10 mV

1 k�
= 10 µA

v D = 25 × 10−3 ln

(

10 µA

1 mA

)

+ 0.7 = 0.58 V

v A = v D + 10 mV

= 0.58 + 0.01

= 0.59 V

For v I = 1 V

v O = v I = 1 V

iD = v O

1 k�
= 1

1 k�
= 1 mA

v D = 0.7 V

VA = 0.7 V + 1 k� × 1 mA

= 1.7 V

For v I = −1 V, the diode is cut off.

∴ v O = 0 V

v A = −12 V

Ex: 4.27

�

�
vO

R IL

vI

v I > 0 ∼ diode is cut off, loop is open, and the

opamp is saturated:

v O = 0 V

v I < 0 ∼ diode conducts and closes the negative

feedback loop:

v O = v I

Ex: 4.28 Reversing the diode results in the peak

output voltage being clamped at 0 V:

t

vO

�10 V

Here the dc component of v O = VO = −5 V

Ex: 4.29 The capacitor voltage accounts for the

shift of the voltage waveforms from v I to vO .

Thus, from Fig. 4.30, we see the capacitor voltage

is Vp + VCC = 8 V. The diode’s peak inverse

voltage arises at the peaks of vO ,

PIV = vOmax − VCC

= VCC + 2Vp − VCC

= 2Vp = 6 V

Ex: 4.30 C j0 = 100 fF, V0 = 3 V, m = 3. Using

Equation (3.47),

at VR = 1 V: C j = 100 fF
(

1 + 1

3

)3
= 42.2 fF, and

at VR = 3 V: C j = 100 fF
(

1 + 3

3

)3
= 12.5 fF.

Ex: 4.31 The reverse current is
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Exercise 4–9

−iD = ID + iP = ID + R × P

At an incident light power of P = 1 mW,

−iD = 10−4 + 0.5 × 1 = 0.5 mA

At an incident light power of P = 1 µW,

−iD = 10−4 + 0.5 × 10−3 = 6 × 10−4 mA =
0.6 µA

Ex: 4.32 Neglecting dark current,

iP = R × P

t

10−6 = 0.3 × 0.01 × A

⇒ A = 10−6

0.3 × 10−2
= 3.33 × 10−4 m2 =

3.33 cm2

The capacitance is 10 pF per mm2 or,

equivalently, 1 nF per cm2. Thus,

C j = 1 × 3.33 = 3.33 nF

Ex: 4.33

R = 9 − 3 × 1.8

20
= 0.18 k� = 180�

Ex: 4.34

R = 9 − 3 × 2.2

20
= 0.12 k� = 120�
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Exercise 5–1

Chapter 5

Solutions to Exercises within the Chapter

Ex: 5.1

Cox = ǫox

tox

= 34.5 pF/m

4 nm
= 8.625 fF/µm2

μn = 450 cm2/V · S

k
′
n = μnCox = 388 µA/V2

vOV = vGS − Vt = 0.5 V

gDS = 1

1 k�
= k

′
n

W

L
vOV ⇒ W

L
= 5.15

L = 0.18 µm, so W = 0.93 µm

Ex: 5.2

Cox = ǫox

tox

= 34.5 pF/m

1.4 nm
= 24.6 fF/µm2

μn = 216 cm2/V · s

k
′
n = μnCox = 531 µA/V2

iD = 1

2
k

′
n

W

L
v2

OV

50 = 1

2
× 531 × 10 × v2

OV

∴ vOV = 0.14 V

vGS = Vt + vOV = 0.49 V

vDS, min = vOV = 0.14 V,

Ex: 5.3 iD = 1

2
k

′
n

W

L
v2

OV in saturation

Change in iD is:

(a) double L , 0.5

(b) double W , 2

(c) double vOV , 22 = 4

(d) double vDS , no change (ignoring length

modulation)

(e) changes (a)–(d), 4

Case (c) would cause leaving saturation if

vDS < 2vOV

Ex: 5.4 For saturation v DS ≥ vOV , so vDS must

be changed to 2v OV

iD = 1

2
k

′
n

W

L
v2

OV , so iD increases by a factor of 4.

Ex: 5.5 vOV = 0.5 V

gDS = k
′
n

W

L
v OV = 1

1 k�

∴ kn = k
′
n

W

L
= 1

1 × 0.5
= 2 mA/V2

At v DS = 0.2 V, vDS < vOV , thus the transistor is

operating in the triode region,

iD = kn(vOV vDS − 1

2
v2

DS)

= 2(0.5 × 0.2 − 1

2
× 0.22) = 0.16 mA

At vDS = 0.5 V, vDS = vOV , thus the transistor is

operating in saturation,

iD = 1

2
knv

2
OV = 1

2
× 2 × 0.52 = 0.25 mA

At vDS = 1 V, v DS > vOV and the transistor is

operating in saturation with iD = 0.25 mA.

Ex: 5.6 VA = V ′
A L = 5 × 0.8 = 4 V

λ = 1

VA

= 0.25 V−1

vDS = 0.8 V > vOV = 0.2 V

⇒ Saturation: i D = 1

2
k

′
n

W

L
v2

OV (1 + λvDS)

iD = 1

2
× 400 × 16

0.8
× 0.22 (1 + 0.25 × 0.8)

= 0.192 mA

ro = VA

iD

= 4

0.16
= 25 k�

where iD is the value of iD without

channel-length modulation taken into account.

ro = �v DS

�i D

⇒ �iD = 1 V

25 k�
= 0.04 mA =

40 µA

Ex: 5.7

vG

vD

�1.8 V

iD

Vtp = −0.5 V

k
′
p = 100 µA/V2

W

L
= 10 ⇒ k p = 1 mA/V2

(a) Conduction occurs for VSG ≥ |Vtp| = 0.5 V

⇒ vG ≤ 1.8 − 0.5 = +1.3 V

(b) Triode region occurs for vDG ≥ |Vtp| = 0.5 V

⇒ vD ≥ vG + 0.5
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Exercise 5–2

(c) Conversely, for saturation

vDG ≤ |Vtp| = 0.5 V

⇒ vD ≤ vG + 0.5

(d) Given λ ∼= 0,

iD = 1

2
k

′
p

W

L
|vOV |2 = 50 µA

∴ |vOV | = 0.32 V = vSG − |Vtp|

⇒ vSG = |vOV | + |Vtp| = 0.82 V

vG = 1.8 − vSG = 0.98 V

vD ≤ vG + 0.5 = 1.48 V

(e) For λ = −0.2 V−1 and |vOV | = 0.32 V,

iD = 50 µA and ro = 1

|λ|iD

= 100 k�

(f) At vD = +1 V, vSD = 0.8 V,

iD = 1

2
k

′
n

W

L
|vOV |2 (1 + |λ||vSD|)

= 50 µA (1.16) = 58 µA

At vD = 0 V, vSD = 1.8 V,

iD = 50 µA (1.36) = 68 µA

ro = �vDS

�iD

= 1 V

10 µA
= 100 k�

which is the same value found in (c).

Ex: 5.8

RD = VDD − vD

ID

= 1 − 0.2

0.1
= 8 k�

ID = 1

2
μnCox

W

L
V 2

OV ⇒

100 = 1

2
× 400 × 5

0.4
V 2

OV ⇒

VOV = 0.2 V ⇒ VGS = VOV + Vt = 0.2 + 0.4

= 0.6 V

VS = −0.6 V ⇒ RS = VS − VSS

ID

= −0.6 − (−1)

0.1

RS = 4 k�

Ex: 5.9

Vtn = 0.5 V

μnCox = 0.4 mA/V2

W

L
= 0.72 µm

0.18 µm
= 4.0

λ = 0

VD

R

�1.8 V

Saturation mode (vG D = 0 < Vtn) :

ID = 1

2
μnCox

W

L
(VD − Vtn)

2 = 0.032 mA

VD = 0.7 V = 1.8 − ID R

∴ R = 1.8 − 0.7

0.032 mA
= 34.4 k�

Ex: 5.10

R2 R

Q2 Q1

� 1.8 V

Since Q2 is identical to Q1 and their VGS values

are the same,

ID2 = ID1 = 0.032 mA

For Q2 to operate at the triode–saturation

boundary, we must have

VD2 = VOV = 0.7 − 0.5 = 0.2 V

∴ R2 = 1.8 V − 0.2 V

0.032 mA
= 50 k�

Ex: 5.11 RD = 6.55 × 2 = 13.1 k�

VGS = 2 V, assume triode region:

ID = k
′
n

W

L

[

(VGS − Vtn)VDS − 1

2
V 2

DS

]

ID = VDD − VDS

R

⎫

⎪

⎪

⎬

⎪

⎪

⎭

⇒

2 − VDS

13.1
= 2 ×

[

(2 − 0.5)VDS − V 2
DS

2

]

⇒ V 2
DS − 3.076VDS + 0.15 = 0

Microelectronic Circuits 8th edition Sedra Solutions Manual

https://ravanbooks.com/books/9780190853464-solutions


Exercise 5–3

⇒ VDS = 0.05 V < VOV ⇒ triode region

ID = 2 − 0.05

13.1
= 0.15 mA

Ex: 5.12 As indicated in Example 5.6,

VD ≥ VG − Vt for the transistor to be in the

saturation region.

VDmin = VG − Vt = 5 − 1 = 4 V

ID = 0.5 mA ⇒ RDmax = VDD − VDmin

ID

= 10 − 4

0.5
= 12 k�

Ex: 5.13

ID = 0.32 mA = 1

2
k

′
n

W

L
V 2

OV = 1

2
× 1 × V 2

OV

⇒ VOV = 0.8 V

VGS = 0.8 + 1 = 1.8 V

VG = VS + VGS = 1.6 + 1.8 = 3.4 V

RG2 = VG

I
= 3.4

1 µA
= 3.4 M�

RG1 = 5 − 3.4

1 µA
= 1.6 M�

RS = VS

0.32
= 5 k�

VD = 3.4 V, then RD = 5 − 3.4

0.32
= 5 k�

Ex: 5.14

ID
R

1.8 V

Vtp = −0.4 V

k
′
p = 0.1 mA/V2

W

L
= 10 µm

0.18 µm
⇒ k p = 5.56 mA/V2

VSG = |Vtp| + |VOV |

= 0.4 + 0.6 = 1 V

VS = +1 V

Since VDG = 0, the transistor is operating in

saturation, and

ID = 1

2
k p V 2

OV = 1 mA

∴ R = 1.8 − VS

ID

= 1.8 − 1

1
= 0.8 k�

= 800 �

Ex: 5.15 VI = 0: since the circuit is perfectly

symmetrical, VO = 0 and therefore VGS = 0,

which implies that the transistors are turned off

and IDN = ID P = 0.

VI = 2.5 V: if we assume that the NMOS is

turned on, then VO would be less than 2.5 V, and

this implies that PMOS is off (VSG P < 0) .

IDN = 1

2
k

′
n

W

L
(VGS − Vt )

2

VOVI � 2.5 V

IDN

QN

RL10 k�

�2.5 V

IDN = 1

2
× 1(2.5 − VO − 1)2

IDN = 0.5(1.5 − VO)2

Also: VO = RL IDN = 10IDN

IDN = 0.5(1.5 − 10IDN )2

⇒ 100I 2
DN − 32IDN + 2.25 = 0 ⇒ IDN

= 0.104 mA ID P = 0

VO = 10 × 0.104 = 1.04V

–2.5 V

–2.5 V

Q
P

V
O

10 k�

IDP
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VI = −2.5 V: Again if we assume that Q P is

turned on, then VO > −2.5 V and VGSN < 0,

which implies that the NMOS QN is turned off.

IDN = 0

Because of the symmetry,

ID P = 0.104 mA,

VO = −ID P × 10 k�

= −1.04 V

Ex: 5.16 Vt = 0.8 + 0.4
[√

0.7 + 3 −
√

0.7
]

= 1.23 V

Ex: 5.17 v DSmin = vGS + |Vt |

= 1 + 2 = 3 V

ID = 1

2
× 2 [1 − (−2)]2

= 9 mA

Microelectronic Circuits 8th edition Sedra Solutions Manual

https://ravanbooks.com/books/9780190853464-solutions


Exercise 6–1

Chapter 6

Solutions to Exercises within the Chapter

Ex: 6.1 iC = IS ev B E /VT

v B E2 − v B E1 = VT ln

[

iC2

iC1

]

v B E2 = 700 + 25 ln

[

0.1

1

]

= 642 mV

v B E3 = 700 + 25 ln

[

10

1

]

= 758 mV

Ex: 6.2 ∴ α = β

β + 1

50

50 + 1
< α <

150

150 + 1

0.980 < α < 0.993

Ex: 6.3 IC = IE − IB

= 1.460 mA − 0.01446 mA

= 1.446 mA

α = IC

IE

= 1.446

1.460
= 0.99

β = IC

IB

= 1.446

0.01446
= 100

IC = ISev B E /VT

IS = IC

ev B E /VT
= 1.446

e700/25

= 1.446

e28
mA = 10

−15
A

Ex: 6.4 β = α

1 − α
and IC = 10 mA

For α = 0.99, β = 0.99

1 − 0.99
= 99

IB = IC

β
= 10

99
= 0.1 mA

For α = 0.98, β = 0.98

1 − 0.98
= 49

IB = IC

β
= 10

49
= 0.2 mA

Ex: 6.5 Given:

IS = 10
−16

A, β = 100, I C = 1 mA

We write

ISE = IS/α = IS ×
(

1 + 1

β

)

= 10
−16 × 1.01 = 1.01 × 10

−16
A

ISB = IS

β
= 10

−16

100
= 10

−18
A

VB E = VT ln

[

IC

IS

]

= 25 ln

[

1 mA

10
−16

A

]

= 25 × 29.9336

= 748 mV

Ex: 6.6

VCC � �5 V

RC

B

10 �A

bIB

E

C

vBE

�

�

v B E = 690 mV

IC = 1 mA

For active range VC ≥ VB,

RCmax = VCC − 0.690

IC

= 5 − 0.69

1

= 4.31 k�

Ex: 6.7 IS = 10
−15

A

AreaC = 100 × AreaE

ISC = 100 × IS = 10
−13

A

Ex: 6.8 iC = ISev B E /VT − ISC ev BC /VT

for iC = 0

ISev B E /VT = ISC ev BC /VT

ISC

IS

= ev B E /VT

ev BC /VT

= e(v B E −v BC )/VT

∴ VC E = VB E − VBC = VT ln

[

ISC

IS

]

For collector Area = 100 × Emitter area

VC E = 25 ln

[

100

1

]

= 115 mV
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Exercise 6–2

Ex: 6.9 IC = ISeVB E /VT − ISC eVBC /VT

IB = IS

β
eVB E /VT + ISC eVBC /VT

β forced = IC

IB

∣

∣

∣

∣

sat

<β

= β
ISeVB E /VT − ISC eVBC /VT

ISeVB E /VT + β I SC eVBC /VT

= β
ISe(VB E −VBC )/VT − ISC

ISe(VB E −VBC )/VT + β ISC

= β
eVC E sat/VT − ISC/IS

eVC E sat/VT + β ISC/IS

Q.E.D.

β forced = 100
e200/25 − 100

e200/25 + 100 × 100

= 100 × 0.2219 ≈ 22.2

Ex: 6.10

IS /a

ISevEB/VT

� aiE

2 mA

E

B

C

�10 V

IE = IS

α
eVB E /VT

2 mA = 51

50
10

−14eVB E /VT

VB E = 25 ln

[

2

10
3

× 50

51
× 10

14

]

= 650 mV

IC = β

β + 1
IE = 50

51
× 2

= 1.96 mA

IB = IC

β
= 1.96

50
⇒ 39.2 µA

Ex: 6.11 IC = ISeVB E /VT = 1.5 A

∴ VB E = VT ln
[

1.5/10
−11
]

= 25 × 25.734

= 643 mV

Ex: 6.12

�1.5 V

�1.5 V

2
mA

2 mA

�

a

�
VBE

VC � 0.5 V

VE � �VBE

IE � ( )

RC

RE

RC = 1.5 − VC

IC

= 1.5 − 0.5

2

= 0.5 k� = 500 �

Since at IC = 1 mA, VB E = 0.8 V, then at

IC = 2 mA,

VB E = 0.8 + 0.025 ln

(

2

1

)

= 0.8 + 0.017

= 0.817 V

VE = −VB E = −0.817 V

IE = 2 mA

α
= 2

0.99
= 2.02 mA

IE = VE − (−1.5)

RE

Thus,

RE = −0.817 + 1.5

2.02
= 0.338 k�

= 338 �

Ex: 6.13

�10 V

�10 V

IC

IE

IB

VC

VE � �0.7 V

10 k�

5 k�
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Exercise 6–3

IE = VE − (−10)

10
= −0.7 + 10

10

= 0.93 mA

Assuming active-mode operation,

IB = IE

β + 1
= 0.93

50 + 1
= 0.0182 mA

= 18.2 µA

IC = IE − IB = 0.93 − 0.0182 = 0.91 mA

VC = 10 − IC × 5

= 10 − 0.91 × 5 = 5.45 V

Since VC > VB , the transistor is operating in the

active mode, as assumed.

Ex: 6.14

�10 V

�10 V

IE

IC

IB

IB

VE

VB

VC

5 k�

100 k�

5 k�

VB = 1.0 V

Thus,

IB = VB

100 k�
= 0.01 mA

VE = +1.7 V

Thus,

IE = 10 − VE

5 k�
= 10 − 1.7

5
= 1.66 mA

and

β + 1 = IE

IB

= 1.66

0.01
= 166

⇒ β = 165

α = β

β + 1
= 165

165 + 1
= 0.994

Assuming active-mode operation,

IC = α IE = 0.994 × 1.66 = 1.65 mA

and

VC = −10 + 1.65 × 5 = −1.75 V

Since VC < VB , the transistor is indeed operating

in the active mode.

Ex: 6.15

�5 V

IC

VE

VC

RC � 1 k�

2 mA

The transistor is operating at a constant emitter

current. Thus, a change in temperature of +30
◦C

results in a change in VE B by

△VE B = −2 mV × 30 = −60 mV

Thus,

△VE = −60 mV

Since the collector current remains unchanged at

α IE , the collector voltage does not change:

△VC = 0 V

Ex: 6.16 Refer to Fig. 6.19(a):

iC = ISev B E /VT + vC E

ro

(1)

Now using Eqs. (6.21) and (6.22), we can express

ro as

ro = VA

ISev B E /VT

Substituting in Eq. (1), we have

iC = ISev B E /VT

(

1 + vC E

VA

)

which is Eq. (6.18). Q.E.D.

Ex: 6.17 ro = VA

IC

= 100

IC

At IC = 0.1 mA, ro = 1 M�

At IC = 1 mA, ro = 100 k�

At IC = 10 mA, ro = 10 k�
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Exercise 6–4

Ex: 6.18 △IC = △VC E

ro

where

ro = VA

IC

= 100

1
= 100 k�

△IC = 11 − 1

100
= 0.1 mA

Thus, IC becomes 1.1 mA.

Ex: 6.19

VCC � 10 V

�

�

�
�

IB

IC

VBB

RC � 10 k�

VBE � 0.7 V

VCE

RB � 10 k�

(a) For operation in the active mode with

VC E = 5 V,

IC = VCC − VC

RC

= 10 − 5

10
= 0.5 mA

IB = IC

β
= 0.5

50
= 0.01 mA

VB B = VB E + IB RB

= 0.7 + 0.01 × 10 = 0.8 V

(b) For operation at the edge of saturation,

VC E = 0.3 V

IC = VCC − VC E

RC

= 10 − 0.3

10
= 0.97 mA

IB = IC

β
= 0.97

50
= 0.0194 mA

VB B = VB + IB RB

= 0.7 + 0.0194 × 10 = 0.894 V

(c) For operation deep in saturation with

βforced = 10, we have

VC E ≃ 0.2 V

IC = 10 − 0.2

10
= 0.98 mA

IB = IC

βforced

= 0.98

10
= 0.098 mA

VB B = VB + IB RB

= 0.7 + 0.098 × 10 = 1.68 V

Ex: 6.20 For VB B = 0 V, IB = 0 and the

transistor is cut off. Thus,

IC = 0

and

VC = VCC = +10 V

Ex: 6.21 Refer to the circuit in Fig. 6.22 and let

VB B = 1.7 V. The current IB can be found from

IB = VB B − VB

RB

= 1.7 − 0.7

10
= 0.1 mA

Assuming operation in the active mode,

IC = β IB = 50 × 0.1 = 5 mA

Thus,

VC = VCC − RC IC

= 10 − 1 × 5 = 5 V

which is greater than VB , verifying that the

transistor is operating in the active mode, as

assumed.

(a) To obtain operation at the edge of saturation,

RC must be increased to the value that results in

VC E = 0.3 V:

RC = VCC − 0.3

IC

= 10 − 0.3

5
= 1.94 k�

(b) Further increasing RC results in the transistor

operating in saturation. To obtain

saturation-mode operation with VC E = 0.2 V and

βforced = 10, we use

IC = βforced × IB

= 10 × 0.1 = 1 mA

The value of RC required can be found from

RC = VCC − VC E

IC

= 10 − 0.2

1
= 9.8 k�

Ex: 6.22 Refer to the circuit in Fig. 6.23(a) with

the base voltage raised from 4 V to VB . If at this

value of VB , the transistor is at the edge of

saturation then,

VC = VB − 0.4 V

Since IC ≃ IE , we can write

10 − VC

RC

= VE

RE

= VB − 0.7

RE
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Thus,

10 − (VB − 0.4)

4.7
= VB − 0.7

3.3

⇒ VB = +4.7 V

Ex: 6.23

�10 V

0.5 mA

0.5 mA

VC � �6 V

RC

VE � �3.3 V

RE

VB � �4 V

To establish a reverse-bias voltage of 2 V across

the CBJ,

VC = +6 V

From the figure we see that

RC = 10 − 6

0.5
= 8 k�

and

RE = 3.3

0.5
= 6.6 k�

where we have assumed α ≃ 1.

Ex: 6.24

�10 V

VB � 0.5

IC � 5IB

4.7 k�

VB � 0.7

3.3 k�

VB

IB

6IB

The figure shows the circuit with the base voltage

at VB and the BJT operating in saturation with

VC E = 0.2 V and βforced = 5.

IC = 5IB = 10 − (VB − 0.5)

4.7
(1)

IE = 6IB = VB − 0.7

3.3
(2)

Dividing Eq. (1) by Eq. (2), we have

5

6
= 10.5 − VB

VB − 0.7
× 3.3

4.7

⇒ VB = +5.18 V

Ex: 6.25 Refer to the circuit in Fig. 6.26(a). The

largest value for RC while the BJT remains in the

active mode corresponds to

VC = +0.4 V

Since the emitter and collector currents remain

unchanged, then from Fig. 6.26(b) we obtain

IC = 4.65 mA

Thus,

RC = VC − (−10)

IC

= +0.4 + 10

4.65
= 2.26 k�

Ex: 6.26

�10 V

�10 V

VE � �0.7 V

RE

VC � �4 V

RC

1 mA

1 mA

For a 4-V reverse-biased voltage across the CBJ,

VC = −4 V

Refer to the figure.

IC = 1 mA = VC − (−10)

RC

⇒ RC = −4 + 10

1
= 6 k�

RE = 10 − VE

IE

Assuming α = 1,

RE = 10 − 0.7

1
= 9.3 k�
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Exercise 6–6

Ex: 6.27 Refer to the circuit in Fig. 6.27:

IB = 5 − 0.7

100
= 0.043 mA

To ensure that the transistor remains in the active

mode for β in the range 50 to 150, we need to

select RC so that for the highest collector current

possible, the BJT reaches the edge of saturation,

that is, VC E = 0.3 V. Thus,

VC E = 0.3 = 10 − RC ICmax

where

ICmax = βmax IB

= 150 × 0.043 = 6.45 mA

Thus,

RC = 10 − 0.3

6.45
= 1.5 k�

For the lowest β,

IC = βmin IB

= 50 × 0.043 = 2.15 mA

and the corresponding VC E is

VC E = 10 − RC IC = 10 − 1.5 × 2.15

= 6.775 V

Thus, VC E will range from 0.3 V to 6.8 V.

Ex: 6.28 Refer to the solution of Example 6.10.

IE = VB B − VB E

RE + RB B/(β + 1)

= 5 − 0.7

3 + (33.3/51)
= 1.177 mA

IC = α IE = 0.98 × 1.177 = 1.15 mA

Thus the current is reduced by

△IC = 1.28 − 1.15 = 0.13 mA

which is a −10% change.

Ex: 6.29 Refer to the circuit in Fig. 6.30(b). The

total current drawn from the power supply is

I = 0.103 + 1.252 + 2.78 = 4.135 mA

Thus, the power dissipated in the circuit is

P = 15 V × 4.135 mA = 62 mW

Ex: 6.30

�15 V

2.78 mA

VE3

VC2

IC3/b

IC3

�9.44 V

2.75 mA

2.7 k�
470 �

2 k�

Q2

Q3

IC3

a

From the figure we see that

VE3 = IC3

α
× 0.47

VC2 = VE3 + 0.7 = IC3

α
× 0.47 + 0.7 (1)

A node equation at the collector of Q2 yields

2.75 = VC2

2.7
+ IC3

β

Substituting for VC2 from Eq. (1), we obtain

2.75 = (0.47 IC3/α) + 0.7

2.7
+ IC3

β

Substituting α = 0.99 and β = 100 and solving

for IC3 results in

IC3 = 13.4 mA

Now, VE3 and VC2 can be determined:

VE3 = IC3

α
× 0.47 = 13.4

0.99
× 0.47 = +6.36 V

VC2 = VE3 + 0.7 = +7.06 V

Ex: 6.31

�5 V

�5 V

�5 V VE � �IE � 1

IB

IE

0

IE

10 k�

1 k�

Q1  off

Q2 on
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Exercise 6–7

From the figure we see that Q1 will be off and Q2

will be on. Since the base of Q2 will be at a

voltage higher than −5 V, transistor Q2 will be

operating in the active mode. We can write a loop

equation for the loop containing the 10-k�

resistor, the EBJ of Q2 and the 1-k� resistor:

−IE × 1 − 0.7 − IB × 10 = −5

Substituting IB = IE/(β + 1) = IE/101 and

rearranging gives

IE = 5 − 0.7

10

101
+ 1

= 3.9 mA

Thus,

VE = −3.9 V

VB2 = −4.6 V

IB = 0.039 mA

Ex: 6.32 With the input at + 10 V, there is a

strong possibility that the conducting transistor

This figure belongs to Exercise 6.32.

�5 V

�5.5 V

�5 V

�10 V

10 � 5.5 � 0.45 mA
10

�4.8 V

�

�10 k�

1 k�

Q1 on VCEsat � 0.2 V

Q2 off

4 1

2

4.8
mA

3
5

Q1 will be saturated. Assuming this to be the

case, the analysis steps will be as follows:

VC Esat|Q1
= 0.2 V

VE = 5 V − VC Esat = +4.8 V

IE1 = 4.8 V

1 k�
= 4.8 mA

VB1 = VE + VB E1 = 4.8 + 0.7 = +5.5 V

IB1 = 10 − 5.5

10
= 0.45 mA

IC1 = IE1 − IB1 = 4.8 − 0.45 = 4.35 mA

βforced = IC

IB

= 4.35

0.45
= 9.7

which is lower than βmin, verifying that Q1 is

indeed saturated.

Finally, since Q2 is off,

IC2 = 0

Ex: 6.33 VO = +10 − BVBC O = 10 − 70

= −60 V
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Exercise 7–1

Chapter 7

Solutions to Exercises within the Chapter

Ex: 7.1 Refer to Fig. 7.2(a) and 7.2(b).

Coordinates of point A: Vt and VDD ; thus 0.4 V

and 1.8 V. To determine the coordinates of

point B, we use Eqs. (7.7) and (7.8) as follows:

VOV

∣

∣

B
=

√
2kn RD VDD + 1 − 1

kn RD

=
√

2 × 4 × 17.5 × 1.8 + 1 − 1

4 × 17.5

= 0.213 V

Thus,

VGS

∣

∣

B
= Vt + VOV

∣

∣

B
= 0.4 + 0.213 = 0.613 V

and

VDS

∣

∣

B
= VOV

∣

∣

B
= 0.213 V

Thus, coordinates of B are 0.613 V and 0.213 V.

At point C, the MOSFET is operating in the

triode region, thus

iD = kn

[

(vGS

∣

∣

C
− Vt )v DS

∣

∣

C
− 1

2
v

2
DS

∣

∣

C

]

If v DS

∣

∣

C
is very small,

iD ≃ kn(vGS

∣

∣

C
− Vt )v DS

∣

∣

C

= 4(1.8 − 0.4)v DS

∣

∣

C

= 5.6v DS

∣

∣

C
, mA

But

iD =
VDD − v DS

∣

∣

C

RD

≃ VDD

RD

= 1.8

17.5
= 0.1 mA

Thus, v DS

∣

∣

C
= 0.1

5.6
= 0.018 V = 18 mV, which

is indeed very small, as assumed.

Ex: 7.2 Refer to Example 7.1 and Fig. 7.4(a).

Design 1:

VOV = 0.2 V, VGS = 0.6 V

ID = 0.08 mA

Now,

Av = −kn VOV RD

Thus,

−10 = −0.4 × 10 × 0.2 × RD

⇒ RD = 12.5 k�

VDS = VDD − RD ID

= 1.8 − 12.5 × 0.08 = 0.8 V

Design 2:

RD = 17.5 k�

Av = −kn VOV RD

−10 = −0.4 × 10 × VOV × 17.5

Thus,

VOV = 0.14 V

VGS = Vt + VOV = 0.4 + 0.14 = 0.54 V

ID = 1

2
k

′
n

(

W

L

)

V 2
OV

= 1

2
× 0.4 × 10 × 0.142 = 0.04 mA

RD = 17.5 k�

VDS = VDD − RD ID

= 1.8 − 17.5 × 0.04 = 1.1 V

Ex: 7.3

Av = − IC RC

VT

−320 = −1 × RC

0.025
⇒ RC = 8 k�

VC = VCC − IC RC

= 10 − 1 × 8 = 2 V

Since the collector voltage is allowed to decrease

to +0.3 V, the largest negative swing allowed at

the output is 2 − 0.3 = 1.7 V. The corresponding

input signal amplitude can be found by dividing

1.7 V by the gain magnitude (320 V/V), resulting

in 5.3 mV.

Ex: 7.4

iD

VDD

RD

vGS

vgs

vDS

�
�

�

�

VGS

VDD = 5 V

VGS = 2 V

Vt = 1 V

λ = 0

k
′
n = 20 µA/V2

RD = 10 k�
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Exercise 7–2

W

L
= 20

(a) VGS = 2 V ⇒ VOV = 1 V

ID = 1

2
k

′
n

W

L
V 2

OV = 200 µA = 0.2 mA

VDS = VDD − ID RD = +3 V

(b) gm = k
′
n

W

L
VOV = 400 µA/V = 0.4 mA/V

(c) Av = vds

vgs

= −gm RD = −4 V/V

(d) vgs = 0.2 sinωt V

vds = −0.8 sinωt V

v DS = VDS + vds ⇒ 2.2 V ≤ v DS ≤ 3.8 V

(e) Using Eq. (7.28), we obtain

iD = 1

2
kn(VGS − Vt )

2

+ kn(VGS − Vt )vgs + 1

2
knv

2
gs

iD = 200 + 80 sinωt

+ 8 sin2ωt,µA

= [200 + 80 sinωt + (4 − 4 cos2ωt)]

= 204 + 80 sinωt − 4 cos2ωt,µA

Thus, ID shifts by 4 µA and

2HD = î2ω

îω
= 4 µA

80 µA
= 0.05 (5%)

Ex: 7.5

(a) VGS = 1.5V ⇒ VOV =
1.5 − 1 = 0.5 V

gm = 2 ID

VOV

ID = 1

2
k

′
n

W

L
V 2

OV = 1

2
× 60 × 40 × 0.52

ID = 300 µA = 0.3 mA

gm = 2 × 0.3

0.5
= 1.2 mA/V

ro = VA

ID

= 15

0.3
= 50 k�

(b) ID = 0.5 mA ⇒ gm =
√

2 μnCox

W

L
ID

=
√

2 × 60 × 40 × 0.5 × 103

gm = 1.55 mA/V

ro = VA

ID

= 15

0.5
= 30 k�

Ex: 7.6

ID = 0.1 mA, gm = 1 mA/V, k
′
n = 500 µA/V2

gm = 2 ID

VOV

⇒ VOV = 2 × 0.1

1
= 0.2 V

ID = 1

2
k

′
n

W

L
V 2

OV ⇒ W

L
= 2 ID

k
′
n V 2

OV

= 2 × 0.1

500

1000
× 0.22

= 10

Ex: 7.7

gm = μnCox

W

L
VOV

Same bias conditions, so same VOV and also same

L and gm for both PMOS and NMOS.

μnCox Wn = μpCox Wp ⇒
μp

μn

= 0.4 = Wn

Wp

⇒ Wp

Wn

= 2.5

Ex: 7.8

ID = 1

2
k

′
p

W

L
(VSG − |Vt |)2

= 1

2
× 60 × 16

0.8
× (1.6 − 1)2

ID = 216 µA

gm = 2 ID

|VOV | = 2 × 216

1.6 − 1
= 720 µA/V

= 0.72 mA/V

|λ| = 0.04 ⇒ |V ′
A| = 1

|λ| = 1

0.04
= 25 V/µm

ro = |V ′
A| × L

ID

= 25 × 0.8

0.216
= 92.6 k�

Ex: 7.9

gmro = 2 ID

VOV

× VA

ID

= 2VA

VOV

VA = V ′
A × L = 6 × 3 × 0.18 = 3.24 V

gmro = 2 × 3.24

0.2
= 32.4 V/V

Ex: 7.10

Refer to the solution of Example 7.3. From

Eq. (7.47), Av ≡ vo

v i

= −gm RD (note that RL

is absent).

Thus,

gm RD = 25
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Exercise 7–3

�5 V

RD

vo

vi

RG






Substituting for gm = kn VOV , we have

kn VOV RD = 25

where kn = 1 mA/V2, thus

VOV RD = 25 (1)

Next, consider the bias equation

VGS = VDS = VDD − RD ID

Thus,

Vt + VOV = VDD − RD ID

Substituting Vt = 0.7 V, VDD = 5 V, and

ID = 1

2
kn V 2

OV = 1

2
× 1 × V 2

OV = 1

2
V 2

OV

we obtain

0.7 + VOV = 5 − 1

2
V 2

OV RD (2)

Equations (1) and (2) can be solved to obtain

VOV = 0.319 V

and

RD = 78.5 k�

The dc current ID can be now found as

ID = 1

2
kn V 2

OV = 50.9 µA

To determine the required value of RG we use Eq.

(7.48), again noting that RL is absent:

Rin = RG

1 + gm RD

0.5 M� = RG

1 + 25

⇒ RG = 13 M�

Finally, the maximum allowable input signal v̂ i

can be found as follows:

v̂ i = Vt

|Av | + 1
= 0.7 V

25 + 1
= 27 mV

Ex: 7.11

D

0

Req

G

S

i

i

it

ro

vt�
�

1
g

m

it = v t

ro

+ i = v t

ro

+ gmv t

∴ Req = v t

it

= ro‖
1

gm

Ex: 7.12

Given: gm = ∂iC

∂v B E

∣

∣

∣

∣

iC = IC

where IC = ISev B E /VT

∂iC

∂v B E

∣

∣

∣

∣

iC = IC

= ISev B E /VT

VT

= IC

VT

Thus,

gm = IC

VT

Ex: 7.13

gm = IC

VT

= 0.5 mA

25 mV
= 20 mA/V

Ex: 7.14

IC = 0.5 mA (constant)

For β = 50:

gm = IC

VT

= 0.5 mA

25 mV
= 20 mA/V

IB = IC

β
= 0.5

50
= 10 µA

rπ = β

gm

= 50

20
= 2.5 k�

For β = 200,

gm = IC

VT

= 20 mA/V

IB = IC

β
= 0.5 mA

200
= 2.5 µA

rπ = β

gm

= 200

20
= 10 k�
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Exercise 7–4

Ex: 7.15

β = 100 IC = 1 mA

gm = 1 mA

25 mV
= 40 mA/V

re = VT

IE

= αVT

IC

≃ 25 mV

1 mA
= 25 �

rπ = β

gm

= 100

40
= 2.5 k�

Ex: 7.16

gm = IC

VT

= 1 mA

25 mV
= 40 mA/V

Av = vce

vbe

= −gm RC

= −40 × 10

= −400 V/V

VC = VCC − IC RC

= 15 − 1 × 10 = 5 V

vC (t) = VC + vc(t)

= VC + Av vbe(t)

= 5 − 400 × 0.005 sinωt

= 5 − 2 sinωt

iB(t) = IB + ib(t)

where

IB = IC

β
= 1 mA

100
= 10 µA

and ib(t) = gmvbe(t)

β

= 40 × 0.005 sinωt

100

= 2 sinωt, µA

Thus,

iB(t) = 10 + 2 sinωt, µA

Ex: 7.17

B C

ic

bib

ib

rpvbe

E

�

�

ic = βib = β
vbe

rπ

=
(

β

rπ

)

vbe = gmvbe

ie = ib + βib = (β + 1)ib = (β + 1)
vbe

rπ

= vbe

rπ/(β + 1)
= vbe

re

Ex: 7.18

�

�

vbe

gmvbe

ib

re

C

E

B

ib = vbe

re

− gmvbe

= vbe

(

1

re

− gm

)

= vbe

(

1

rπ/β+1

− β

rπ

)

= vbe

(

β + 1

rπ

− β

rπ

)

= vbe

rπ

Ex: 7.19

�10 V

�10 V

RE � 10 k�

RC � 7.5 k�

CC1

vi

vo

CC2

�
�
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Exercise 7–5

IE = 10 − 0.7

10
= 0.93 mA

IC = α IE = 0.99 × 0.93

= 0.92 mA

VC = −10 + IC RC

= −10 + 0.92 × 7.5 = −3.1 V

Av = vo

v i

= αRC

re

where re = 25 mV

0.93 mA
= 26.9 �

Av = 0.99 × 7.5 × 103

26.9
= 276.2 V/V

For v̂ i = 10 mV, v̂o = 276.2 × 10 = 2.76 V

Ex: 7.20

�10V

8 k�

10 k�

Y

Z

X

I � 1 mA









IE = 1 mA

IC = 100

101
× 1 = 0.99 mA

IB = 1

101
× 1 = 0.0099 mA

(a) VC = 10 − 8 × 0.99 = 2.08 ≃ 2.1 V

VB = −10 × 0.0099 = −0.099 ≃ −0.1 V

This figure belongs to Exercise 7.20c.

VE = −0.1 − 0.7 = −0.8 V

(b) gm = IC

VT

= 0.99

0.025
≃ 40 mA/V

rπ = β

gm

= 100

40
≃ 2.5 k�

ro = VA

IC

= 100

0.99
= 101 ≃ 100 k�

(c) See figure below.

Rsig = 2 k� RB = 10 k� rπ = 2.5 k�

gm = 40 mA/V

RC = 8 k� RL = 8 k� ro = 100 k�

Vy

Vsig

= Vπ

Vsig

× Vy

Vπ

= RB‖rπ

(RB‖rπ ) + Rsig

× −gm(RC‖RL‖ro)

= 10 ‖ 2.5

(10 ‖ 2.5) + 2
× −40(8 ‖ 8 ‖ 100)

= −0.5 × 40 × 3.846 = −77 V/V

If ro is negelected,
Vy

Vsig

= −80, for an error

of 3.9%.

Ex: 7.21

gm = 2ID

VOV

= 2 × 0.25

0.25
= 2 mA/V

Rin = ∞

Avo = −gm RD = −2 × 20 = −40 V/V

Ro = RD = 20 k�

Av = Avo

RL

RL + Ro

= −40 × 20

20 + 20

= −20 V/V

Gv = Av = −20 V/V

v̂ i = 0.1 × 2VOV = 0.1 × 2 × 0.25 = 0.05 V

v̂o = 0.05 × 20 = 1 V
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Exercise 7–6

Ex: 7.22

IC = 0.5 mA

gm = IC

VT

= 0.5 mA

0.025 V
= 20 mA/V

rπ = β

gm

= 100

20
= 5 k�

Rin = rπ = 5 k�

Avo = −gm RC = −20 × 10 = −200 V/V

Ro = RC = 10 k�

Av = Avo

RL

RL + Ro

= −200 × 5

5 + 10

= −66.7 V/V

Gv = Rin

Rin + Rsig

Av = 5

5 + 5
× −66.7

= −33.3 V/V

v̂π = 5 mV ⇒ v̂sig = 2 × 5 = 10 mV

v̂o = 10 × 33.3 = 0.33 V

Although a larger fraction of the input signal

reaches the amplifier input, linearity

considerations cause the output signal to be in

fact smaller than in the original design!

Ex: 7.23 Refer to the solution to Exercise 7.21.

If v̂ sig = 0.2 V and we wish to keep

v̂gs = 50 mV, then we need to connect a

resistance Rs = 3

gm

in the source lead. Thus,

Rs = 3

2 mA/V
= 1.5 k�

Gv = Av = − RD‖ RL

1

gm

+ Rs

= − 20‖20

0.5 + 1.5
= −5 V/V

v̂o = Gv v̂sig = 5 × 0.2 = 1 V (unchanged)

Ex: 7.24

From the following figure we see that

v̂ sig = îb Rsig + v̂π + îe Re

= îe

β + 1
Rsig + v̂π + îe Re

= v̂π

(β + 1)re

Rsig + v̂π + v̂π

re

Re

v̂ sig = v̂π

(

1 + Re

re

+ Rsig

rπ

)

Q.E.D

For IC = 0.5 mA and β = 100,

re = VT

IE

= αVT

IC

= 0.99 × 25

0.5
≃ 50 �

rπ = (β + 1)re ≃ 5 k�

For v̂ sig = 100 mV, Rsig = 10 k� and with v̂π

limited to 10 mV, the value of Re required can be

found from

100 = 10

(

1 + Re

50
+ 10

5

)

⇒ Re = 350 �

Rin = (β + 1)(re + Re) = 101 × (50 + 350)

= 40.4 k�

Gv = −β
RC‖ RL

Rsig + (β + 1)(re + Re)

= −100
10

10 + 101 × 0.4
= −19.8 V/V

Ex: 7.25

1

gm

= Rsig = 100 �

⇒ gm = 1

0.1 k�
= 10 mA/V

But

gm = 2ID

VOV

Thus,

10 = 2ID

0.2

⇒ ID = 1 mA

Gv = Rin

Rin + Rsig

× gm RD

= 0.5 × 10 × 2 = 10 V/V
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Exercise 7–7

Ex: 7.26

IC = 1 mA

re = VT

IE

≃ VT

IC

= 25 mV

1 mA
= 25 �

Rin = re = 25 �

Avo = gm RC = 40 × 5 = 200 V/V

Ro = RC = 5 k�

Av = Avo

RL

RL + Ro

= 200 × 5

5 + 5
= 100 V/V

Gv = Rin

Rin + Rsig

× Av

= 25

25 + 5000
× 100 = 0.5 V/V

Ex: 7.27

Rin = re = 50 �

⇒ IE = VT

re

= 25 mV

50 �
= 0.5 mA

IC ≃ IE = 0.5 mA

Gv = RC‖ RL

re + Rsig

40 = RC‖ RL

(50 + 50)�

RC‖ RL = 4 k�

Ex: 7.28 Refer to Fig. 7.42(c).

Ro = 100 �

Thus,

1

gm

= 100 � ⇒ gm = 10 mA/V

But

gm = 2ID

VOV

Thus,

ID = 10 × 0.25

2
= 1.25 mA

v̂o = v̂ i × RL

RL + Ro

= 1 × 1

1 + 0.1
= 0.91 V

v̂gs = v̂ i

1

gm

1

gm

+ RL

= 1 × 0.1

0.1 + 1
= 91 mV

Ex: 7.29

Ro = 200 �

1

gm

= 200 �

⇒ gm = 5 mA/V

But

gm = k
′
n

(

W

L

)

VOV

Thus,

5 = 0.4 × W

L
× 0.25

⇒ W

L
= 50

ID = 1

2
k

′
n

W

L
V 2

OV

= 1

2
× 0.4 × 50 × 0.252

= 0.625 mA

RL = 1 k� to 10 k�

Correspondingly,

Gv = RL

RL + Ro

= RL

RL + 0.2

will range from

Gv = 1

1 + 0.2
= 0.83 V/V

to

Gv = 10

10 + 0.2
= 0.98 V/V

Ex: 7.30

IC = 5 mA

re = VT

IE

≃ VT

IC

= 25 mV

5 mA
= 5 �

Rsig = 10 k� RL = 1 k�

Rin = (β + 1) (re + RL)

= 101 × (0.005 + 1)

= 101.5 k�

Gvo = 1 V/V

Rout = re + Rsig

β + 1

= 5 + 10,000

101
= 104 �

Gv = RL

RL + re + Rsig

β + 1

= RL

RL + Rout

= 1

1 + 0.104
= 0.91 V/V

vπ = v sig

re

re + RL + Rsig

β + 1
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Exercise 7–8

v̂ sig = v̂π

[

1 + RL

re

+ Rsig

(β + 1) re

]

v̂ sig = 5

[

1 + 1000

5
+ 10,000

101 × 5

]

= 1.1 V/V

Correspondingly,

v̂o = Gv × 1.1 = 0.91 × 1.1 = 1 V

Ex: 7.31

Rsig

Rin

vsig
�
�

(b2 � 1) (re2 � RL)

vo

RL

Rout

re1

Q1

Q2

From the figure we can write

Rin = (β1 + 1) [re1 + (β2 + 1)(re2 + RL)]

Rout = RL ‖
[

re2 + re1 + Rsig/(β1 + 1)

β2 + 1

]

vo

vsig

= RL

RL + re2 + re1 + Rsig/(β1 + 1)

β2 + 1

For IE2 = 5 mA, β1 = β2 = 100, RL = 1 k�,

and Rsig = 100 k�, we obtain

re2 = 25 mV

5 mA
= 5 �

IE1 = 5

β2 + 1
= 5

101
≃ 0.05 mA

re1 = 25 mV

0.05 mA
= 500 �

Rin = 101 × (0.5 + 101 × 1.005) = 10.3 M�

Rout = 1 ‖
[

0.005 + 0.5 + (100/101)

101

]

≃ 20 �

vo

vsig

= 1

1 + 0.005 + 0.5 + (100/101)

101

= 0.98 V/V

Ex: 7.32

ID = 1

2
k

′
n

W

L
(VGS − Vt )

2

0.5 = 1

2
× 1(VGS − 1)2

⇒ VGS = 2 V

If Vt = 1.5 V, then

ID = 1

2
× 1 × (2 − 1.5)2 = 0.125 mA

⇒ � ID

ID

= 0.125 − 0.5

0.5
= −0.75 = −75%

Ex: 7.33

RD = VDD − VD

ID

= 5 − 2

0.5
= 6 k�

→ RD = 6.2 k�

ID = 1

2
k

′
n

W

L
V 2

OV ⇒ 0.5 = 1

2
× 1 × V 2

OV

⇒ VOV = 1 V

⇒ VGS = VOV + Vt = 1 + 1 = 2 V

⇒ VS = −2 V

RS = VS − VSS

ID

= −2 − (−5)

0.5
= 6 k�

→ RS = 6.2 k�

If we choose RD = RS = 6.2 k�, then ID will

change slightly:

ID = 1

2
× 1 × (VGS − 1)2.

Also,

VGS = −VS = 5 − RS ID

Thus,

2 ID = (4 − 6.2 ID)2

⇒ 38.44 I 2
D − 51.6 I 2

D + 16 = 0

⇒ ID = 0.49 mA, 0.86 mA

ID = 0.86 results in VS > 0 or VS > VG , which is

not acceptable. Therefore ID = 0.49 mA and

VS = −5 + 6.2 × 0.49 = −1.96 V

VD = 5 − 6.2 × 0.49 = +1.96 V

RG should be selected in the range of 1 M� to

10 M�.

Ex: 7.34

ID = 0.5 mA = 1

2
k

′
n

W

L
V 2

OV

⇒ V 2
OV = 0.5 × 2

1
= 1

⇒ VOV = 1 V ⇒ VGS = 1 + 1 = 2 V
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Exercise 7–9

= VD ⇒ RD = 5 − 2

0.5
= 6 k�

⇒ RD = 6.2 k� (standard value). For this RD

we have to recalculate ID :

ID = 1

2
× 1 × (VGS − 1)2

= 1

2
(VDD − RD ID − 1)2

(VGS = VD = VDD − RD ID)

ID = 1

2
(4 − 6.2 ID)2 ⇒ ID

∼= 0.49 mA

VD = 5 − 6.2 × 0.49 = 1.96 V

Ex: 7.35 Refer to Example 7.12.

(a) For design 1, RE = 3 k�, R1 = 80 k�, and

R2 = 40 k�. Thus, VB B = 4 V.

IE = VB B − VB E

RE + R1‖ R2

β + 1

For the nominal case, β = 100 and

IE = 4 − 0.7

3 + 40‖80

101

= 1.01 ≃ 1 mA

For β = 50,

IE = 4 − 0.7

3 + 40‖80

51

= 0.94 mA

For β = 150,

IE = 4 − 0.7

3 + 40‖80

151

= 1.04 mA

Thus, IE varies over a range approximately 10%

of the nominal value of 1 mA.

(b) For design 2, RE = 3.3 k�, R1 = 8 k�, and

R2 = 4 k�. Thus, VB B = 4 V. For the nominal

case, β = 100 and

IE = 4 − 0.7

3.3 + 4‖8

101

= 0.99 ≃ 1 mA

For β = 50,

IE = 4 − 0.7

3.3 + 4‖8

51

= 0.984 mA

For β = 150,

IE = 4 − 0.7

3.3 + 4‖8

151

= 0.995 mA

Thus, IE varies over a range of 1.1% of the

nominal value of 1 mA. Note that lowering

the resistances of the voltage divider considerably

decreases the dependence on the value of β, a

highly desirable result obtained at the expense

of increased current and hence power

dissipation.

Ex: 7.36 Refer to Fig. 7.55. Since the circuit is to

be used as a common-base amplifier, we can

dispense with RB altogether and ground the base;

thus RB = 0. The circuit takes the form shown in

the figure below.

�10 V

RC

RE

� 5 V

vo

vi
�
�

To establish IE = 1mA,

IE = 5 − VB E

RE

1 mA = 5 − 0.7

RE

⇒ RE = 4.3 k�

The voltage gain
vo

v i

= gm RC , where

gm = IC

VT

= 40 mA/V.

To maximize the voltage gain, we select RC as

large as possible, consistent with obtaining a

±2-V signal swing at the collector. To maintain

active-mode operation at all times, the collector

voltage should not be allowed to fall below the

value that causes the CBJ to become forward

biased, namely, −0.4 V. Thus, the

lowest possible dc voltage at the

collector is −0.4 V + 2V = +1.6 V.

Correspondingly,

RC = 10 − 1.6

IC

≃ 10 − 1.6

1 mA
= 8.4 k�

Ex: 7.37 Refer to Fig. 7.56. For IE = 1 mA and

VC = 2.3 V,

IE = VCC − VC

RC

1 = 10 − 2.3

RC

⇒ RC = 7.7 k�

Now, using Eq. (7.147), we obtain
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IE = VCC − VB E

RC + RB

β + 1

1 = 10 − 0.7

7.7 + RB

101

⇒ RB = 162 k�

Selecting standard 5% resistors (Appendix J), we

use

RB = 160 k� and RC = 7.5 k�

The resulting value of IE is found as

IE = 10 − 0.7

7.5 + 160

101

= 1.02 mA

and the collector voltage will be

VC = VCC − IE RC = 2.3 V

Ex: 7.38 Refer to Fig. 7.57(b).

VS = 3.5 V and ID = 0.5 mA; thus

RS = VS

ID

= 3.5

0.5
= 7 k�

VDD = 15 V and VD = 6 V; thus

RD = VDD − VD

ID

= 15 − 6

0.5 mA
= 18 k�

To obtain VOV , we use

ID = 1

2
kn V 2

OV

0.5 = 1

2
× 4V 2

OV

⇒ VOV = 0.5 V

Thus,

VGS = Vt + VOV = 1 + 0.5 = 1.5 V

We now can obtain the dc voltage required at the

gate,

VG = VS + VGS = 3.5 + 1.5 = 5 V

Using a current of 2 µA in the voltage divider, we

have

RG2 = 5 V

2 µA
= 2.5 M�

The voltage drop across RG1 is 10 V, thus

RG1 = 10 V

2 µA
= 5 M�

This completes the bias design. To obtain gm and

ro, we use

gm = 2ID

VOV

= 2 × 0.5

0.5
= 2 mA/V

ro = VA

ID

= 100

0.5
= 200 k�

Ex: 7.39 Refer to Fig. 7.57(a) and (c) and to the

values found in the solution to Exercise 7.38

above.

Rin = RG1‖ RG2 = 5‖2.5 = 1.67 M�

Ro = RD‖ro = 18‖200 = 16.5 k�

Gv = − Rin

Rin + Rsig

gm(ro‖ RD‖ RL)

= − 1.67

1.67 + 0.1
× 2 × (200‖18‖20)

= −17.1 V/V

Ex: 7.40 To reduce vgs to half its value, the

unbypassed Rs is given by

Rs = 1

gm

From the solution to Exercise 7.38 above,

gm = 2 mA/V. Thus

Rs = 1

2
= 0.5 k�

Neglecting ro, Gv is given by

Gv = − Rin

Rin + Rsig

× − RD‖ RL

1

gm

+ Rs

= − 1.67

1.67 + 0.1
× 18‖20

0.5 + 0.5

= −8.9 V/V

Ex: 7.41 Refer to Fig. 7.58(a). For VB = 5 V and

50-µA current through RB2, we have

RB2 = 5 V

0.05 mA
= 100 k�

The base current is

IB = IE

β + 1
≃ 0.5 mA

100
= 5 µA

The current through RB1 is

IRB1
= IB + IRB2

= 5 + 50 = 55 µA

Since the voltage drop across RB1 is

VCC − VB = 10 V, the value of RB1 can be

found from

RB1 = 10 V

0.055 µA
= 182 k�

The value of RE can be found from

IE = VB − VB E

RE

⇒ RE = 5 − 0.7

0.5
= 8.6 k�

The value of RC can be found from

VC = VCC − IC RC
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6 = 15 − 0.99 × 0.5 × RC

RC ≃ 18 k�

This completes the bias design. The values of gm ,

rπ , and ro can be found as follows:

gm = IC

VT

≃ 0.5 mA

0.025 V
= 20 mA/V

rπ = β

gm

= 100

20
= 5 k�

ro = VA

IC

≃ 100

0.5
= 200 k�

Ex: 7.42 Refer to Fig. 7.58(b) and to the solution

of Exercise 7.41 above.

Rin = RB1‖ RB2‖rπ

= 182‖100‖5 = 4.64 k�

Ro = RC‖ro = 18‖200 = 16.51 k�

Gv = − Rin

Rin + Rsig

gm(RC‖ RL‖ro)

Gv = − 4.64

4.64 + 10
× 20 × (18‖20‖200)

= −57.3 V/V

Ex: 7.43 Refer to the solutions of Exercises 7.41

and 7.42 above. With Re included (i.e., left

unbypassed), the input resistance becomes [refer

to Fig. 7.59(b)]

Rin = RB1‖ RB2‖ [(β + 1)(re + Re)]

Thus,

10 = 182‖100‖ [101(0.05 + Re)]

where we have substituted re = VT

IE

=

25

0.5
= 50 �. The value of Re is found from the

equation above to be

Re = 67.2 �

The overall voltage gain can be found from

Gv = −α
Rin

Rin + Rsig

RC‖ RL

re + Re

Gv = −0.99 × 10

10 + 10

18‖20

0.05 + 0.0672

= −40 V/V

Ex: 7.44 Refer to Fig. 7.60(a).

Rin = 50 � = re‖ RE ≃ re

re = 50 � = VT

IE

⇒ IE = 0.5 mA

IC = α IE ≃ IE = 0.5 mA

VC = VCC − RC IC

For VC = 1 V and VCC = 5 V, we have

1 = 5 − RC × 0.5

⇒ RC = 8 k�

To obtain the required value of RE , we note that

the voltage drop across it is

(VE E − VB E ) = 4.3 V. Thus,

RE = 4.3

0.5
= 8.6 k�

Gv = Rin

Rin + Rsig

gm(RC‖ RL)

= 50 �

50 � + 50 �
× 20(8‖8)

= 40 V/V

v̂o = 40v̂ sig = 40 × 10 mV = 0.4 V

Ex: 7.45 Refer to Fig. 7.61. Consider first

the bias design of the circuit in Fig. 7.61(a).

Since the required IE = 1 mA, the base current

IB = IE

β + 1
= 1

101
≃ 0.01 mA. For a dc voltage

drop across RB of 1 V, we obtain

RB = 1 V

0.01 mA
= 100 k�

The result is a base voltage of –1 V and an

emitter voltage of –1.7 V. The required value of

RE can now be determined as

RE = −1.7 − (−5)

IE

= 3.3

1 mA
= 3.3 k�

Rin = RB‖(β + 1)re + (RE‖ro‖ RL)

where ro = VA

IC

= 100 V

1 mA
= 100 k�

Rin = 100‖(100 + 1)0.025 + (3.3‖100‖1)

= 44.3 k�

v i

v sig

= Rin

Rin + Rsig

= 44.3

44.3 + 50
= 0.469 V/V

vo

v i

= RE‖ro‖ RL

re + (RE‖ro‖ RL)
= 0.968 V/V

Gv ≡ vo

v sig

= 0.469 × 0.968 = 0.454 V/V

Rout = ro‖ RE‖
[

re + RB‖ Rsig

β + 1

]

= 100‖3.3‖
[

0.025 + 100‖50

101

]

= 320 �
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Exercise 8–1

Chapter 8

Solutions to Exercises within the Chapter

Ex: 8.1 In the current source of Example 8.1

(Fig. 8.1) we have IO = 100 µA and we want to

reduce the change in output current,

�IO , corresponding to a 1-V change in output

voltage, �VO , to 1%

of IO .

That is, �IO = �VO

ro2

= 0.01 IO ⇒ 1 V

ro2

= 0.01 × 100 µA = 1 µA

ro2 = 1 V

1 µA
= 1 M�

ro2 = V ′
A × L

IO

⇒ 1 M� = 20 × L

100 µA

⇒ L = 100 V

20 V/ µm
= 5 µm

To keep VOV of the matched transistors the same

as that in Example 8.1,
W

L
of the transistor

should remain the same. Therefore,

W

5 µm
= 10 µm

1 µm
⇒ W = 50 µm

So the dimensions of the matched transistors Q1

and Q2 should be changed to

W = 50 µm and L = 5 µm

Ex: 8.2 For the circuit of Fig. 8.4 we have

I2 = IREF

(W/L)2

(W/L)1

, I3 = IREF

(W/L)3

(W/L)1

and I5 = I4

(W/L)5

(W/L)4

Since all channel lengths are equal, that is,

L1 = L2 = · · · = L5 = 1 µm

and

IREF = 10 µA, I2 = 60 µA, I3 = 20 µA, I4 =
I3 = 20 µA, and I5 = 80 µA,

we have

I2 = IREF

W2

W1

⇒ W2

W1

= I2

IREF

= 60

10
= 6

I3 = IREF

W3

W1

⇒ W3

W1

= I3

IREF

= 20

10
= 2

I5 = I4

W5

W4

⇒ W5

W4

= I5

I4

= 80

20
= 4

To allow the voltage at the drain of Q2 to go

down to within 0.2 V of the negative supply

voltage, we need VOV 2 = 0.2 V:

I2 = 1

2
μnCox

(

W

L

)

2

V 2
OV 2 = 1

2
k

′
n

(

W

L

)

2

V 2
OV 2

60 µA = 1

2
200

µA

V2

(

W

L

)

2

(0.2)2

⇒
(

W

L

)

2

= 120

200 × (0.2)2
= 15 ⇒ W2

= 15 × L2

W2 = 15 µm,
W2

W1

= 6 ⇒ W1 = W2

6
= 2.5 µm

W3

W1

= 2 ⇒ W3 = 2 × W1 = 5 µm

To allow the voltage at the drain of Q5 to go up to

within 0.2 V of positive supply, we need

VOV 5 = 0.2 V:

I5 = 1

2
k

′
p

(

W

L

)

5

V 2
OV 5

80 µA = 1

2
80

µA

V2

(

W

L

)

5

(0.2)2 ⇒
(

W

L

)

5

= 2 × 80

80 × (0.2)2
= 50 ⇒ W5 = 50 L5

W5 = 50 µm

W5

W4

= 4 ⇒ W4 = 50 µm

4
= 12.5 µm

Thus:

W1 = 2.5 µm, W2 = 15 µm, W3 = 5 µm

W4 = 12.5 µm, and W5 = 50 µm

Ex: 8.3 VB E = VT ln(IRE F/IS)

= 0.025 ln(10−3/10−15)

= 0.691 V

From Eq. (8.21) we have

IO = IREF

⎛

⎜

⎜

⎝

m

1 + m + 1

β

⎞

⎟

⎟

⎠

(

1 + VO − VBE

VA2

)

IO = 1 mA

⎛

⎜

⎝

1

1 + 1 + 1

100

⎞

⎟

⎠

(

1 + 5 − 0.691

100

)

= 1.02 mA

IO = 1.02 mA

Ro = ro2 = VA

IO

= 100 V

1.02 mA
= 98 k� ≃ 100 k�

Ex: 8.4

From Eq. (8.23), we have

IO = IREF

1 + (2/β)

(

1 + VO − VBE

VA

)
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VO

Q1

R

Q2

VCC

IREF IO

where VB E = VT ln

(

IO

IS

)

= 0.025 ln

(

0.5 × 10−3

10−15

)

= 0.673 V

0.5 mA = IREF

1 + (2/100)

(

1 + 2 − 0.673

50

)

⇒

IREF = 0.5 mA
1.02

1.0265
= 0.497 mA

IREF = VCC − VBE

R
⇒ R = VCC − VBE

IREF

R = 5 − 0.673

0.497 mA
= 8.71 k�

VOmin = VC Esat = 0.3 V

For VO = 5 V, From Eq. (8.23) we have

IO = IREF

1 + (2/β)

(

1 + VO − VBE

VA

)

IO = 0.497

1 + (2/100)

(

1 + 5 − 0.673 V

50

)

= 0.53 mA

Ex: 8.5 I1 = I2 = · · · = IN = IC |QREF

At the input node,

IREF = IC |QREF
+ IB |QREF

+ IB1 + · · · + IB N

= IC |QREF
+ (N + 1) IB |QREF

= IC |QREF
+ (N + 1)

β
IC |QREF

⇒ IC |QREF
= IREF

1 + N + 1

β

Thus,

I1 = I2 = · · · = IN = IREF

1 + N + 1

β

Q.E.D

For β = 100, to limit the error to 10%,

0.1 = N + 1

β
= N + 1

100

⇒ N = 9

Ex: 8.6

Rin ≃ 1

gm1

Now, Rin = 1 k�, thus

gm1 = 1 mA/V

But

gm1 =
√

2(μnCox )

(

W

L

)

1

ID1

1 =
√

2 × 0.4 ×
(

W

L

)

1

× 0.1

⇒
(

W

L

)

1

= 12.5

To obtain

Ais

∣

∣

∣

∣

ideal

= 5

5 = (W/L)2

(W/L)1

⇒
(

W

L

)

2

= 5 × 12.5 = 62.5

Ro = ro2 = VA2

ID2

= VA2

5ID1

Thus,

40 k� = VA2

5 × 0.1

⇒ VA2 = 20 V

But

VA2 = V ′
A2 L2

20 = 20 × L2

⇒ L2 = 1 µm

Selecting L1 = L2, then

L1 = L2 = 1 µm

W1 = 12.5 µm

W2 = 62.5 µm

The actual short-circuit current-transfer ratio is

given by Eq. (8.31),

Ais = 5

1 + 1

gm1ro1

Thus the percentage error is

Error = −1/gm1ro1

1 + (1/gm1ro1)
× 100%

Substituting,

gm1 = 1 mA/V

ro1 = VA1

ID1

= V ′
A L1

ID1

= 20 × 1

0.1
= 200 k�

Error = −1/200

1 + (1/200)
× 100 = −0.5%
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Exercise 8–3

Ex: 8.7

Using Eq. (8.42):

gm =
√

2μnCox

(

W

L

)

·
√

ID

For ID = 10 µA, we have

gm =
√

2(387 µA/V2)(10)(10 µA)

= 0.28 mA/V

Using Eq. (8.46):

A0 = V ′
A

√

2μnCox (W/L)√
ID

= 5 V/µm
√

2(387 µA/V2)(10)(0.36)2

√
10 µA

A0 = 50 V/V

Since gm varies with
√

ID and A0 with
1√
ID

,

for

ID = 100 µA ⇒ gm = 0.28 mA/V

(

100

10

)1/2

= 0.88 mA/V

A0 = 50

(

10

100

)1/2

= 15.8 V/V

For ID = 1 mA, we have

gm = 0.28 mA/V

(

1

0.010

)1/2

= 2.8 mA/V

A0 = 50

(

0.010

1

)1/2

= 5 V/V

Ex: 8.8

vI

vO

VDD

Q2

Q1

Q3

IREF �

�

Since all transistors have the same

W

L
= 7.2 µm

0.36 µm
,

we have

IREF = ID3 = ID2 = ID1 = 100 µA

gm1 =
√

2μnCox

(

W

L

)

1

√

ID1

=
√

2
(

387 µA/V2
)

(

7.2

0.36

)

(100 µA)

= 1.24 mA/V

ro1 = V ′
An L1

ID1

= 5 V/µm (0.36 µm)

0.1 mA
= 18 k�

ro2 =
|V ′

Ap|L2

ID2

= 6 V/µm (0.36 µm)

0.1 mA
= 21.6 k�

Voltage gain is

Av = −gm1 (ro1 ‖ ro2)

Av = − (1.24 mA/V) (18 k� ‖ 21.6 k�)

= −12.2 V/V

Ex: 8.9

VCC

vo

vi

Rin

VBIAS

Q1

Q2

I

IC1 = I = 100 µA = 0.1 mA

gm1 = IC1

VT

= 0.1 mA

25 mV
= 4 mA/V

Rin = rπ1 = β1

gm 1

= 100

4 mA/V
= 25 k�

ro1 = VA

I
= 50 V

0.1 mA
= 500 k�

ro2 = |VA|
I

= 50 V

0.1 mA
= 500 k�

A0 = gm1 ro1 = (4 mA/V) (500 k�) =
2000 V/V

Av = −gm1 (ro1 ‖ ro2) = −(4 mA/V)×
(500 k� ‖ 500 k�) = −1000 V/V

Ex: 8.10 Refer to Fig. 1,

vsig

Rsig

RL

i

i

Rin

�

�

vo

�
�

vo = i RL

vsig = i(Rs + Rin)
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Exercise 8–4

Thus,

vo

vsig

= RL

Rs + Rin

Q.E.D

Ex: 8.11 Since gmro ≫ 1, we use Eq. (8.52),

Rin ≃ 1

gm

+ RL

gmro

RL 0 ro (gmro)ro ∞

Rin

1

gm

2

gm

ro ∞

Ex: 8.12 For gmro ≫ 1, we use Eq. (8.57),

Rout ≃ ro + (gmro)Rs

to obtain

Rs 0 ro (gmro)ro ∞

Rout ro (gmro)ro (gmro)
2ro ∞

Ex: 8.13 Substituting Rs = ro in Eq. (8.53) gives

Ais =
1 + 1

gmro

1 + 2

gmro

Substituting the given values of (gmro) we obtain

gmro 20 50 100

Ais (A/A) 0.95 0.98 0.99

Ex: 8.14 Avo remains unchanged at gmro. With a

load resistance RL connected,

Av = Avo

RL

RL + Ro

= (gmro)
RL

RL + (1 + gm Rs)ro

Ex: 8.15 Since gmro ≫ 1 we use Eq. (8.62),

Rin ≃ rπ‖
[

1

gm

+ RL

gmro

]

For RL = 0,

Rin ≃ rπ‖ 1

gm

= re

For RL = ro,

Rin = rπ‖( 1

gm

+ 1

gm

) = rπ‖ 2

gm

≃ 2re

For RL = βro,

Rin = rπ‖( 1

gm

+ βro

gmro

) = rπ‖( 1

gm

+ rπ )

≃ rπ‖rπ = 1

2
rπ

For RL = ∞,

Rin = rπ

Summary:

RL 0 ro βro ∞

Rin re 2re

1

2
rπ rπ

Ex: 8.16 Using Eq. (8.69),

Rout ≃ ro + (gmro)(Re ‖ rπ )

we obtain

Re 0 re rπ ro ∞

Rout ro 2ro

(

β

2
+ 1

)

ro (β + 1)ro (β + 1)ro

Ex: 8.17 Using Eq. (8.65) with Re = ro,

Ais =
1 + 1

gmro

1 + 1

gmro

+ 1

gm(ro‖rπ )

=
1 + 1

gmro

1 + 2

gmro

+ 1

gmrπ

=
1 + 1

gmro

1 + 2

gmro

+ 1

β

For β = 100 and gmro = 100,

Ais =
1 + 1

100

1 + 2

100
+ 1

100

= 0.98 A/A

For β = 100 and gmro = 1000,

Ais =
1 + 1

1000

1 + 2

1000
+ 1

100

= 0.99 A/A

Ex: 8.18 Ro = 1 + gm(Re ‖ rπ )ro

where

gm = 4 mA/V, rπ = β

gm

= 25 k�,

Re = 1 k�, and ro = VA

IC

= 20

0.1
= 200 k�
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Exercise 8–5

Thus,

Ro = [1 + 4(1 ‖ 25)] × 200

≃ 1 M�

Without emitter degeneration,

Ro = ro = 200 k�

Ex: 8.19 If L is halved

(

L = 0.55 µm

2

)

and

|VA| =
∣

∣V ′
A

∣

∣ · L , we obtain

|VA| = 5 V/µm

(

0.55 µm

2

)

= 1.375 V

Ro = |VA|
|VOV |/2

· |VA|
ID

= 2 (1.375 V)2

(0.3 V) (100 µA)

= 126 k�

Since ID = 1

2

(

μpCox

)

(

W

L

)

|VOV |2
(

1 + VSD

|VA|

)

W

L
= 2 (100 µA)

90 µA/V2 (0.3 V)2

(

1 + 0.3 V

1.375 V

)

W

L
= 20.3

Ex: 8.20

VG4 � 1.1 V

VDD � �1.8 V

vO

VG3 � 0.8 V

Q4

Q3

Q2

Q1

VG2 � 1.0 V

VI � 0.7 V

If all transistors are matched and are obviously

operating at the same ID , then all |VOV | will be
equal and equal to that of Q1, namely,

|VOV | = 0.7 − 0.5 = 0.2 V

To keep Q2 in saturation,

v O min = VG2 − |Vt | = 0.5 V

To keep Q3 in saturation,

v O max = VG3 + |Vt | = 1.3 V

Thus, the allowable range of vO is from 0.5 V to

1.3 V.

Ex: 8.21 Refer to Fig. 8.31.

gm1 = gm2 = gm3 = gm4 = 2 ID

|VOV | = 2 × 0.2

0.2
= 2 mA/V

ro1 = ro2 = ro3 = ro4 = |VA|
ID

= 2

0.2
= 10 k�

Ron = (gm2ro2)ro1 = (2 × 10) × 10 = 200 k�

Rop = (gm3ro3)ro4 = (2 × 10) × 10 = 200 k�

Ro = Ron ‖ Rop = 200 ‖ 200 = 100 k�

Av = −gm1 Ro = −2 × 100 = −200 V/V

Ex: 8.22 gm1 = gm2 = gm

= ID

VOV

2

= 0.1 mA

(0.2/2) V
= 1 mA/V

ro1 = ro2 = ro

= VA

ID

= 2 V

0.1 mA
= 20 k�

so, gmro = 1 mA/V (20 k�) = 20

(a) For RL = 20 k�,

Rin2 = RL + ro2

1 + gm2ro2

= 20 k� + 20 k�

1 + 20
= 1.9 k�

∴ Av1 = −gm1 (ro1 ‖ Rin2)

= −1 mA/V (20 ‖ 1.9) = −1.74 V/V

or

If we use the approximation of Eq. (8.84),

Rin2 ≈ RL

gm2ro2
+ 1

gm2
= 20 k�

20
+ 1

1 mA/V
= 2 k�

then

Av1 = −1 mA/V (20 k� ‖ 2 k�) = −1.82 V/V

Continuing, from Eq. (8.81),

Av = −gm1

[

(gm2ro2ro1) ‖ RL

]

Av = −1 mA/V {[(20) (20 k�)] ‖ 20 k�}

= −19.0 V/V

Av2 = Av

Av1

= −19.0

−1.82
= 10.5 V/V

(b) Now, for RL = 400 k�,

Rin2 ≃ RL

gm2ro2

+ 1

gm2

= 400 k�

20
+ 1

1 mA/V

= 21 k�

Av1 = −1 mA/V (20 k� ‖ 21 k�) = −10.2 V/V
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Exercise 8–6

Av = −1 mA/V [(20) (20 k�)] ‖ 400 k�

= −200 V/V

Av2 = Av

Av1

= −200

−10.2
= 19.6 V/V

Ex: 8.23 Referring to Fig. 8.34,

Rop = (gm3ro3) (ro4 ‖ rπ3) and

Ron = (gm2ro2) (ro1 ‖ rπ2)

The maximum values of these resistances are

obtained when ro ≫ rπ and are given by

Ron

∣

∣

∣

max
= (gm2ro2) rπ2

Rop

∣

∣

∣

max
= (gm3ro3) rπ3

Since gmrπ = β,

Ron

∣

∣

∣

max
= β2ro2

Rop

∣

∣

∣

max
= β3ro3

Since Av = −gm1

(

Ron ‖ Rop

)

,

|Avmax| = gm1

(

β2ro2 ‖ β3ro3

)

Ex: 8.24 For the npn transistors,

gm1 = gm2 = |IC |
|VT | = 0.2 mA

25 mV
= 8 mA/V

rπ1 = rπ2 = β

gm

= 100

8 mA/V
= 12.5 k�

ro1 = ro2 = |VA|
|IC | = 5 V

0.2 mA
= 25 k�

From Fig. 8.34,

Ron = (gm2ro2) (ro1 ‖ rπ2)

= (8 mA/V) (25 k�) (25 k� ‖ 12.5 k�)

Ron = 1.67 M�

For the pnp transistors,

gm3 = gm4 = |IC |
VT

= 0.2 mA

25 mV
= 8 mA/V

rπ3 = rπ4 = β

gm

= 50

8 mA/V
= 6.25 k�

ro3 = ro4 = |VA|
|IC | = 4 V

0.2 mA
= 20 k�

Rop = (gm3ro3) (ro4 ‖ rπ3)

= (8 mA/V) (20 k�) (20 k� ‖ 6.25 k�)

Rop = 762 k�

Av = −gm1

(

Ron ‖ Rop

)

= − (8 mA/V) (1.67 M� ‖ 762 k�)

Av = −4186 V/V

Avmax occurs when ro1and ro4 are ≫ rπ .

Then

Ron = (gm2ro2) rπ2 = β2ro2

Ron = 100 (25 k�) = 2.5 M�

Rop = (gm3ro3) rπ3 = β3ro3

Rop = 50 (20 k�) = 1 M�

Finally,

Avmax = −(8 mA/V) (2.5 M� ‖ 1.0 M�)

Avmax = −5714 V/V

Ex: 8.25

gm = 2ID

VOV

= 2 × 0.2

0.2
= 2 mA/V

gmb = χgm = 0.2 × 2 = 0.4 mA/V

ro1 = ro3 = VA

ID

= 5

0.2
= 25 k�

RL = ro1 ‖ ro3 ‖ 1

gmb

= 25 ‖ 25 ‖ 2.5 k�

= 2.083 k�

vo

vi

= RL

RL + 1

gm

= 2.083

2.083 + 1

2

= 0.81 V/V

To obtain Rout we use Eq. (8.95),

Rout = 1

gm

‖ 1

gmb

‖ro1‖ro3

= 0.5‖2.5‖25‖25

= 0.403 k� = 403 �

Ex: 8.26 Refer to the circuit in Fig. 8.36. All

transistors are operating at ID = IREF = 100 µA

and equal VOV , found from

ID = 1

2
μnCox

(

W

L

)

V 2
OV

100 = 1

2
× 387 × 3.6

0.36
× V 2

OV

⇒ VOV = 0.227 V

VGS = 0.227 + 0.5 = 0.727 V

VOmin = VG3 − Vt3

= VGS4 + VGS1 − Vt3

Thus,

VOmin = 2VGS − Vt

= Vt + 2 VOV

= 0.5 + 2 × 0.227 = 0.95 V
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Exercise 8–7

gm = 2 ID

VOV

= 2 × 0.1

0.227
= 0.88 mA/V

ro = VA

ID

= V ′
A L

ID

= 5 × 0.36

0.1
= 18 k�

Ro = (gm3ro3)ro2 = (0.88 × 18) × 18

= 285 k�

Ex: 8.27 For the Wilson mirror from Eq. (8.97),

we have

IO

IREF

≃ 1

1 + 2

β2

= 0.9998

Thus
|IO − IREF|

IREF

× 100 = 0.02%

whereas for the simple mirror from Eq. (8.18) we

have

IO

IREF

= 1

1 + 2

β

= 0.98

Hence
|IO − IREF|

IREF

× 100 = 2%

For the Wilson current mirror, we have

Ro = βro

2
= 100 × 100 k�

2
= 5 M�

and for the simple mirror, Ro = ro

= 100 k�.

Ex: 8.28 For the two current sources designed in

Example 8.5, we have

gm = IC

VT

= 10 µA

25 mV
= 0.4

mA

V

ro = VA

IC

= 100 V

10 µA
= 10 M�,

rn = β

gm

= 250 k�

For the current source in Fig. 8.40(a), we have

Ro = ro2 = ro = 10 M�

For the current source in Fig. 8.40(b), from

Eq. (8.105), we have

Rout ≃
[

1 + gm (RE ‖ rn)
]

ro

From Example 8.5, RE = R3 = 11.5 k�;

therefore,

Rout ≃
[

1 + 0.4
mA

V
(11.5 k� ‖ 250 k�)

]

10 M�

∴ Rout = 54 M�
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Exercise 9–1

Chapter 9

Solutions to Exercises within the Chapter

Ex: 9.1 Referring to Fig. 9.3,

If RD is doubled to 5 k�,

VD1 = VD2 = VDD − I

2
RD

= 1.5 − 0.4 mA

2
(5 k�) = 0.5 V

VC Mmax = Vt + VD = 0.5 + 0.5 = +1.0 V

Since the currents ID1, and ID2 are still 0.2 mA

each,

VGS = 0.82 V

So, VC Mmin
= VSS + VC S + VGS

= −1.5 V + 0.4 V + 0.82 V = −0.28 V

So, the common-mode range is

−0.28 V to +1.0 V

Ex: 9.2 (a) The value of v id that causes Q1 to

conduct the entire current is
√

2 VOV

→
√

2 × 0.316 = 0.45 V

then, VD1 = VDD − I × RD

= 1.5 − 0.4 × 2.5 = 0.5 V

VD2 = VDD = +1.5 V

v O = VD2 − VD1 = +1 V

(b) For Q2 to conduct the entire current:

v id = −
√

2 VOV = −0.45 V

then,

VD1 = VDD = +1.5 V

VD2 = 1.5 − 0.4 × 2.5 = 0.5 V

v O = VD2 − VD1 = −1 V

(c) Thus the differential output range is

+1 V to −1 V.

Ex: 9.3 Refer to answer table for Exercise 9.3

where values were obtained in the following way:

I

2
= 1

2
k ′

n

(

W

L

)

V 2
OV ⇒ W

L
= I

k
′
n V 2

OV

= 2

V 2
OV

gm = 2(I/2)

VOV

= I

VOV

= 0.4

VOV

mA/V

(

v id/2

VOV

)2

= 0.1 → v id = 2 VOV

√
0.1 =

0.632 VOV

Ex: 9.4 ID = I

2
= 0.8 mA

2
= 0.4 mA

ID = 1

2
k

′
n

(

W

L

)

(VOV )2

RD � 5 k� RD � 5 k�

I � 0.8 mA

�VSS

�VDD

ID ID

Thus,

VOV =
√

√

√

√

√

2ID

k
′
n

(

W

L

) =
√

2 (0.4 mA)

0.2
(

mA/V2
)

(100)

= 0.2 V

gm = ID

VOV /2
= 0.4 mA × 2

0.2 V
= 4 mA/V

ro = VA

ID

= 20 V

0.4 mA
= 50 k�

Ad = gm (RD ‖ ro)

Ad = (4 mA/V) (5 k� ‖ 50 k�) = 18.2 V/V

Ex: 9.5 With I = 200 µA, for all transistors,

ID = I

2
= 200 µA

2
= 100 µA

L = 2(0.18 µm) = 0.36 µm

ro1 = ro2 = ro3 = ro4 =
∣

∣V ′
A

∣

∣ L

ID

= (10 V/ µm) (0.36 µm)

0.1 mA
= 36 k�

Since ID1 = ID2 = 1

2
μnCox

(

W

L

)

V 2
OV ,

(

W

L

)

1

=
(

W

L

)

2

= 2ID

μnCox V 2
OV

2(100 µA)
(

400 µA/V2
)

(0.2 V)2
= 12.5

(

W

L

)

3

=
(

W

L

)

4

= 2ID

μpCox |VOV |2

2(100 µA)
(

100 µA/V2
)

(0.2)2
= 50

gm = ID

VOV /2
= (100 µA) (2)

0.2 V
= 1 mA/V,

so

Ad = gm1(ro1 ‖ ro3) = 1(mA/V) (36 k� ‖ 36 k�)

= 18 V/V
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Exercise 9–2

Ex: 9.6 L = 2 (0.18 µm) = 0.36 µm

All ro =
∣

∣V ′
A

∣

∣ · L

ID

The drain current for all transistors is

ID = I

2
= 200 µA

2
= 100 µA

ro = (10 V/ µm) (0.36 µm)

0.1 mA
= 36 k�

Referring to Fig. 9.13(a),

Since ID = 1

2
μnCox

(

W

L

)

V 2
OV for all NMOS

transistors,
(

W

L

)

1

=
(

W

L

)

2

=
(

W

L

)

3

=
(

W

L

)

4

= 2ID

μnCox V 2
OV

= 2(100 µA)

400 µA/V2(0.2 V)2
= 12.5

(

W

L

)

5

=
(

W

L

)

6

=
(

W

L

)

7

=
(

W

L

)

8

= 2ID

μpCox V 2
OV

= 2(100 µA)

100 µA/V2(0.2 V)2
= 50

For all transistors,

gm = |ID|
|VOV | /2

= (0.1 mA) (2)

(0.2 V)
= 1 mA/V

From Fig. 9.13(b),

Ron = (gm3ro3) ro1 = (1 × 36) × 36

= 1.296 M�

Rop = (gm5ro5)ro7 = (1 × 36) × 36

= 1.296 M�

Ad = gm1

(

Ron ‖ Rop

)

= (1 mA/V) (1.296 M� ‖ 1.296 M�)

= 648 V/V

Ex: 9.7

Ex: 9.8

�2.5 V

RC � 5 k�IC1
RC

�2.5 V

�VEE

VCC

I � 0.4 mA

IC2

IC1 = IC2 ≃ IE1 = IE2 = I

2
= 0.4 mA

2

= 0.2 mA

VC Mmax ≃ VC + 0.4 V

= VCC − IC RC + 0.4 V

= 2.5 − 0.2 mA (5 k�) + 0.4 V = +1.9 V

VC Mmin = −VE E + VC S + VB E

VC Mmin = −2.5 V + 0.3 V + 0.7 V = −1.5 V

Input common-mode range is −1.5 V to +1.9 V

Ex: 9.9 Substituting iE1 + iE2 = I in Eq. (9.45)

yields

iE1 = I

1 + e(v B2−v B1)/VT

0.99 I = I

1 + e(v B2−v B1)/VT

v B1 − v B2 = −VT ln

(

1

0.99
− 1

)

= −25ln (1/99)

= 25ln (99) = 115 mV

Ex: 9.10 (a) The DC current in each transister is

0.5 mA. Thus VB E for each will be

VB E = 0.7 + 0.025ln

(

0.5

1

)

= 0.683 V

⇒ v E = 5 − 0.683 = +4.317 V

(b) gm = IC

VT

= 0.5

0.025
= 20

mA

V

(c) iC1 = 0.5 + gm1�v B E1

= 0.5 + 20 × 0.005 sin (2π × 1000t)

= 0.5 + 0.1 sin(2π × 1000t), mA
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Exercise 9–3

iC2 = 0.5 − 0.1 sin(2π × 1000t), mA

(d) vC1 = (VCC − IC RC ) − 0.1

×RC sin(2π × 1000t)

= (15 − 0.5 × 10) − 0.1 × 10 sin(2π × 1000t)

= 10 − 1 sin(2π × 1000t) , V

vC2 = 10 + 1 sin(2π × 1000t) , V

(e) vC2 − vC1 = 2 · sin(2π × 1000t) , V

(f) Voltage gain ≡ vC2 − vC1

v B1 − v B2

= 2 V peak

0.01 V peak
= 200 V/V

Ex: 9.11 The transconductance for each

transistor is

gm =
√

2μnCox (W/L)ID

ID = I

2
= 0.8 mA

2
= 0.4 mA

Thus,

gm =
√

2 × 0.2 × 100 × 0.4 = 4 mA/V

The differential gain for matched

RD values is Ad = v O2 − v O1

v id

= gm RD

If we ignore the 1% here, then we obtain

Ad = gm RD = (4 mA/V) (5 k�) = 20 V/V

| Acm | =
(

RD

2RSS

)(

�RD

RD

)

=
(

5

2 × 25

)

(0.01) = 0.001 V/V

CMRR (dB) = 20 log
| Ad |

| AC M | = 20 log

(

20

0.001

)

= 86 dB

Ex: 9.12 From Exercise 9.11,

gm = 4 mA/V

Using Eq. (9.85) and the fact that RSS = 25 k�,

we obtain

CMRR = (2 gm RSS)
(

�gm

gm

) = 2(4 mA/V) (25 k�)

0.01

= 20, 000

CMRR (dB) = 20 log10 (20, 000) = 86 dB

Ex: 9.13 If the output of a MOS differential

amplifier is taken single-endedly, then

| Ad | = 1

2
gm RD

(that is, half the gain obtained with the output

taken differentially), and from Eq. (9.74) we have

| Acm | ≃ RD

2RSS

Thus,

CMRR ≡ | Ad |
| Acm | = gm RSS

Substituting gm = 4 mA/V,

RD = 5 k�, and RSS = 25 k�,

|Ad | = 10 V/V

|Acm | = 0.1 V/V

CMRR = 100 or 40 dB

Ex: 9.14

�VCC

vi1

VB3

VB5

�VEE

Q5

Q1 Q2

Q3 Q4
VB4

vo2

vi2

I � 200 �A

vo1

I = 200 µA

Since β ≫ 1,

IC1 ≈ IC2 ≈ I

2
= 200 µA

2
= 100 µA

gm1 = gm2 = gm = IC

VT

= 100 µA

25 mV
= 4 mA/V

RC1 = RC2 = RC = ro = |VA|
IC

= 10 V

100 µA
= 100 k�

ro1 = ro2 = VA

I/2
= 10

0.1
= 100 k�

re1 = re2 = re = VT

IE

= 25 mV

0.1 mA
= 0.25 k�

| Ad | = RC ‖ ro

re

= 100 k� ‖ 100 k�

0.25 k�
= 200 V/V
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Rid = 2rπ , rπ = β

gm

= 100

4 mA/V
= 25 k�

Rid = 2(25 k�) = 50 k�

RE E = VA

I
= 10 V

200 µA
= 50 k�

If the total load resistance is assumed to be

mismatched by 1%, then we have

| Acm | = RC

2RE E

�RC

RC

= 100

2 × 50
× 0.01 = 0.01 V/V

CMRR (dB) = 20 log10

∣

∣

∣

∣

Ad

Acm

∣

∣

∣

∣

= 20 log10

∣

∣

∣

∣

200

0.01

∣

∣

∣

∣

= 86 dB

Using Eq. (9.96), we obtain

Ricm = β RE E ·
1 + RC

βro

1 + RC + 2RE E

ro

= 100 × 50 ×
1 + 100

100 × 100

1 + 100 + 2 × 50

100

Ricm ≃ 1.68 M�

Ex: 9.15 From Exercise 9.4:

VOV = 0.2 V

Using Eq. (9.97) we obtain VO S due to �RD/RD

as:

VO S =
(

VOV

2

)

·
(

�RD

RD

)

= 0.2

2
× 0.02 = 0.002 V i.e 2 mV

To obtain VO S due to �kn ,

use Eq. (9.98),

VO S =
(

VOV

2

)(

�kn

kn

)

⇒ VO S =
(

0.2

2

)

× 0.02 = 0.002

⇒ 2 mV

The offset voltage arising from �Vt is obtained

from Eq. (9.99):

VO S = �Vt = 2 mV

Finally, from Eq. (9.100) the total input offset is

VOS =
[

(

VOV

2

�RD

RD

)2

+
(

VOV

2

�kn

kn

)2

+ (�Vt )
2

]1/2

=
√

(

2 × 10−3
)2 +

(

2 × 10−3
)2 +

(

2 × 10−3
)2

=
√

3 ×
(

2 × 10−3
)2

= 3.5 mV

Ex: 9.16 From Eq. (9.103), we get

VO S = VT

√

(

�RC

RC

)2

+
(

�IS

IS

)2

= 25

√

(0.02)2 + (0.1)2

= 2.55 mV

IB = 100

2(β + 1)
= 100

2 × 101
∼= 0.5 µA

IO S = IB

(

�β

β

)

= 0.5 × 0.1 µA = 50 nA

Ex: 9.17 ID = 1

2
I = 0.4 mA

ID = 1

2
μnCox

(

W

L

)

n

V 2
OV

0.4 = 1

2
× 0.2 × 100 × V 2

OV

⇒ VOV = 0.2 V

gm1,2 = 2ID

VOV

= 2 × 0.4

0.2
= 4 mA/V

Gmd = gm1,2 = 4 mA/V

ro2 = VAn

ID

= 20

0.4
= 50 k�

ro4 = |VAp|
ID

= 20

0.4
= 50 k�

Ro = ro2 ‖ ro4 = 50 ‖ 50 = 25 k�

Ad = Gm Ro = 4 × 25 = 100 V/V

Ex: 9.18 Gmd = gm1,2 ≃ I/2

VT

= 0.4 mA

0.025 V

= 16 mA/V

ro2 = ro4 = VA

IC

= VA

I/2
= 100

0.4
= 250 k�

Ro = ro2 ‖ ro4 = 250 ‖ 250 = 125 k�

Ad = Gm Ro = 16 × 125 = 2000 V/V

Rid = 2rπ = 2 × β

gm1,2

= 2 × 160

16
= 20 k�

Ex: 9.19 From Exercise 9.17, we get

ID = 0.4 mA

VOV = 0.2 V gm1,2 = 4 mA/V
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Gmd = 4 mA/V Ad = 100 V/V

Now,

RSS = 25 k�

gm3 =
√

2μpCox

(

W

L

)

p

ID

=
√

2 × 0.1 × 200 × 0.4 = 4 mA/V

| Acm | = 1

2gm3 RSS

= 1

2 × 4 × 25
= 0.005 V/V

CMRR = | Ad |
| Acm | = 100

0.005

= 20,000 or 20 log 20,000 = 86 dB

Ex: 9.20 Refer to Fig. (9.37).

(a) Using Eq. (9.142), we obtain

I6 = (W/L)6

(W/L)4

(I/2)

⇒ 128 = (W/L)6

11.1
× 64

thus, (W/L)6 = 22.2

Using Eq. (9.143), we get

I7 = (W/L)7

(W/L)5

I

⇒ 128 = (W/L)7

88.8
× 128

thus, (W/L)7 = 88.8

(b) For Q1,

I

2
= 1

2
μpCox

(

W

L

)

1

V 2
OV1

⇒ VOV 1 =
√

√

√

√

64

1

2
× 128 × 44.4

= 0.15 V

Similarly for Q2, VOV 2 = 0.15 V

For Q6,

128 = 1

2
× 512 × 22.2V 2

OV 6

⇒ VOV 6 = 0.15 V

(c) gm = 2ID

VOV

ID VOV gm

Q1 64 µA 0.15 V 0.853 mA/V

Q2 64 µA 0.15 V 0.853 mA/V

Q6 128 µA 0.15 V 1.71 mA/V

(d) ro2 = 3.2/0.064 = 50 k�

ro4 = 3.2/0.064 = 50 k�

ro6 = 3.2/0.128 = 25 k�

ro7 = 3.2/0.128 = 25 k�

(e) Eq. (9.140):

A1 = −gm1 (ro2 ‖ ro4)

= −0.853 (50 ‖ 50) = −21.3
V

V

Eq. (9.141):

A2 = −gm6 (ro6 ‖ ro7)

= −21.3 V/V

Overall voltage gain is

A1 × A2 = −21.3 × − 21.3 = 454 V/V

Ex: 9.21 Rid = 20.2 k�

Avo = 8513 V/V

Ro = 152 �

With RS = 10 k� and RL = 1 k�,

Gv = 20.2

20.2 + 10
× 8513 × 1

(1 + 0.152)

= 4943 V/V

Ex: 9.22
ie8

ib8

= β8 + 1 = 101 A/A

ib8

ic7

= R5

R5 + Ri4

= 15.7

15.7 + 303.5
= 0.0492 A/A

ic7

ib7

= β7 = 100 A/A

ib7

ic5

= R3

R3 + Ri3

= 3

3 + 234.8
= 0.0126 A/A

ic5

ib5

= β5 = 100 A/A

ib5

ic2

= R1 + R2

R1 + R2 + Ri2

= 40

40 + 5.05
=

0.8879 A/A

ic2

i1

= β2 = 100 A/A

Thus the overall current gain is

ie8

i1

= 101 × 0.0492 × 100 × 0.0126 × 100

× 0.8879 × 100

= 55,599 A/A

and the overall voltage gain is

vo

v id

= R6

Ri1

· ie8

i1

= 3

20.2
× 55599 = 8257 V/V
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Exercise 10–1

Chapter 10

Solutions to Exercises within the Chapter

Ex: 10.1 Cox = ǫox

tox

= 3.45 × 10−11 F/m

3 × 10−9 m

= 11.5 × 10−3 F/m2

= 11.5 fF/µm2

Cov = W Lov Cox

= 1.5 × 0.03 × 11.5 = 0.52 fF

Cgs = 2

3
W LCox + Cov

= 2

3
× 1.5 × 0.15 × 11.5 + 0.52

= 2.25 fF

Cgd = Cov = 0.52 fF

Csb = Csb0
√

1 + VSB

V0

= 1
√

1 + 0.2

0.9

= 0.9 fF

Cdb = Cdb0
√

1 + VDB

V0

= 1
√

1 + 0.8 + 0.2

0.9

= 0.7 fF

Ex: 10.2 gm =
√

2k
′
n(W/L)ID

=
√

2 × 0.5 × (1.5/0.15) × 0.1 = 1 mA/V

fT = gm

2π(Cgs + Cgd)

= 1 × 10−3

2π(2.25 + 0.52) × 10−15

fT = 57.5 GHz

Ex: 10.3 Cde = τF gm

where

τF = 20 ps

gm = IC

VT

= 1 mA

0.025 V
= 40 mA/V

Thus,

Cde = 20 × 10−12 × 40 × 10−3 = 0.8 pF

C je ≃ 2C je0

= 2 × 20 = 40 fF

Cπ = Cde + C je

= 0.8 + 0.04 = 0.84 pF

Cμ = Cμ0
(

1 + VC B

V0c

)m

= 20
(

1 + 2

0.5

)0.33
= 12 fF

fT = gm

2π(Cπ + Cμ)

= 40 × 10−3

2π(0.84 + 0.012) × 10−12
= 7.47 GHz

Ex: 10.4 |β| = 10 at f = 50 MHz

Thus,

fT = 10 × 50 = 500 MHz

Cπ + Cμ = gm

2π fT

= 40 × 10−3

2π × 500 × 106

= 12.7 pF

Cπ = 12.7 − 2 = 10.7 pF

Ex: 10.5 Cπ = Cde + C je

10.7 = Cde + 2

⇒ Cde = 8.7 pF

Since Cde is proportional to gm and hence IC , at

IC = 0.1 mA,

Cde = 0.87 pF

and

Cπ = 0.87 + 2 = 2.87 pF

fT = 4 × 10−3

2π(2.87 + 2) × 10−12
= 130.7 MHz

Ex: 10.6 AM = −gm R′
L

where

gm = 2 mA/V

R′
L = RL‖ro = 10‖20 = 6.67 k�

Thus,

AM = −2 × 6.67 = −13.3 V/V

Ceq = (1 + gm R′
L)Cgd

= (1 + 13.3) × 5 = 71.5 fF

Cin = Cgs + Ceq = 20 + 71.5 = 91.5

fH = 1

2π CinRsig

= 1

2π × 91.5 × 10−15 × 20 × 103

= 86.9 MHz

Ex: 10.7 fH = 1

2π CinRsig

For fH ≥ 100 MHz,

Cin ≤ 1

2π × 100 × 106 × 20 × 103
= 79.6 fF

But,

Cin = Cgs + Ceq = 20 + Ceq
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Exercise 10–2

Thus,

Ceq ≤ 59.6 fF

Cgd(1 + gm R′
L) ≤ 59.6

Cgd ≤ 59.6

1 + 20
= 2.8 fF

Ex: 10.8 Refer to Example 10.2.

To move ft from 10.6 GHz to 3 GHz, fH must be

moved from 530.5 MHz to

fH = 530.5 × 3

10.6
= 150.1 MHz

Since,

fH = 1

2π(CL + Cgd)R′
L

then

CL + Cgd = 1

2π × 150.1 × 106 × 10 × 103
=

106 fF

CL = 106 − 5 = 101 fF

Ex: 10.9 To reduce the midband gain to half the

value found, we reduce R′
L by the same factor,

thus

R′
L = 4.76

2
= 2.38 k�

But,

R′
L = RL ‖ ro

2.38 = RL ‖ 100

⇒ RL = 2.44 k�

Cin = Cπ + Cμ(1 + gm R′
L)

= 7 + 1(1 + 40 × 2.38)

= 103.2 pF

fH = 1

2πCinR′
sig

= 1

2π × 103.2 × 10−12 × 1.67 × 103

= 923 MHz

Thus, by accepting a reduction in gain by a factor

of 2, the bandwidth is increased by a factor of

923/480 = 1.9, approximathely the same factor as

the reduction in gain.

Ex: 10.10 T (s) = 1000

1 + s

2π × 105

GB = 1000 × 100 × 103 = 108 Hz

Ex: 10.11 | AM | = gm R′
L = 2 × 10 = 20 V/V

GB = | AM | fH

= 20 × 56.8 = 1.14 GHz

Ex: 10.12 | AM | = 1

2
× 20 = 10 V/V

Rgs = 20 k�

Rgd = Rsig(1 + gm R′
L) + R′

L

= 20(1 + 10) + 5 = 225 k�

RCL
= R′

L = 5 k�

τgs = Cgs Rgs = 20 × 10−15 × 20 × 103 = 400 ps

τgd = Cgd Rgd = 5×10−15 ×225×103 = 1125 ps

τCL
= CL RCL

= 25 × 10−15 × 5 × 103 = 125 ps

τH = τgs + τgd + τCL

= 400 + 1125 + 125

= 1650 ps

fH = 1

2πτH

= 1

2π × 1650 × 10−12
= 96.5 MHz

GB = 10 × 96.5 = 0.965 GHz

Ex: 10.13 gm =
√

2μnCox

W

L
ID

Since ID is increased by a factor of 4, gm doubles:

gm = 2 × 2 = 4 mA/V

Since R′
L is ro/2, increasing ID by a factor of four

results in ro and hence R′
L decreasing by a factor

of 4, thus

R′
L = 1

4
× 10 = 2.5 k�

| AM | = gm R′
L = 4 × 2.5 = 10 V/V

Rgs = Rsig = 20 k�

Rgd = Rsig(1 + gm R′
L) + R′

L

= 20(1 + 10) + 2.5

= 222.5 k�

RCL
= R′

L = 2.5 k�

τH = τgs + τgd + τCL

= Cgs Rsig + Cgd Rgd + CL RCL

= 20 × 10−15 × 20 × 103 + 5 × 10−15 × 222.5

× 103 + 25 × 10−15 × 2.5 × 103

= 400 + 1112.5 + 62.5

= 1575 ps

fH = 1

2π × 1575 × 10−12
= 101 MHz

GB = | AM | fH

= 10 × 101 = 1.01 GHz
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Ex: 10.14 (a) gm = 40 mA/V

rπ = 200

40
= 5 k�

ron = VAn

I
= 130

1
= 130 k�

rop = |VAp|
I

= 50

1
= 50 k�

R′
L = ron ‖ rop = 130 ‖ 50 = 36.1 k�

AM = − rπ

rπ + Rsig

gm R′
L

= − 5

5 + 36
× 40 × 36.1

= −176 V/V

(b) Cin = Cπ + Cμ(1 + gm R′
L)

= 16 + 0.3(1 + 40 × 36.1)

= 450 pF

R′
sig = rπ ‖ Rsig

= 5 ‖ 36 = 4.39 k�

fH = 1

2πCinR′
sig

= 1

2π × 450 × 10−12 × 4.39 × 103

= 80.6 kHz

(c) Rπ = R′
sig = 4.39 k�

Rμ = R′
sig(1 + gm R′

L) + R′
L

= 4.39(1 + 40 × 36.1) + 36.1

= 6.38 M�

RC L = R′
L = 36.1 k�

τH = Cπ + Cμ Rμ + CL RC L

= 16 × 4.39 + 0.3 × 6.38 × 103 + 5 × 36.1

= 70.2 + 1914 + 180.5

= 2164.7 ns

fH = 1

2π × 2164.7 × 10−9

= 73.5 kHz

(d) fZ = gm

2πCμ

= 40 × 10−3

2π × 0.3 × 10−12
= 21.2 GHz

(e) GB = 175 × 73.5 = 12.9 MHz

Ex: 10.15 Rin = RL + ro

1 + gmro

= 800 + 20

1 + 40
≃ 20 k�

Gv = RL

Rsig + Rin

= 800

20 + 20
= 20 V/V

Rgs = Rsig ‖ Rin = 20 ‖ 20 = 10 k�

Rgd = RL ‖ Ro

= 800 ‖ 840 = 410 k�

τH = Cgs Rgs + (Cgd + CL)Rgd

= 20 × 10−15 × 10 × 103 + (5 + 25) × 10−15

× 410 × 103

= 200 + 12,300

= 12,500 ps

fH = 1

2π × 12,500 × 10−12
= 12.7 MHz

Thus, while the midband gain has been increased

substantially (by a factor of 21), the bandwidth

has been substantially lowered (by a factor of

20.7). Thus, the high-frequency advantage of the

CG amplifier is completely lost!

Ex: 10.16 (a) ACS = −gm(RL ‖ ro)

= −gm(ro ‖ ro) = −1

2
gmro

= −1

2
× 40 = −20 V/V

Acascode = −gm(RL ‖ Ro)

= −gm(ro ‖ gmroro)

≃ −gmro = −40 V/V

Thus,

Acascode

ACS

= 2

(b) For the CS amplifier,

τH = Cgs Rgs + Cgd Rgd

where

Rgs = Rsig

Rgd = Rsig(1 + gm R′
L) + R′

L

≃ Rsig(1 + gm R′
L)

= Rsig

(

1 + 1

2
gmro

)

= Rsig

(

1 + 1

2
× 40

)

= 21Rsig
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τH = Cgs Rsig + Cgd × 21Rsig

= Cgs Rsig + 0.25Cgs × 21Rsig

= 6.25Cgs Rsig

fH = 1

2π × 6.25Cgs Rsig

For the cascode amplifier,

τH ≃ RsigCgs1 + Cgd1(1 + gm1 Rd1)

where

Rd1 = ro1 ‖ Rin2 = ro ‖ ro + ro

gmro

= ro ‖ 2

gm

=

2

gm

ro

2

gm

+ ro

= 2ro

2 + gmro

= 2ro

2 + 40
= ro

21

τH = Cgs Rsig

[

1 + 0.25
(

1 + gmro

21

)]

= Cgs Rsig

[

1 + 0.25

(

1 + 40

21

)]

= 1.73Cgs Rsig

fH = 1

2π × 1.73 Cgs Rsig

Thus,

fH (cascode)

fH (CS)
= 6.25

1.73
= 3.6

(c)
ft (cascode)

ft (CS)
= 2 × 3.6 = 7.2

Ex: 10.17 gm = 40 mA/V

rπ = β

gm

= 200

40
= 5 k�

Rin = rπ = 5 k�

A0 = gmro

= 40 × 130 = 5200

Ro1 = ro1 = 130 k�

Rin2 = rπ2 ‖ ro2 + RL

gm2ro2

= 5 ‖ 130 + 50

5200

= 35 �

Ro ≃ β2ro2 = 200 × 130 = 26 M�

AM = − rπ

rπ + Rsig

gm(Ro ‖ RL)

= − 5

5 + 36
40(26,000 ‖ 50)

AM = −244 V/V

R′
sig = rπ1 ‖ Rsig

= 5 ‖ 36 = 4.39 k�

Rπ1 = R′
sig = 4.39 k�

Rc1 = ro1 ‖ Rin2

= 130 k� ‖ 35 � ≃ 35 �

Rμ1 = R′
sig(1 + gm1 Rc1) + Rc1

= 4.39(1 + 40 × 0.035) + 0.035

= 10.6 k�

τH = Cπ1 Rπ1 + Cμ1 Rμ1 + Cπ2 Rc1

+ (CL + Cμ2)(RL ‖ Ro)

= 16 × 4.39 + 0.3 × 10.6 + 16 × 0.035

+ (5 + 0.3)(50 ‖ 26,000)

= 70.24 + 3.18 + 0.56 + 264.5

= 338.5 ns

fH = 1

2π × 338.5 × 10−9
= 470 kHz

ft = | AM | fH = 244 × 470 = 113.8 MHz

Thus, in comparison to the CE amplifier of

Exercise 10.19, we see that | AM | has increased
from 175 V/V to 242 V/V, fH has increased from

73.5 kHz to 470 kHz, and ft has increased from

12.9 MHz to 113.8 MHz.

To have fH equal to 1 MHz,

τH = 1

2π fH

= 1

2π × 1 × 106
= 159.2 ns

Thus,

159.2 = 70.24 + 3.18 + 0.56

+ (CL + Cμ)(50 ‖ 26,000)

⇒ CL + Cμ = 1.71 pF

Thus, CL must be reduced to 1.41 pF.

Ex: 10.18 From Eq. (10.103), we obtain

Rgs = Rsig

gm R′
L + 1

+ R′
L

gm R′
L + 1

= Rsig + R′
L

gm R′
L + 1

Rgd = Rsig

RCL
= R′

L

gm R′
L + 1

Ex: 10.19 From Example 10.8, we get

τH = b1 = 104 ps
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fH = 1

2πτH

= 1

2π × 104 × 10−12
= 1.53 GHz

This is lower than the exact value found in

Example 10.8 (i.e., 1.86 GHz) by about 18%, still

not a bad estimate!

Ex: 10.20 gm = 40 mA/V

re = 25 �

rπ = β

gm

= 100

40
= 2.5 k�

Rsig = 1 k�

R′
L = RL ‖ ro = 1 ‖ 100 = 0.99 k�

AM = R′
L

R′
L + re +

R′
sig

β + 1

= 0.99

0.99 + 0.025 + (1/101)
= 0.97 V/V

Cπ + Cμ = gm

2π fT

= 40 × 10−3

2π × 400 × 106

= 15.9 pF

Cμ = 2 pF

Cπ = 13.9 pF

fZ = 1

2πCπre

= 1

2π × 13.9 × 10−12 × 25

= 458 MHz

b1 =

[

Cπ + Cμ

(

1 +
R′

L

re

)]

Rsig +
[

Cπ + CL

(

1 + Rsig

rπ

)]

R′
L

1 + R′
L

re

+ Rsig

rπ

=

[

13.9 + 2

(

1 + 0.99

0.025

)]

× 1 + (13.9 + 0)0.99

1 + 0.99

0.025
+ 1

2.5

= 2.66 × 10−9 s

b2 = Cπ Cμ RL Rsig

1 + R′
L

re

+ Rsig

rπ

= 13.9 × 2 × 0.99 × 1

1 + 0.99

0.025
+ 1

2.5

= 0.671 × 10−18

ωP1 and ωP2 are the roots of the equation

1 + b1s + b2s2 = 0

Solving we obtain,

fP1 = 67.2 MHz

fP2 = 562 MHz

Since fP1 ≪ fP2,

fH ≃ fP1 = 67.2 MHz

Ex: 10.21 (a) ID1,2 = 1

2
μnCox

(

W

L

)

1,2

V 2
OV

0.4 = 1

2
× 0.2 × 100V 2

OV

⇒ VOV = 0.2 V

gm = 2ID

VOV

= 2 × 0.4

0.2
= 4 mA/V

(b) Ad = gm(RD ‖ ro)

where

ro = VA

ID

= 20

0.4
= 50 k�

Ad = 4(5 ‖ 50) = 4 × 4.545

= 18.2 V/V

(c) fH = 1

2π(CL + Cgd + Cdb)(RD ‖ ro)

= 1

2π(100 + 10 + 10) × 10−15 × 4.545 × 103

= 292 MHz

(d) τgs = Cgs Rsig = 50 × 10 = 500 ps

τgd = Cgd Rgd = Cgd

[

Rsig(1 + gm R′
L) + R′

L

]

= 10 [10(1 + 18.2) + 4.545]

= 1965.5 ps

τCL
= (CL + Cdb)R′

L = 110 × 4.545 = 500 ps

τH = τgs + τgd + τCL

= 500 + 1965.5 + 500 = 2965.5 ps

fH = 1

2π × 2965.5 × 10−12

= 53.7 MHz

Ex: 10.22 fZ = 1

2π RSSCSS

= 1

2π × 75 × 103 × 0.4 × 10−12

= 5.3 MHz

Thus, the 3-dB frequency of the CMRR is

5.3 MHz.

Ex: 10.23 Ad = gm1,2(ro2 ‖ ro4)

where
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gm1,2 = 0.5

0.025
= 20 mA/V

ro2 = ro4 = 100

0.5
= 200 k�

Ad = 20(200 ‖ 200) = 2000 V/V

The dominant high-frequency pole is that

introduced at the output node,

fH = 1

2πCL(ro2 ‖ ro4)

= 1

2π × 2 × 10−12 × 100 × 103

= 0.8 MHz

Ex: 10.24 (a) AM = −gm R′
L

where

R′
L = RL ‖ ro = 20 ‖ 20 = 10 k�

AM = −2 × 10 = −20 V/V

τH = Cgs Rgs + Cgd Rgd + CL R′
L

= Cgs Rsig + Cgd

[

Rsig(1 + gm R′
L) + R′

L

]

+ CL R′
L

= 20 × 20 + 5 [20(1 + 20) + 10] + 5 × 10

= 400 + 2150 + 50

= 2600 ps

fH = 1

2πτH

= 1

2π × 2600 × 10−12

= 61.2 MHz

GB = | AM | fH

= 20 × 61.2

= 1.22 GHz

(b) Gm = gm

1 + gm Rs

= 2

1 + 2
= 0.67 mA/V

Ro ≃ ro(1 + gm Rs)

= 20 × 3 = 60 k�

R′
L = RL ‖ Ro = 20 ‖ 60 = 15 k�

AM = −Gm R′
L

= −0.67 × 15 = −10 V/V

Rgd = Rsig(1 + Gm R′
L) + R′

L

= 20(1 + 10) + 15

= 235 k�

RCL
= R′

L = 15 k�

Rgs = Rsig + Rs + RsigRs/(ro + RL)

1 + gm Rs

(

ro

ro + RL

)

where

Rs = 2

gm

= 1 k�

Rgs =
20 + 1 + 20 × 1

20 + 20

1 + 2 × 20

20 + 20

= 10.75 k�

τH = Cgs Rgs + Cgd Rgd + CL RCL

= 20 × 10.75 + 5 × 235 + 5 × 15

= 215 + 1175 + 75 = 1465 ps

fH = 1

2π × 1465 × 10−12
= 109 MHz

GB = 10 × 109 = 1.1 GHz

Ex: 10.25 Refer to Fig. 10.35(b).

AM = 2rπ

2rπ + Rsig

× 1

2
× gm RL

where

gm = 20 mA/V

rπ = 100

20
= 5 k�

AM = 10

10 + 10
× 1

2
× 20 × 10 = 50 V/V

fP1 = 1

2π

(

Cπ

2
+ Cμ

)

(2rπ ‖ Rsig)

= 1

2π

(

6

2
+ 2

)

× 10−12(10 ‖ 10) × 103

= 6.4 MHz

fP2 = 1

2πCμ RL

= 1

2π × 2 × 10−12 × 10 × 103

= 8 MHz

T (s) = 50
(

1 + s

ωP1

)(

1 + s

ωP2

)

|T ( jω)| = 50
√

√

√

√

[

1 +
(

ω

ωP1

)2
][

1 +
(

ω

ωP2

)2
]

At ω = ωH , |T | = 50/
√

2, thus

2 =
[

1 +
(

ωH

ωP1

)2
][

1 +
(

ωH

ωP2

)2
]
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Exercise 10–7

= 1 +
(

ωH

ωP1

)2

+
(

ωH

ωP2

)2

+
(

ωH

ωP1

)2 (
ωH

ωP2

)2

ω4
H

ω2
P1ω

2
P2

+ ω2
H

(

1

ω2
P1

+ 1

ω2
P2

)

− 1 = 0

f 4
H

f 2
P1 f 2

P2

+ f 2
H

(

1

f 2
P1

+ 1

f 2
P2

)

− 1 = 0

f 4
H

6.42 × 82
+ f 2

H

(

1

6.42
+ 1

82

)

− 1 = 0

⇒ fH = 4.6 MHz (Exact value)

Using Eq. (10.150), an approximathe value for

fH can be obtained:

fH ≃ 1/

√

1

f 2
P1

+ 1

f 2
P2

= 1/

√

1

6.42
+ 1

82
= 5 MHz

Ex: 10.26 AM = − RG

RG + Rsig

gm(RD ‖ RL)

= − 10

10 + 0.1
× 2(10 ‖ 10)

= −9.9 V/V

fP1 = 1

2πCC1(Rsig + RG)

= 1

2π × 1 × 10−6(0.1 + 10) × 106

= 0.016 Hz

fP2 = gm + 1/RS

2πCS

= (2 + 0.1) × 10−3

2π × 1 × 10−6
= 334.2 Hz

fP3 = 1

2πCC2(RD + RL)

= 1

2π × 1 × 10−6(10 + 10) × 103

= 8 Hz

fZ = 1

2πCS RS

= 1

2π × 1 × 10−6 × 10 × 103

= 15.9 Hz

Since the highest-frequency pole is fP2 = 334.2

and the next highest-frequency singularity is fZ

at 15.9 Hz, the lower 3-dB frequency fL will be

fL ≃ fP2 = 334.2 Hz

Ex: 10.27 Refer to Fig. 10.42.

τC1 = CC1

[

Rsig + (RB ‖ rπ )
]

= 1 × 10−6 [5 + (100 ‖ 2.5)] × 103

= 7.44 ms

τC E = CE

[

RE ‖
(

re + RB ‖ Rsig

β + 1

)]

β = gmrπ = 40 × 2.5 = 100

re ≃ 1/gm = 25 �

τC E = 1 × 10−6

[

5 ‖
(

0.025 + 100 ‖ 5

101

)]

× 103

τC E = 0.071 ms

τC2 = CC2(RC + RL)

= 1 × 10−6(8 + 5) × 103

= 13 ms

fL = 1

2π

[

1

τC1

+ 1

τC E

+ 1

τC2

]

= 1

2π

[

1

7.44
+ 1

0.071
+ 1

13

]

× 103

= 2.28 kHz

fZ = 1

2πCE RE

= 1

2π × 1 × 10−6 × 5 × 103
= 31.8 Hz

Since fZ is much lower than fL it will have a

negligible effect on fL .
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Exercise 11–1

Chapter 11

Solutions to Exercises within the Chapter

Ex: 11.1 (b)

β = 1/ A f

∣

∣

ideal
= 1

10
= 0.1 V/V

0.1 = R1

R1 + R2

⇒ R2

R1

= 9

(c)

A = 100 β = 0.1

Aβ = 10

1 + Aβ = 11 or 20.8 dB

A f = A

1 + Aβ
= 100

11
= 9.091 V/V

A f differs from the ideal value of 10 V/V by

−9.1%.

(d)

10 = A

1 + Aβ
= 100

1 + 100β

⇒ β = 0.09 V/V

0.09 = R1

R1 + R2

⇒ R2

R1

= 10.11

(e)

Vo = A f Vs = 10 × 1 = 10 V

V f = βVo = 0.09 × 10 = 0.9 V

Vi = Vs − V f = 1 − 0.9 = 0.1 V

(f)

A = 0.8 × 100 = 80

A f = 80

1 + 80 × 0.09

= 9.76 V/V

which is a 2.44% decrease.

Ex. 11.2 (b)

β = 1/ A f

∣

∣

ideal
= 1/103

β = 0.001 V/V

0.001 = R1

R1 + R2

⇒ R2

R1

= 999

(c)

Aβ = 104 × 10−3 = 10

1 + Aβ = 11 or 20.8 dB

A f = A

1 + Aβ
= 104

11
= 909.1 V/V

(d)

1000 = 104

1 + 104β

⇒ β = 0.0009

0.0009 = R1

R1 + R2

⇒ R2

R1

= 1110.1

(e)

Vo = A f Vs = 1000 × 0.01 = 10 V

V f = βVo = 0.0009 × 10 = 0.009 V

Vi = Vs − V f = 0.01 − 0.009 = 0.001 V

(f)

A = 0.8 × 104

A f = 0.8 × 104

1 + 0.8 × 104 × 0.0009

= 975.6 V/V

which is a 2.44% decrease.

Ex. 11.3 To constrain the corresponding change

in A f to 0.1%, we need an amount-of-feedback

of at least

1 + Aβ = 10%

0.1%
= 100

Thus the largest obtainable closed-loop gain will

be

A f = A

1 + Aβ
= 1000

100
= 10 V/V

Each amplifier in the cascade will have a nominal

gain of 10 V/V and a maximum variability of

0.1%; thus the overall voltage gain will be

(10)3 = 1000 V/V and the maximum variability

will be 0.3%.

Ex. 11.4

β = R1

R1 + R2

= 1

1 + 9
= 0.1

Aβ = 104 × 0.1 = 1000

1 + Aβ = 1001

A f = A

1 + Aβ
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Exercise 11–2

A f = 104

1 + 104 × 0.1
= 9.99 V/V

fH f = fH (1 + Aβ)

= 100 × 1001 = 100.1 kHz

Ex. 11.5 (a) Refer to Fig. 11.8(c).

β = R1

R1 + R2

(b)

�
�

RD

R2

�

�

R1Vt Vr

Vd

Q

Figure 1

Figure 1 shows the circuit prepared for

determining the loop gain Aβ. Observe that we

have eliminated the input signal Vs , and opened

the loop at the gate of Q where the input

impedance is infinite obviating the need for a

termination resistance at the right-hand side of

the break. Now we need to analyze the circuit to

determine

Aβ ≡ − Vr

Vt

First, we write for the gain of the CS amplifier Q,

Vd

Vt

= −gm RD ‖ (R1 + R2) (1)

then we use the voltage-divider rule to find Vr ,

Vr

Vd

= R1

R1 + R2

(2)

Combining Eqs. (1) and (2) gives

Aβ ≡ − Vr

Vt

= gm RD ‖ (R1 + R2)
R1

R1 + R2

which can be simplified to

Aβ = gm

RD R1

RD + R1 + R2

(c) A = Aβ

β

= gm

RD(R1 + R2)

RD + R1 + R2

(d) β = R1

R1 + R2

= 20

20 + 80
= 0.2 V/V

Aβ = 4
10 × 20

10 + 20 + 80
= 7.27

A = 7.27

0.2
= 36.36 V/V

A f = A

1 + Aβ
= 36.36

1 + 36.36 × 0.2
= 4.4 V/V

If Aβ were ≫ 1, then

A f ≃ 1

β
= 1

0.2
= 5 V/V

Ex. 11.6 From the solution of Example 11.5,

1 + Aβ = 60.1

Thus,

fH f = (1 + Aβ) fH

= 60.1 × 1

= 60.1 kHz

Ex. 11.7 Refer to Fig. E11.7. The 1-mA bias

current will split equally between the emitters of

Q1 and Q2, thus

IE1 = IE2 = 0.5 mA

Transistor Q3 will be operating at an emitter

current

IE3 = 5 mA

determined by the 5-mA current source. Since the

dc component of Vs = 0, the negative feedback

will force the dc voltage at the output to be

approximately zero.

The β circuit is shown in Fig. 1 (on next page)

together with the determination of β and of the

loading effects of the β circuit on the A circuit,

β = R1

R1 + R2

= 1

1 + 9
= 0.1 V/V

R11 = R1 ‖ R2 = 1 ‖ 9 = 0.9 k�

R22 = R1 + R2 = 1 + 9 = 10 k�

The A circuit is shown in Fig. 2 (on next page).

re1 = re2 = VT

IE1,2

= 25 mV

0.5 mA
= 50 �

re3 = VT

IE3

= 25 mV

5 mA
= 5 �

ie = Vi

re1 + re2 + Rs + R11

β + 1
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Exercise 11–3

These figures belong to Exercise 11.7.

�

�b 

�

�

�
1

1

0

1 22

1
2R1

R1 R1

R2
R2

R11 � R1 �� R2 R22 � R1 � R2

R
1

VoVf

Vf

Vo

R2 R2

2

R1

R1 � R2

Figure 1

�
�

Vi

Vo

Ri

Rs � 10 k� 

20 k� RC

R11 R22 RL � 2 k� 

Ro

Rb3

aie

ie

ib3
ie3

Q1 Q2

Q3

Figure 2

ie = Vi

0.05 + 0.05 + 10 + 0.9

101

⇒ ie = 4.81Vi (1)

Rb3 = (β + 1)[re3 + (R22 ‖ RL)]

= 101[0.005 + (10 ‖ 2)]

= 168.84 k�

ib3 = αie

RC

RC + Rb3

= 0.99 ie

20

20 + 168.84

⇒ ib3 = 0.105ie (2)

Vo = ie3(R22 ‖ RL)

= (β + 1)ib3(R22 ‖ RL)

= ib3 × 101(10 ‖ 2)

⇒ Vo = 168.33ib3 (3)

Combining (1)–(3), we obtain

A ≡ Vo

Vi

= 85 V/V

β = 0.1 V/V
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Exercise 11–4

Aβ = 8.5

1 + Aβ = 9.5

A f = 85

9.5
= 8.95 V/V

From the A circuit, we have

Ri = Rs + R11 + (β + 1)(re1 + re2)

= 10 + 0.9 + 101 × 0.1

= 21 k�

Ri f = Ri (1 + Aβ)

= 21 × 9.5 = 199.5 k�

Rin = Ri f − Rs = 199.5 − 10 = 189.5 k�

From the A circuit, we have

Ro = RL ‖ R22 ‖
(

re5 + RC

β + 1

)

= 2 ‖ 10 ‖
(

0.005 + 20

101

)

= 181 �

Rof = Ro

1 + Aβ

= 181

9.5
= 19.1 �

Rof = RL ‖ Rout

19.1 = 2 k� ‖ Rout

⇒ Rout = 19.2 �

Ex. 11.8 Figure 1 shows the β circuit together

with the determination of β, R11 and R22.

β = R1

R1 + R2

This figure belongs to Exercise 11.8.

�

�b  

�

�

�
1

1

0

1 22

1
2R1

R1 R1

R2
R2

R11 � R1 �� R2 R22 � R1 � R2

R
1

VoVf

Vf

Vo

R2 R2

2

R1

R1 � R2

Figure 1

R11 = R1 ‖ R2

R22 = R1 + R2

Figure 2 shows the A circuit. We can write

Vo = gm(RD ‖ R22)Vi

Thus,

A ≡ Vo

Vi

= gm RD ‖ (R1 + R2)

R11

R22

�
�

Vo

Ro

Q

RD

Ri

Vi

Figure 2

β = R1

R1 + R2

A f = A

1 + Aβ

From A circuit, we have

Ri = 1

gm
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Exercise 11–5

Ro = RD ‖ R22

Rin = Ri f = Ri (1 + Aβ)

Rin = 1

gm

(1 + Aβ)

Rout = Rof = Ro

1 + Aβ

Rout = RD ‖ (R1 + R2)

1 + Aβ

Comparison with the results of Exercise 11.6

shows that the expressions for A and β are

identical. However, Rin and Rout cannot be

determined using the method of Exercise 11.6.

Ex. 11.9 A f

∣

∣

ideal
= 10 A/A

β = 1

A f

∣

∣

ideal

= 0.1 A/A

A = 1000 A/A

1 + Aβ = 1 + 1000 × 0.1 = 101

A f = A

1 + Aβ
= 1000

101
= 9.9 A/A

Ri f = Ri

1 + Aβ
= 1000 �

101
= 9.9 �

Rof = Ro(1 + Aβ) = 100 k� × 101

= 10.1 M�

Ex. 11.10 Refer to the solution of Example 11.7.

If μ is reduced from 1000 V/V to 100 V/V, A

will be reduced by the same factor (10) to become

A = 64.9 mA/V

and the loop gain will be correspondingly

reduced,

Aβ = 64.9

Thus, the amount of feedback becomes

1 + Aβ = 65.9

and the closed-loop gain A f becomes

A f = A

1 + Aβ
= 64.9

65.9
= 0.985 mA/V

The input resistance becomes

Rin = Ri f = (1 + Aβ)Ri

= 65.9 × 101 = 6.7 M�

The output resistance becomes

Rout = Rof = (1 + Aβ)Ro

= 65.9 × 61 = 4 M�

Ex. 11.11 Refer to the solution of Example 11.7.

To double A f

∣

∣

ideal
we need to reduce β to half its

value. Since β = RF , the feedback resistance RF

becomes

RF = 500 �

Now, since A is given by

A = Rid

Rid + RF

μ
1

gm
+ (RF‖ro2)

ro2

RF + ro2

the value of A becomes

A = 100

100 + 0.5

1000

0.5 + (0.5‖20)

20

0.5 + 20

= 982.7 mA/V

Thus, A f becomes

A f = A

1 + Aβ
= 982.7

1 + 982.7 × 0.5

= 1.996 mA/V

Ex. 11.12 To obtain A f

∣

∣

ideal
= 100 mA/V, the

feedback factor β must be

β = 1

100
= 0.01 V/mA = 10 �

But,

β = RE1 RE2

RE1 + RE2 + RF

For RE1 = RE2 = 100 �,

10 = 100 × 100

100 + 100 + RF

⇒ RF = 800 �

Since the ideal value of (Io/Vs) is 100 mA/V, the

ideal value of the voltage gain is,

Vo

Vs

= − Io RC

Vs

= −100 × 0.6

= −60 V/V

Ex. 11.13 See figure on next page. Figure 1

shows the circuit prepared for the determination

of the loop gain,

Aβ ≡ − Vr

Vt

We will trace the signal around the loop as

follows:

Ic2 = gm2Vt (1)

Ib3 = Ic2

RC2

RC2 + Ri3

(2)

where

Ri3 =
(β + 1)

{

re3 + RE2 ‖ (RF + (RE1 ‖ re1))
}

(3)

Ie3 = (β + 1)Ib3 (4)
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Exercise 11–6

This figure belongs to Exercise 11.13.

Q1

Q2

Q3

�

�

�

�

re1

RC1

Ri3

RC2
RC3

RE2

Ie3

RE1

Vr Vt

RF

Ic1

Ic2

If

Ib3

rp2

Ie1

Figure 1

I f = Ie3

RE2

RE2 + RF + (RE1 ‖ re1)
(5)

Ie1 = I f

RE1

RE1 + re1

(6)

Ic1 = α Ie1 (7)

Vr = −Ic1(RC1 ‖ rπ2) (8)

Combining (1)–(8) gives Vr in terms of Vt and

hence Aβ ≡ −Vr/Vt . We shall do this

numerically using the values in Example 11.8:

gm2 = 40 mA/V, RC2 = 5 k�, β = 100,

re3 = 6.25 �, RE1 = RE2 = 100 �, RF =
640 �,

re1 = 41.7 �, α1 = 0.99, RC1 =
9 k�, and rπ2 = 2.5 k�

Ri3 = 101
{

0.00625 + 0.1 ‖ (0.64

+ (0.1 ‖ 0.0417))
}

= 9.42 k�

Ic2 = 40Vt (9)

Ib3 = 0.347Ic2 (10)

Ie3 = 101Ib3 (11)

I f = 0.13Ie3 (12)

Ie1 = 0.706I f (13)

Ic1 = 0.99Ie1 (14)

Vr = −1.957Ic1 (15)

Combining (9)–(15), we obtain

Aβ = − Vr

Vt

= 249.2

Ex. 11.14

�

�

�mVt

�

�

�

�
�
�

RF

ro

Rs Rid
RL

RidVr

Vt

Figure 1

Figure 1 shows the circuit prepared for

determining the loop gain

Aβ ≡ − Vr

Vt

Using the voltage-divider rule, we can write by

inspection

Vr =
−μVt

RL ‖ [RF + (Rs ‖ Rid )]

ro +
{

RL ‖ [RF + (Rs ‖ Rid )]
}

(Rs ‖ Rid )

RF + (Rs ‖ Rid )

Vr =
−μVt

RL (Rs ‖ Rid )

ro[RL + RF + (Rs ‖ Rid )] + RL [RF + (Rs ‖ Rid )]

Thus,

Aβ = − Vr

Vt

=
μRL (Rid ‖ Rs)

ro[RL + RF + (Rid ‖ Rs)] + RL [RF + (Rid ‖ Rs)]

Q.E.D.

Using the numerical values in Example 11.9, we

get

Aβ = 1035.2
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Exercise 11–7

This figure belongs to Exercise 11.15.

(a)

(b)

(c)

(d)

(f)

(e)

1 2 1 2

RF

RF

If

Ii

Ri

Rs

Ro

roVgsR11 R22

If 1

�

�

�

�

11 22

RF

RF

RF RF

R22 � RF

�

�

R11 � RF

Is

Rif Rin

Rs
Vgs gmVgs

gmVgs

ro

Rout � Rof

Vo

Vo

Vo

Vo

b �� ��

Figure 1

Ex. 11.15 See figure on next page. Figure 1(a)

shows the feedback amplifier circuit. The β

circuit is shown in Fig. 1(b), and the

determination of β is shown in Fig. 1(c),

β = − 1

RF

(a)

Af

∣

∣

∣

ideal
= 1

β
= −RF

(b) The determination of R11 and R22 is

illustrated in Figs. 1(d) and (e), respectively:

R11 = R22 = RF

Finally, the A circuit is shown in Fig. 1(f). We

can write by inspection

Ri = Rs ‖ R11 = Rs ‖ RF

Ro = ro ‖ R22 = ro ‖ RF

Vgs = Ii Ri

Vo = −gm Vgs(ro ‖ R22)

Thus,

A ≡ Vo

Ii

= −gm(Rs ‖ RF )(ro ‖ RF )

A f = Vo

Is

= A

1 + Aβ
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Exercise 11–8

A f =
− gm(Rs ‖ RF )(ro ‖ RF )

1 + gm(Rs ‖ RF )(ro ‖ RF )/RF

Q.E.D.

(c) Ri f = Ri

1 + Aβ

Ri f = Rs ‖ RF

1 + gm(Rs ‖ RF )(ro ‖ RF )/RF

1

Ri f

= 1

Rs

+ 1

RF

+ gm(ro ‖ RF )

RF

But,

1

Ri f

= 1

Rs

+ 1

Rin

thus,

1

Rin

= 1

RF

1 + gm(ro ‖ RF )

⇒ Rin = RF

1 + gm(ro ‖ RF )
Q.E.D.

(d) Rout = Rof = Ro

1 + Aβ

= ro ‖ RF

1 + gm(Rs ‖ RF )(ro ‖ RF )/RF

1

Rout

= 1

ro

+ 1

RF

+ gm(Rs ‖ RF )

RF

⇒ Rout = ro ‖ RF

1 + gm(Rs ‖ RF )
Q.E.D.

(e) A = −5(1 ‖ 10)(20 ‖ 10)

A = −30.3 k�

β = − 1

RF

= − 1

10
= −0.1 mA/V

Aβ = 3.03

1 + Aβ = 4.03

A f = A

1 + Aβ
= −30.3

4.03
= −7.52 k�

(Compare to the ideal value of −10 k�).

Ri = Rs ‖ RF = 1 ‖ 10 = 909 �

Ro = ro ‖ RF = 20 ‖ 10 = 6.67 k�

Ri f = Ri

1 + Aβ
= 909

4.03
= 226 �

Rin = 1

/[

1

Ri f

− 1

Rs

]

= 291 �

Rof = Ro

1 + Aβ
= 6.67

4.03
= 1.66 k�

Rout = Rof = 1.66 k�

Ex. 11.16 Refer to the solution of Example

11.10.

A = −μ
Ri

1/gm + (R1‖R2‖ro2)

ro2

ro2 + (R1‖R2)

= −100
100

1

5
+ (10‖90‖20)

20

20 + (10‖90)

= −1076.4 A/A

β = −0.1

A f = A

1 + Aβ
= − 1076.4

1 + 1076.4 × 0.1

= − 1076.4

1 + 107.64
= −1076.4

108.64

= −9.91 A/A

Ri = 100 k�

Rin = Ri f = Ri

1 + Aβ

= 100

108.64

= 921 �

Rout = Rof = Ro(1 + Aβ)

= 929 × 108.64

= 101 M�

Ex. 11.17 Refer to the solution of Example

11.10. With R2 = 0, β = − 1

1 + 0
= −1

A f

∣

∣

ideal
= 1

β
= −1 A/A

Ri = Rs‖Rid‖(R1 + R2)

⇒ Ri = R1

Ro = ro2 + (R1‖R2) + (gmro2)(R1‖R2)

⇒ Ro = ro2

A = −μ
Ri

1/gm + (R1‖R2‖ro2)

ro2

ro2 + (R1‖R2)

⇒ A = −μgm R1

Aβ = μgm R1

A f = A

1 + Aβ

= − μgm R1

1 + μgm R1

Rin = Ri f = Ri

1 + Aβ

Rin = R1

1 + μgm R1

≃ 1

μgm

Rout = Rof = Ro(1 + Aβ)

= ro2(1 + μgm R1)

⇒ Rout ≃ μ(gmro2)R1

Ex. 11.18 The feedback shifts the pole by a

factor equal to the amount of feedback:
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1 + A0β = 1 + 105 × 0.01 = 1001

The pole will be shifted to a frequency

fP f = fP(1 + A0β)

= 100 × 1001 = 100.1 kHz

If β is changed to a value that results in a nominal

closed-loop gain of 1, then we obtain

β = 1

and

1 + A0β = 1 + 105 × 1 ≃ 105

then the pole will be shifted to a frequency

fP f = 105 × 100 = 10 MHz

Ex. 11.19 From Eq. (11.40), we see that the

poles coincide when

(ωP1 + ωP2)
2 = 4(1 + A0β)ωP1ωP2

(104 + 106)2 = 4(1 + 100β) × 104 × 106

⇒ 1 + 100β = 25.5

⇒ β = 0.245

The corresponding value of Q = 0.5. This can

also be verified by substituting in Eq. (11.42).

A maximally flat response is obtained when

Q = 1/
√

2. Substituting in Eq. (11.42), we obtain

1√
2

=
√

(1 + 100β) × 104 × 106

104 + 106

⇒ β = 0.5

In this case, the low-frequency closed-loop gain is

A f (0) = A0

1 + A0β

= 100

1 + 100 × 0.5
= 1.96 V/V

Ex. 11.20 The closed-loop poles are the roots of

the characteristic equation

1 + A(s)β = 0

1 +

⎛

⎜

⎝

10

1 + s

104

⎞

⎟

⎠

3

β = 0

To simplify matters, we normalize s by the

factor 104, thus obtaining the normalized

complex-frequency variable S = s/104, and the

characteristic equation becomes

(S + 1)3 + 103β = 0 (1)

This equation has three roots, a real one and a

pair that can be complex conjugate. The real pole

can be found from

(S + 1)3 = −103β

⇒ S = −1 − 10β1/3 = −
(

1 + 10β1/3
)

(2)

Dividing the characteristic polynomial in (1) by
(

S + 1 + 10β1/3
)

gives a quadratic whose two

roots are the remaining poles of the feedback

amplifier. After some straightforward but

somewhat tedious algebra, we obtain

S2 +
(

10β1/3 − 2
)

S +
(

1 + 100β2/3 − 10β1/3
)

= 0 (3)

The pair of poles can now be obtained as

S =
(

−1 + 5β1/3
)

± j5
√

3 β1/3 (4)

Equations (1) and (3) describe the three poles

shown in Fig. E11.20.

From Eq. (2) we see that the pair of complex

poles lie on the jω axis for the value of β that

makes the coefficient of S equal to zero, thus

βcr =
(

2

10

)3

= 0.008

Ex. 11.21

A (s)

99R

R

�

�

Figure 1

From Fig. 1, we can easily obtain the loop gain as

Aβ = A(s) × 0.01

= 105

1 + s

2π × 10

× 0.01

= 1000

1 + s

2π × 10
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From this single-pole response (low-pass STC

response) we can find the unity-gain frequency

by inspection as

f1 = fP × 1000

= 104 Hz

The phase angle at f1 will be −90◦ and thus the

phase margin is 90◦.

Ex. 11.22 From Eq. (11.48), we obtain

| A f ( jω1)|
1/β

= 1/|1 + e− jθ |

= 1/|1 + cos θ − j sin θ |

(a) For PM = 30◦, θ = 180 − 30 = 150◦, thus

| A f ( jω1)|
1/β

= 1/|1 + cos 150◦ − j sin 150◦|

= 1.93

(b) For PM = 60◦, θ = 180 − 60 = 120◦, thus

| A f ( jω1)|
1/β

= 1/|1 + cos 120◦ − j sin 120◦|

= 1

(c) For PM = 90◦, θ = 180 − 90 = 90◦, thus

| A f ( jω1)|
1/β

= 1/|1 + cos 90◦ − j sin 90◦|

= 1/
√

2 = 0.707

Ex. 11.23 For a phase margin of 45◦,
φ = −135◦. Locating the point φ = −135◦ on
the phase plot in Fig. 11.38, we find the

corresponding point on the gain plot at 80 dB,

that is,

20 log(1/β) = 80 dB

⇒ β = 10−4

A f = A

1 + Aβ
= 105

1 + 105 × 10−4

= 9.09 × 103

= 79.2 dB ≃ 80 dB

Ex. 11.24 To obtain stable performance for

closed-loop gains as low as 20 dB (which is 80

dB below A0, or equivalently 104 below A0),

we must place the new dominant pole at

1 MHz/104 = 100 Hz.

Ex. 11.25 The frequency of the first pole must be

lowered from 1 MHz to a new frequency

f ′
D = 10 MHz

104
= 1000 Hz

that is, by a factor of 1000. Thus, the capacitance

at the controlling node must be increased by a

factor of 1000.
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Exercise 12–1

Chapter 12

Solutions to Exercises within the Chapter

Ex: 12.1 To allow for v O to reach

−VCC + VC Esat = −15 + 0.2 = −14.8 V, with

Q1 just cutting off (i.e. iE1 = 0),

I = 14.8 V

RL

= 14.8

1 k�
= 14.8 mA

The value of R can now be found from

I = VR

R
= VCC − VD

R

14.8 = 15 − 0.7

R

⇒ R = 14.3

14.8
= 0.97 k�

The resulting output signal swing will be −14.8

V to +14.8 V. The minimum current in Q1 = 0.

The maximum current in

Q1 = 14.8 + 14.8 = 29.6 mA

Ex: 12.2 At v O = −10 V, we have

iL = −10

1
= −10 mA

iE1 = I + iL = 14.8 − 10 = 4.8 mA

v B E1 = 0.6 + 0.025 ln

(

4.8

1

)

= 0.64 V

v I = v O + v B E1

= −10 + 0.64 = −9.36 V

At v O = 0 V, we have

iL = 0 mA

iE1 = I = 14.8 mA

v B E1 = 0.6 + 0.025 ln

(

14.8

1

)

= 0.67 V

v I = v O + v B E1

= 0 + 0.67 = 0.67 V

At v O = 10 V

iL = 10

1
= 10 mA

iE1 = I + iL = 14.8 + 10 = 24.8 mA

v B E1 = 0.6 + 0.025 ln

(

24.8

1

)

= 0.68 V

v I = v O + v B E1

= 10 + 0.68 = 10.68 V

At v O = −10 V, we have

iE1 = 4.8 mA

re1 = 25 mV

4.8 mA
= 5.2 �

vo

v i

= RL

RL + re1

= 1

1 + 0.0052
= 0.995 V/V

At v O = 0 V,

iE1 = 14.8 mA

re1 = 25 mV

14.8 mA
= 1.7 �

vo

v i

= RL

RL + re1

= 1

1 + 0.0017
= 0.998 V/V

At v O = +10 V,

iE1 = 24.8 mA

re1 = 25 mV

24.8 mA
= 1.0 �

vo

v i

= RL

RL + re1

= 1

1 + 0.001
= 0.999 V/V

Ex: 12.3

a. PL =

(

V̂o/
√

2
)2

RL

=

(

8/
√

2
)2

100
= 0.32 W

PS = 2VCC × I = 2 × 10 × 100 × 10−3

= 2 W

Efficiency η = PL

PS

× 100

= 0.32

2
× 100

= 16%

Ex: 12.4 (a) PL = 1

2

V̂ 2
o

RL

= 1

2

(4.5)2

4
= 2.53 W

(b) PS+ = PS− = VCC × 1

π

V̂o

RL

= 6 × 1

π
× 4.5

4
= 2.15 W

(c) η = PL

PS

× 100 = 2.53

2 × 2.15
× 100

= 59%

(d) Peak input currents = 1

β + 1

V̂o

RL
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= 1

51
× 4.5

4

= 22.1 mA

(e) Using Eq. (12.22), we obtain

PDNmax = PD Pmax = V 2
CC

π 2 RL

= 62

π2 × 4
= 0.91 W

Ex: 12.5 (a) The quiescent power dissipated in

each transistor = IQ × VCC

Total power dissipated in the two transistors

= 2IQ × VCC

= 2 × 2 × 10−3 × 15

= 60 mW

(b) IQ is increased to 10 mA

At v O = 0, we have iN = iP = 10 mA

From Eq. (12.31), we obtain

Rout = VT

iP + iN

= 25

10 + 10
= 1.25 �

vo

v i

= RL

RL + Rout

= 100

100 + 1.25

vo

v i

= 0.988 at v O = 0 V

At v O = 10 V, we have

iL = 10 V

100 �
= 0.1 A = 100 mA

Use Eq. (12.27) to calculate iN :

i2
N − iN iL − I 2

Q = 0

i2
N − 100 iN − 102 = 0

⇒ iN = 101.0 mA

Using Eq. (12.26), we obtain

iP =
I 2

Q

iN

≃ 1 mA

Rout = VT

iN + iP

= 25

101.0 + 1
≃ 0.2451 �

vo

v i

= RL

RL + Rout

= 100

100 + 0.2451
≃ 1

% change = 1 − 0.988

1
× 100 = 1.2%

In Example 12.3, IQ = 2 mA, and for v O = 0

Rout = VT

iN + iP

= 25

2 + 2
= 6.25 �

vo

v i

= RL

RL + Rout

= 100

100 + 6.25
= 0.94

v O = 10 V

iL = 10 V

100 �
= 100 mA

Again calculate iN (for IQ = 2 mA) using

Eq. (12.27) (iN = 100.04 mA):

iP =
I 2

Q

IN

= 22

100.04
= 0.04 mA

Rout = VT

iN + iP

= 25

100.04 + 0.04
= 0.25 �

vo

v i

= RL

RL + Rout

≃ 1

% Change = 1 − 0.94

1
× 100 = 6%

For IQ = 10 mA, change is 1.2%

For IQ = 2 mA, change is 6%

(c) The quiesent power dissipated in each

transistor = IQ × VCC

Total power dissipated = 2 × 10 × 10−3 × 15

= 300 mW

Ex: 12.6 From Example 12.4, we have VCC = 15

V,

RL = 100 �

QN and QP matched and IS = 10−13 A and

β = 50, IBias = 3 mA

For v O = 10 V, we have iL = 10

100
= 0.1 A

As a first approximation, iN ≃ 0.1 A,

iP = 0, iB N ≃ 0.1 A

50 + 1
≃ 2 mA

iD = IBias − iB N = 3 − 2 = 1 mA

VB B = 2VT ln

⎛

⎜

⎝

10−3

1

3
× 10−13

⎞

⎟

⎠
(1)

This
1

3
is because biasing diodes have

1

3
area of

the output devices.

But VB B = VB E N + VB E P

= VT ln

(

iN

IS

)

+ VT ln

(

iN − iL

IS

)

= V T ln

[

iN (iN − iL)

I 2
S

]

(2)

Equating Eqs. 1 and 2, we obtain

2VT ln

⎛

⎜

⎝

10−3

1

3
× 10−13

⎞

⎟

⎠
= VT ln

[

iN (iN − iL)

I 2
S

]
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iN

iD

iP

�VCC

IBias

�VCC

iL

RLQp

QN

vO

vI

⎛

⎜

⎝

10−3

1

3
× 10−13

⎞

⎟

⎠

2

= iN (iN − 0.1)
(

10−13
)2

iN (iN − 0.1) = 9 × 10−6

If iN is in mA, then

iN (iN − 100) = 9

i2
N − 100 iN − 9 = 0

⇒ iN = 100.1 mA

iP = iN − iL = 0.1 mA

For v O = −10 V and iL = −10

100
= −0.1 A

= −100 mA:

As a first approximation assume iP
∼= 100 mA,

iN ≃ 0. Since iN = 0, current through diodes

= 3 mA

∴ VB B = 2VT ln

⎛

⎜

⎝

3 × 10−3

1

3
× 10−13

⎞

⎟

⎠
(3)

But VB B = VT ln

(

iN

10−13

)

+ VT ln

(

iP

10−13

)

= V T ln

(

iP + iL

10−13

)

+ VT ln

(

iP

10−13

)

(4)

Here iL = −0.1 A

Equating Eqs. (3) and (4), we obtain

2VT ln

⎛

⎜

⎝

3 × 10−3

1

3
× 10−13

⎞

⎟

⎠
=

VT ln

(

iP − 0.1

10−13

)

+ VT ln

(

iP

10−13

)

⎛

⎜

⎝

3 × 10−3

1

3
× 10−13

⎞

⎟

⎠

2

= iP (iP − 0.1)
(

10−13
)2

iP(iP − 0.1) = 81 × 10−6

Expressing currents in mA, we have

iP (iP − 100) = 81

i2
P − 100 iP − 81 = 0

⇒ iP = 100.8 mA

iN = iP + iL = 0.8 mA

Ex: 12.7 �IC = gm × 2 mV/◦C × 5 ◦C, mA

where gm is in mA / mV

gm = 10 mA

25 mV
= 0.4 mA/mV

Thus, �IC = 0.4 × 2 × 5 = 4 mA

Ex: 12.8 Refer to Fig. 12.14.

(a) To obtain a terminal voltage of 1.2 V, and

since β1 is very large, it follows that

VR1 = VR2 = 0.6 V.

Thus IC1 = 1 mA

IR = 1.2 V

R1 + R2

= 1.2

2.4
= 0.5 mA

Thus, I = IC1 + IR = 1.5 mA

(b) For �VB B = +50 mV:

VB B = 1.25 V IR = 1.25

2.4
= 0.52 mA

VB E = 1.25

2
= 0.625 V

IC1 = 1 × e�VB E /VT = e0.025/0.025

= 2.72 mA

I = 2.72 + 0.52 = 3.24 mA

For �VB B = +100 mV, we have

VB B = 1.3 V, IR = 1.3

2.4
= 0.54 mA

VB E = 1.3

2
= 0.65 V

IC1 = 1 × e�VB E /VT = 1 × e0.05/0.025

= 7.39 mA

I = 7.39 + 0.54 = 7.93 mA

For �VB B = +200 mV:
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VB B = 1.4 V, IR = 1.4

2.4
= 0.58 mA

VB E = 0.7 V

IC1 = 1 × e0.1/0.025 = 54.60 mA

I = 54.60 + 0.58 = 55.18 mA

For �VB B = −50 mV:

VB B = 1.15 V, IR = 1.15

2.4
= 0.48 mA

VB E = 1.15

2

= 0.575

IC1 = 1 × e−0.025/0.025 = 0.37 mA

I = 0.48 + 0.37 = 0.85 mA

For �VB B = −100 mV:

VB B = 1.1 V IR = 1.1

2.4
= 0.46 mA

VB E = 0.55 V

IC1 = 1 × e−0.05/0.025 = 0.13 mA

I = 0.46 + 0.13 = 0.59 mA

For �VB B = −200 mV:

VB B = 1.0 V IR = 1

2.4
= 0.417 mA

VB E = 0.5 V

IC1 = 1 × e−0.1/0.025 = 0.018 mA

I = 0.43 mA

Ex: 12.9 (a) From symmetry we see that all

transistors will conduct equal currents and have

equal VB E ’s. Thus,

v O = 0 V

If VB E ≃ 0.7 V, then

VE1 = 0.7 V and I1 = 15 − 0.7

5
= 2.86 mA

If we neglect IB3, then

IC1 ≃ 2.86 mA

At this current, |VB E | is given by

|VB E | = 0.025 ln

(

2.86 × 10−3

3.3 × 10−14

)

≃ 0.63 V

Thus VE1 = 0.63 V and I1 = 2.87 mA

No more iterations are required and

iC1 = iC2 = iC3 = iC4 ≃ 2.87 mA

(b) For v I = +10 V

To start the iterations, let VB E1 ≃ 0.7 V

Q2

Q1

Q3

Q4

I1

�15 V

�15 V

5 k�

5 k�

0 V

VE1

vO

Thus,

VE1 = 10.7 V

and

I1 = 15 − 10.7

5
= 0.86 mA

Q2

Q1

Q3

Q4

I1

I2

�15 V

�15 V

5 k�

5 k�

�10 V
vO

Neglecting IB3, we obtain

IC1 ≃ IE1 ≃ I1 = 0.86 mA

But at this current

|VB E1| = VT ln

(

IC1

IS

)

= 0.025 ln

(

0.86 × 10−3

3.3 × 10−14

)

= 0.6 V
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Thus, VE1 = +10.6 V and I1 = 0.88 mA. No

further iterations are required and

IC1 ≃ 0.88 mA.

To find IC2, we use an identical procedure:

VB E2 ≃ 0.7 V

VE2 = 10 − 0.7 = +9.3 V

I2 = 9.3 − (−15)

5
= 4.86 mA

VB E2 = 0.025 ln

(

4.86 × 10−3

3.3 × 10−14

)

= 0.643 V

VE2 = 10 − 0.643 = +9.357

I2 = 4.87 mA

IC2 ≃ 4.87 mA

Finally,

IC3 = IC4 = 3.3 × 10−14 eVB E /VT

where

VB E = VE1 − VE2

2
= 0.62 V

Thus, IC3 = IC4 = 1.95 mA

The symmetry of the circuit enables us to find the

values for v I = −10 V as follows:

IC1 = 4.87 mA IC2 = 0.88 mA

IC3 = IC4 = 1.95 mA

For v I = +10 V, we have v O = VE1 − VB E3

= 10.6 − 0.62 = +9.98 V

For v I = −10 V, we have v O = VE1 − VB E3

= −9.357 − 0.62 = −9.98 V

(c) For v I = +10 V, we have

v O ≃ 10 V

IL ≃ 100 mA

IC3 ≃ 100 mA

IB3 = 100

201
≃ 0.5 mA

Assuming that |VB E1| has not changed much from

0.6 V, then

VE1 ≃ 10.6 V

I1 = 15 − 10.6

5
= 0.88 mA

IE1 = I1 − IB3 = 0.88 − 0.5 = 0.38 mA

IC1 ≃ 0.38 mA

|VB E1| = 0.025 ln

(

0.38 × 10−3

3.3 × 10−14

)

Q2

Q1

Q3

Q4

I1

IB3

IL

I2 5 k�

100 k�

5 k�

vO
vI

= 0.58 V

VE1 = 10.58 V

I1 = 15 − 10.58

5
= 0.88 mA

Thus, IC1 ≃ 0.38 mA

Now for Q2 we have

VB E2 = 0.643 V

VE2 = 10 − 0.643 = 9.357

I2 = 4.87 mA

IB4 ≃ 0

IC2 ≃ 4.87 mA (as in (b))

Assuming that IC3 ≃ 100 mA, we have

VB E3 = 0.025 ln

(

100 × 10−3

3.3 × 10−14

)

= 0.72 V

Thus, v O = VE1 − VB E3

= 10.58 − 0.72 = +9.86 V

|VB E4| = v O − VE2

9.86 − 9.36 = 0.5 V

Thus, IC4 = 3.3 × 10−14e0.5/0.025

≃ 0.02 mA

From symmetry we find the values for the case

v I = −10 V as:

IC1 = 4.87 mA, IC2 = 0.38 mA

IC3 = 0.02 mA, IC4 = 100 mA

v O = −9.86 V.

Microelectronic Circuits 8th edition Sedra Solutions Manual

https://ravanbooks.com/books/9780190853464-solutions


Exercise 12–6

Ex: 12.10 For Q1:

iC1 = IS P ev E B/VT

iC

βN + 1
= IS P ev E B/VT

iC ≃ βN IS P ev E B/VT

Thus, effective scale current = βN IS P

(b) Effective current gain ≡ iC

iB

= β PβN

= 20 × 50 = 1000

100 × 10−3 = 50 × 10−14 ev E B/0.025

v E B = 0.025 ln
(

2 × 1011
)

= 0.651 V

Ex: 12.11

Q1

Q2

�2.5 V

�2.5 V

–2.5 V

10 mA

200 �

vI

vO

v O = 0 V ⇒ ID1 = 10 mA

⇒ VGS1 = Vtn + VOV 1

= v tn +
√

2ID1

kn

= 0.5 V +
√

20 mA

50 mA/V2

= 1.13 V

⇒ v I = 1.13 V

From Eq. (12.38),

RL ≥ VSS − VOV 2

I
= 2.5 V − 0.63 V

10 mA

= 187�

Ex: 12.12

Q1

�3 V

�3 V�3 V

–3 V

50 mA

100 �

vI

vO

When v O = 0 V,

ID1 = 50 mA

gm1 =
√

2kn ID1 =
√

2 × 80 × 50 = 89 mA/V

Av = RL

RL + 1/gm1

= 100

100 + 1/0.089

= 0.899 V/V

VOV 2 =
√

2I

kn

=
√

2 × 50

80

= 1.12 V

⇒ v Omin = −2.5 + 1.12

= −1.38 V

We must also ensure Equation (12.38) is satisfied.

I ≥ VSS − VOV 2

RL

50 mA ≥ 1.38 V

100�
= 13.8 mA

Thus, when v O = v Omin:

ID1 = 50 mA − 1.38 V

100�

= 36.2 mA

⇒ gm1 =
√

2kn ID1

=
√

2 × 80 × 36.2

= 76.1 mA/V

⇒ Av = RL

RL + 1/gm1

= 100

100 + 1/0.0761

= 0.884 V/V

The percentage change is therefore,
∣

∣

∣

∣

0.884 − 0.899

0.899

∣

∣

∣

∣

× 100% = 1.7%
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Exercise 12–7

Ex: 12.13 According to Equation (12.44),

Rout
∼=

1

μgmp

⇒ μ ∼=
1

gmp Rout

= 1

0.05 × 1

= 20 V/V

gmp = 2I

VOV 1

⇒ I = gmp VOV 1

2

= 50 × 0.3

2

= 7.5 mA

Ex: 12.14 IQ = 0.1 × 2 V

100�
= 2 mA

gmn = gmp = 2IQ

VOV 1,2

= 2 × 2

0.3
= 13.33 mA/V

According to Equation (12.45),

Rout = 1

μ(gmp + gmn)

= 1

10 × (13.3 + 13.3)

= 3.75�

Ex: 12.15 See Fig. 1.

Figure 1 continued

Figure 1

Ex: 12.16

fs = 10 × highest frequency in audio signal

= 10 × 20 = 200 kHz

Since fs is a decade higher than fP , the gain will

have fallen by 40 dB. Thus the PWM component

at fs will be attenuated by 40 dB.

Ex: 12.17 Maximum peak amplitude = VDD

Maximum power delivered to RL = (VDD/
√

2)2

RL

= V 2
DD

2RL
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Exercise 12–8

For VDD = 35 V and RL = 8 �:

Peak amplitude = 35 V

Maximum power = 352

2 × 8
= 76.6 W

Power delivered by power supplies

= PL

η
= 76.6

0.9
= 85.1 W
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Exercise 13–1

Chapter 13

Solutions to Exercises within the Chapter

Ex: 13.1 Using Eq. (13.2), we obtain

VI C Mmin = −VSS + Vtn + VOV 3 − |Vtp|

= −1.65 + 0.5 + 0.3 − 0.5

= −1.35 V

Using Eq. (13.3), we get

VI C Mmax = VDD − |VOV 3| − |Vtp| − |VOV 1|

= 1.65 − 0.3 − 0.5 − 0.3

= +0.55 V

Thus,

−1.35 V ≤ VI C M ≤ +0.55 V

Using Eq. (13.5), we obtain

−VSS + VOV 6 ≤ v O ≤ VDD − |VOV 7|

Thus

−1.65 + 0.5 ≤ v O ≤ 1.65 − 0.5

⇒ −1.15 V ≤ v O ≤ +1.15 V

In a unity-gain configuration, the output is

connected to the gate of Q1 and must, therefore,

respect both limits. The overlap is

−1.15 V ≤ vO ≤ +0.55 V

Ex: 13.2 For all devices, we have

|VAn| = 5 V/ µm × 0.5 µm = 2.5 V
∣

∣VAp

∣

∣ = 6 V/ µm × 0.5 µm = 3 V

Using Eq. (13.11), we get

A1 = − 2

|VOV 1|
/

[

1

|VA2|
+ 1

VA4

]

= − 2

0.2 V

/

[

1

3 V
+ 1

2.5 V

]

= −13.6 V/V

Using Eq. (13.16), we obtain

A2 = − 2

|VOV 6|
/

[

1

VA6

+ 1

|VA4|

]

= − 2

0.3 V

/

[

1

2.5 V
+ 1

3 V

]

= −9.1 V/V

The total gain is

Av = A1 A2

= −13.6 × −9.1

= 123.8 V/V

We find the op-amp output resistance as follows,

ro6 = VAn

ID6

= 2.5 V

0.1 mA
= 25 k�

ro7 =
∣

∣VAp

∣

∣

ID6

= 3 V

0.1 mA
= 30 k�

Ro = ro6 ‖ ro7 = 25 ‖ 30 = 13.6 k�

Ex: 13.3 The feedback is of the voltage sampling

type (i.e., the connection at the output is a shunt

one), thus

Rout = Rof = Ro

1 + Aβ

where

Ro = ro6 ‖ ro7

A = gm1(ro2 ‖ ro4)gm6(ro6 ‖ ro7)

β = 1

Thus,

Rout = ro6 ‖ ro7

1 + gm1(ro2 ‖ ro4)gm6(ro6 ‖ ro7)

Usually,

A ≫ 1

Thus,

Rout ≃ 1

gm6[gm1(ro2 ‖ ro4)]

Ex: 13.4 Using Eq. (13.31), we get

ft = Gm1

2πCC

⇒ CC = Gm1

2π ft

= 0.35 × 10−3

2π × 20 × 106

= 2.8 pF

From Eq. (13.26), we have

fZ = Gm2

2πCC

= 1.0 × 10−3

2π × 2.8 × 10−12

≃ 57 MHz

From Eq. (13.30), we have

fP2 = Gm2

2πC2

= 1.0 × 10−3

2π × 2 × 10−12
= 80 MHz

Thus, ft is lower than fZ and fP2.
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Exercise 13–2

Ex: 13.5 (a) Using Eq. (13.36), we have

ft = Gm1

2πCC

⇒ CC = Gm1

2π ft

= 1 × 10−3

2π × 100 × 106

= 1.6 pF

A0 = Gm1(ro2 ‖ ro4)Gm2(ro6 ‖ ro7)

= 1(100 ‖ 100) × 2(40 ‖ 40)

= 50 × 2 × 20 = 2000 V/V

f3d B = ft

A0

= 100 × 106

2000
= 50 kHz

(b) From Eq. (13.34), we have

R = 1

Gm2

= 1

2 × 10−3
= 500 �

(c) From Eq. (13.35), we have

fP2 = Gm2

2πC2

= 2 × 10−3

2π × 1 × 10−12
= 318 MHz

φP2 = −tan−1 ft

fP2

= −tan−1 100

318

= −17.4◦

PM = 90 − 17.4 = 72.6◦

Ex: 13.6 Using Eq. (13.47), we obtain

SR = VOV 1ωt

= 0.2 × 2π × 100 × 106

= 126 V/µs

Using Eq. (13.45),

SR = I

CC

⇒ I = 126 × 106 × 1.6 × 10−12

= 200 µA

Ex: 13.7

Gm2 = gm6 = 2ID6

VOV

= 2 × 0.5

0.25
= 4 mA/V

fP2 = Gm2

2π × C2

= 4

2π × 15 × 10−12
= 42 MHz

tan−1 ft

fP2

= 20◦

⇒ ft = fP2 × tan 20◦ = 15.3 MHz

Gm1 = gm1 = 2(I/2)

VOV

= 2 × 0.3

0.25
= 1.2 mA/V

ft = Gm1

2π × CC

⇒ CC = Gm1

2π × ft

= 1.2 × 10−3

2π × 15.3 × 106
= 12.5 pF

Ex: 13.8

IRE F = 0.2 mA

10
= 20 µA = ID8

ID8 = 1

2
k ′

p

(

W

L

)

8

V 2
OV

⇒
(

W

L

)

8

= 2ID8

k ′
p × V 2

OV

= 2 × 20 × 10−6

86 × 10−6 × 0.52
= 1.86

W8 = 1.86 × L8 = 1.86 × 0.6 = 1.1 µm

W5

W8

= ID5

ID8

⇒ W5 = 200

20
× 1.1 = 11 µm

W6

W8

= ID6

ID8

⇒ W6 = 400

20
× 1.1 = 22 µm

|VGS8| = |Vtp| + |VOV | = 0.5 + 0.5 = 1.0 V

The required resistor value is

R = 1 V − 1 V − (−1 V)

IRE F

= 1 V

20µA
= 50 k�

Ex: 13.9 Total bias current = 300 µA = 2IB

⇒ IB = 150 µA

IB = ID1 + ID3

150 = ID1 + 0.25ID1

⇒ ID1 = 120 µA

I = ID1 + ID2

= 120 + 120 = 240 µA

ID3,4 = 0.25ID1,2 = 0.25 × 120

= 30 µA

Ex: 13.10 Using Eq. (13.50), we get

VI C Mmax = VDD − |VOV 9| + Vtn

= 1.65 − 0.3 + 0.5 = +1.85 V

Using Eq. (13.51), we obtain

VI C Mmin = −VSS + VOV 11 + VOV 1 + Vtn

VI C Mmin = −1.65 + 0.3 + 0.3 + 0.5
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= −0.55 V

Thus,

−0.55 V ≤ VI C M ≤ +1.85 V

Using Eq. (13.54), we get

VOmax = VDD − |VOV 10| − |VOV 4|

= 1.65 − 0.3 − 0.3 = +1.05 V

Using Eq. (13.55), we obtain

VOmin = −VSS + VOV 7 + VOV 5 + Vtn

= −1.65 + 0.3 + 0.3 + 0.5

= −0.55 V

Thus,

−0.55 V ≤ v O ≤ +1.05 V

Ex: 13.11 Gm = gm1 = gm2

Gm = 2(I/2)

VOV 1

= I

VOV 1

= 0.24

0.2
= 1.2 mA/V

ro2 = |VA|
I/2

= 20

0.12
= 166.7 k�

ro4 = |VA|
ID4

= |VA|

IB − I

2

= 20

0.150 − 0.120

= 20

0.03
= 666.7 k�

ro10 = |VA|
IB

= 20

0.15
= 133.3 k�

gm4 = 2ID4

|VOV | = 2 × 0.03

0.2
= 0.3 mA/V

Ro4 = (gm4ro4)(ro2 ‖ ro10)

= (0.3 × 666.7)(166.7 ‖ 133.3)

= 14.8 M�

gm6 = 2ID6

VOV

= 2 × 0.03

0.2
= 0.3 mA/V

ro6 = ro8 = |VA|
ID6,8

= 20

0.03
= 666.7 k�

Ro6 = gm6ro6ro8

= 0.3 × 666.7 × 666.7 = 133.3 M�

Ro = Ro4 ‖ Ro6

= 14.8 ‖ 133.3 = 13.3 M�

Av = Gm Ro = 1.2 × 13.3 × 103 = 16,000 V/V

Ex: 13.12 (a) The NMOS input stage operates

over the following input common-mode range:

−VSS +2VOV +Vtn ≤ VI C M ≤ VDD −|VOV |+Vtn

that is,

(−2.5 + 0.6 + 0.7) ≤ VI C M ≤ (2.5 − 0.3 + 0.7)

−1.2 V ≤ VI C M ≤ +2.9 V

(b) The PMOS input stage operates over the

following input common-mode range:

−VSS + VOV − |Vtp| ≤ VI C M ≤
VDD − 2|VOV | − |Vtp|

that is,

(−2.5 + 0.3 − 0.7) ≤ VI C M ≤ (2.5 − 0.6 − 0.7)

−2.9 V ≤ VI C M ≤ +1.2 V

(c) The overlap range is

−1.2 V ≤ VI C M ≤ +1.2 V

(d) The input common-mode range is

−2.9 V ≤ VI C M ≤ +2.9 V

Ex: 13.13 Denote the (W/L) of the transistors in

the wide-swing mirror by (W/L)M . Transistor Q4

has

(W/L)5 = 1

4
(W/L)M

IREF = 1

2
μnCox

(

W

L

)

5

V 2
OV 5

= 1

2
μnCox

(

W

L

)

M

× 1

4
V 2

OV 5

= 1

2
μnCox

(

W

L

)

M

(VOV 5/2)2

Thus,

VOV 5

2
= VOV

where VOV is the overdrive voltage for each of

the mirror transistors. Thus,

V5 = Vtn + 2VOV

which is the value of VBIAS needed in the circuit

of Fig. 13.13(b).

Ex: 13.14 IS2 = 2IS1

Using Eq. (13.72), we obtain

I = VT

R2

ln
IS2

IS1

0.01 = 0.025

R2

ln2

⇒ R2 = 1.73 k�
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R3 = R4 = 0.2 V

0.01 mA
= 20 k�

Ex: 13.15 To obtain I5 = 10 µA, transistor Q5

must have the same emitter area as Q2 and

R5 = R2 = 1.73 k�

To obtain I6 = 5 µA, transistor Q6 must have

one-half the emitter area of Q2 and

R6 = 2R2 = 3.46 k�

To obtain I7 = 20 µA, transistor Q7 must have

double the emitter area of Q3 and

R7 = 0.5R3 = 10 k�

To obtain I8 = 10 µA, transistor Q8 must have

the same emitter area as Q3 and

R8 = R3 = 20 k�

Ex: 13.16 Refer to Fig. 13.23. At node X,

IRE F = 2I

1 + 2

βP

+ 2I

βP

IRE F = 2I

⎡

⎢

⎢

⎣

βP + 1 + 2

βP

βP

(

1 + 2

βP

)

⎤

⎥

⎥

⎦

≃ 2I
βP + 1

βP + 2

≃ 2I

Thus,

I = IRE F

2
= 9.5 µA

resulting in

IC1 = IC2 = IC3 = IC4 = 9.5 µA

Ex: 13.17 Figure 1 on next page shows the

determination of the loop gain of the feedback

circuit that stabilizes the bias currents of the first

stage of the 741 op amp. Note that since IRE F is

assumed to be constant, we have shown its

incremental value at node X to be zero. Observe

that this circuit shows only incremental

quantities. The analysis shown provides the

returned current signal as

Ir = −It

βP

1 + 2

βP

For βP ≫ 1, we have

Ir ≃ −βP It

and the loop gain Aβ is

Aβ ≡ − Ir

It

= βP

Ex: 13.18 IB = 1

2
(IB1 + IB2)

= 1

2

(

I

βN + 1
+ I

βN + 1

)

= I

βN + 1
≃ I

βN

= 9.5

200
= 47.5 nA

IO S = 0.1 × IB = 4.75 nA

Ex: 13.19

VC1 = VCC − VE B8 = 15 − 0.6 = 14.4 V

Q1 and Q2 saturate when VI C M exceeds VC1 by

0.3 V. Thus,

VI C Mmax = +14.7 V

Ex: 13.20 re = VT

IE

≃ 25 mV

9.5 µA
= 2.63 k�

gm1 ≃ 1

re

= 0.38 mA/V

Gm1 = 1

2
gm1 = 0.19 mA/V

Rid = (βN + 1) × 4re

= 201 × 4 × 2.63

= 2.1 M�

Ex: 13.21 ro4 = |VAp|
I

= 50 V

9.5 µA
= 5.26 M�

gm4 = 0.38 mA/V

re2 = 2.63 k�

rπ4 = βP

gm4

= 50

0.38
= 131.6 k�

Ro4 = ro41 + gm4(re2 ‖ rπ4)

= 5.261 + 0.38(2.63 ‖ 131.6)

= 10.4 M�

10.5 M� is obtained by neglecting rπ4.

ro6 = VAn

I
= 125 V

9.5 µA
= 13.16 M�

gm6 = 0.38 mA/V

R6 = 1 k�

rπ6 = 200

0.38
= 526.3 k�

Ro6 = ro61 + gm6(R2 ‖ rπ6)

= 13.161 + 0.38(1 ‖ 526.3)
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This figure belongs to Exercise 13.17.

Figure 1

= 18.2 M�

Ro1 = 0.5 × Ro4

= 5.3 M�

Ex: 13.22 | Avo| = Gm1 Ro1

Using Gm1 given in the answer to Exercise 13.20,

Gm1 = 0.19 mA/V

and Ro1 given in the answer to Exercise 13.21,

Ro1 = 5.3 M�

we obtain

| Avo| = Gm1 Ro1

= 0.19 × 5.3 = 1007 V/V

Ex: 13.23

Ro6 = ro6 = |VAp|
IC6

= 50 V

19 µA
= 2.63 M�

Ro7 = ro7[1 + gm7(R4 ‖ rπ7)]

where

ro7 = VAn

IC7

= 125 V

19 µA
= 6.58 M�

gm7 = IC7

VT

= 19 µA

0.025 V
= 0.76 mA/V

R4 = 5 k�

rπ7 = βN

gm7

= 200

0.76
= 263.2 k�

Ro7 = 6.58[1 + 0.76(5 ‖ 263.2)]

= 31.1 M�

Ro = Ro6 ‖ Ro7

= 2.63 ‖ 31.1 = 2.43 M�

Ex: 13.24 Using Eq. (13.84), we obtain

Gmcm = ǫm

2Ro

= 5.5 × 10−3

2 × 2.43 × 106
= 1.13 × 10−6 mA/V
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CMRR = Gm1

Gmcm

= 0.19

1.13 × 10−6
= 1.68 × 105

or 104.5 dB

Without common-mode feedback, the CMRR is

reduced by a factor equal to βP . Equivalently,

CMRR = 104.5 − 20 logβP

= 104.5 − 20 log 50

= 70.5 dB

Ex: 13.25 Refer to the circuit in Fig. 13.29.

(a) Current gain from v I P to output

= (β1 + 1)(β2 + 1)βP

≃ β1β2βP = βN β2
P

Current gain from v I N to output = (β3 + 1)βN

≃ β3βN = β2
N

(b) For iL = +10 mA,

current needed at v I P input

= 10

βN β2
P

= 10

40 × 102
= 2.5 µA

For iL = −10 mA,

current needed at v I N input = 10

β2
N

= 10

402

= 6.25 µA

Ex: 13.26 IQ = 0.4 mA, I = 10 µA,

ISN

IS10

= 10,
IS7

IS11

= 2

Using Eq. (13.93), we obtain

0.4 × 103 = 2

(

I 2
REF

10

)

× 10 × 2

where IREF is in µA. Thus,

IREF = 10 µA

For iL = −10 mA, then

iP = 10 + iN

Using Eq. (13.94), we get

iN (10 + iN )

iN + 10 + iN

= 0.2

⇒ i2
N − 9.6iN + 2 = 0

⇒ iN = 0.2 mA

iP = 10.2 mA
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Exercise 14–1

Chapter 14

Solutions to Exercises within the Chapter

Ex: 14.1 A = −20 log|T | [dB]

|T | = 1 0.99 0.9 0.8 0.7 0.5 0.1 0

A ≃ 0 0.1 1 2 3 6 20 ∞

Ex: 14.2 Amax = −20 log 0.9 ≃ 0.9 dB

Amin = 20 log

[

1

0.01

]

= 40 dB

Ex: 14.3 (a)

T (s) = K

s3 + b2s2 + b1s + b0

This is a low-pass filter with 3 transmission zeros

at s = ∞.

(b)

T (s) = K s

s3 + b2s2 + b1s + b0

There is one transmission zero at s = 0, and two

transmission zeros at s = ∞. ⇒ Bandpass filter.

(c)

T (s) = K s2

s3 + b2s2 + b1s + b0

There are two transmission zeros at s = 0, and

one transmission zero at s = ∞. ⇒ Bandpass.

(d)

T (s) = K s3

s3 + b2s2 + b1s + b0

Three transmission zeros at s = 0. ⇒ Highpass.

Ex: 14.4

T (s) = k
(s + j2) (s − j2)

(

s + 1

2
+ j

√

3

2

)(

s + 1

2
− j

√

3

2

)

= k

(

s2 + 4
)

s2 + s + 1

4
+ 3

4

= k

(

s2 + 4
)

s2 + s + 1

T (0) = k
4

1
= 1

k = 1

4

∴ T (s) = 1

4

(

s2 + 4
)

s2 + s + 1

Ex: 14.5

T (s) = a3

s
(

s2 + 4
)

(s + 0.1 + j0.8) (s + 0.1 − j0.8)
×

1

(s + 0.1 + j1.2) (s + 0.1 − j1.2)

= a3

s
(

s2 + 4
)

(

s2 + 0.2s + 0.65
) (

s2 + 0.2s + 1.45
)

Ex: 14.6

T (s) = − R2

R1

1

1 + s

ω0

where R2/R1 = 10 and ω0 = 105 rad/s. The | T |
will be reduced by 3 dB from the value at dc, at

ω = ω0 = 105 rad/s. Thus,

ωP = 105 rad/s

The | T | at ω = ωs = 3ω0 is

| T ( jωs) |= 10
√

1 +
(

3ω0

ω0

)2

Thus, relative to | T (0) |, the transmission will be

lower by 20 log
√

1 + 32, which is 10 dB. Thus,

A(ωs) = 10 dB

Ex: 14.7

�
�

R2

R1

Vi Vo

C

104 = 1

C R 1

, R1 = 10 k�

C = 0.01 µF = 10 nF

H.F. gain =
−R2

R1

= −10

R2 = 100 k�

Ex: 14.8 T (s) = ω2
0

s2 + s
ω0

Q
+ ω2

0

For maximally flat response, Q = 1/
√

2, thus

T (s) = ω2
0

s2 + s
√

2 ω0 + ω2
0

T ( jω) = ω2
0

(ω2
0 − ω2) + j

√
2 ωω0
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|T ( jω)| = ω2
0

√

(ω2
0 − ω2)2 + 2ω2ω2

0

= ω2
0

√

ω4
0 + ω4

= 1
√

1 +
(

ω

ω0

)4

At ω = ω0,

|T ( jω0)| = 1√
1 + 1

= 1√
2

which is 3 dB below the value at

ω = 0 (0 dB). Q.E.D.

Ex: 14.9 T (s) =
sK

(

ω0

Q

)

s2 + s
ω0

Q
+ ω2

0

where K is the center-frequency gain. For

ω0 = 105 rad/s and 3-dB bandwidth = 103 rad/s,

we have

3-dB BW = ω0

Q

103 = 105

Q

⇒ Q = 100

Also, for a center-frequency gain of 10, we have

K = 10

Thus,

T (s) = 104s

s2 + 103s + 1010

Ex: 14.10

T (s) = k
s2 + ω2

n

s2 + s
ω0

Q
+ ω2

0

For ωn = 1.2 rad/s, ω0 = 1 rad/s, Q = 5, and dc

gain = k
ω2

n

ω2
0

= 1, i.e., k = 0.694,

T (s) = 0.694
s2 + 1.44

s2 + 0.2 s + 1

T (∞) = 0.694

Ex: 14.11 | T ( jω) |= 1/

√

1 + ǫ2(
ω

ωP

)2N

ωP = ω3dB, ǫ = 1, and N = 5,

| T ( jω) |= 1/

√

1 + (
ω

ω3dB

)10

= 1/

√

1 + (
f

f3dB
)10

| T ( jωs) |= 1/

√

1 + (
30

10
)10

A(ωs) = −20 log | T ( jωs) |

= 47.7 dB

Ex: 14.12

ǫ =

√

10

Amax

10 − 1 =

√

10

1

10 − 1 = 0.5088

|T ( jω)| = 1
√

1 + ǫ2

(

ω

ωp

)2N

A(ωs) = −20 log|T ( jωs)|

= 10 log

[

1 + ǫ2

(

ωs

ωp

)2N
]

Thus,

10 log
[

1 + 0.50882 × 1.52N
]

≥ 30

N = 10: LHS = 29.35 dB

N = 11: LHS = 32.87 dB

∴ Use N = 11 and obtain

Amin = 32.87 dB

Ex: 14.13 The real pole is at s = –1

The complex conjugate poles are at

s = − cos 60◦ ± j sin 60◦

= −0.5 ± j

√

3

2

Note that ω0 = 1 rad/s and Q = 1.

j     (   )
1/3

�1

s

30�
60�

1
e

T (s) =
1

(s + 1)

(

s + 0.5 + j

√

3

2

)(

s + 0.5 − j

√

3

2

)
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Exercise 14–3

= 1

(s + 1)
(

s2 + s + 1
)

DC gain = 1

Ex: 14.14

ǫ =

√

10

Amax

10 − 1 =

√

10

0.5
10 − 1 = 0.3493

A(ωs) = 10 log

[

1 + ǫ2 cosh2

(

N cosh−1 ωs

ωp

)]

= 10 log
[

1 + 0.34932 cosh2
(

7 cosh−12
)]

= 64.9 dB

For Amax = 1 dB, ǫ =
√

100.1 − 1 = 0.5088

A (ωs) = 10 log
[

1 + 0.50882 cosh2
(

7 cosh−12
)]

= 68.2 dB

This is an increase of 3.3 dB

Ex: 14.15 ǫ =

√

10

1

10 − 1 = 0.5088

(a) For the Chebyshev filter:

A (ωs)

= 10 log
[

1 + 0.50882 cosh2
(

N cosh−11.5
)]

≥ 50 dB

N = 7.4 ∴ choose N = 8

Excess attenuation =

10 log
[

1 + 0.50882 cosh2
(

8 cosh−11.5
)]

− 50

= 55 − 50 = 5 dB

(b) For a Butterworth filter

ǫ = 0.5088

A(ωs) = 10 log

[

1 + ǫ2

(

ωs

ωp

)2N
]

= 10 log ˙(

1 + 0.50882(1.5)2N
)

≥ 50

N = 15.9 ∴ choose N = 16

Excess attenuation =

10 log
( ˙[

1 + 0.50882(1.5)32
]

− 50
)

= 0.5 dB

Ex: 14.16 Maximally flat ⇒ Q = 1√
2

ω0 = 2π × 100 × 103

Arbitrarily selecting R = 1 k�, we get

Q = ω0C R ⇒ C = 1√
2 × 2π105 × 103

= 1125 pF

L

RC

�

�

Vi

�

�

Vo

Also Q = R

ω0 L

∴ L = R

ω0 Q
= 103

2π105 × 1√
2

= 2.25 mH

Ex: 14.17 Refer to Fig. 14.19(c).

ω0 = 1/
√

LC = 105 rad/s

3-dB BW = ω0

Q
= 1

C R
= 103 rad/s

Selecting R = 100 k�,

C = 1

103 R
= 1

103 × 105
= 10−8 F = 10 nF

L = 1

ω2
0C

= 1

1010 × 10−8
= 0.01 H = 10 mH

Ex: 14.18 Refer to Fig. 14.20(a). Selecting,

R1 = R2 = R3 = R5 = R

and

C4 = C

gives

Z in = sC R2

Thus,

L = C R2

To obtain L = 100 mH, we select C = 1 nF.

Thus,

100 × 10−3 = 1 × 10−9 R2

⇒ R = 104 = 10 k�

The values of C and R are practically convenient.

Ex: 14.19

f0 = 10 kHz, � f3dB = 500 Hz

Q = f

� f3dB

= 104

500
= 20

Using Eqs. (14.53) and (14.54) and selecting,

C = 1.2 nF,
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Exercise 14–4

we get,

R = 1

ω0C

= 1

2π104 × 1.2 × 10−9
= 13.26 k�

R6 = Q R = 20 × 13.26 = 265 k�

Now,

K = center-frequency gain = 10

Thus,

1 + r2/r1 = 10

Selecting r1 = 10 k�, we obtain r2 = 90 k�.

Ex: 14.20 Refer to the KHN circuit in Fig. 14.24.

Choosing C = l nF, we obtain

R = 1

ω0C
= 1

2π104 × 10−9
= 15.9 k�

Using Eq. (14.65) and selecting R1 = 10 k�,

we get

R f = R1 = 10 k�

Using Eq. (14.66) and setting R2 = 10 k�, we

obtain

R3 = R2 (2Q − 1) = 10 (2 × 2 − 1) = 30 k�

High-frequency gain = K = 2 − 1

Q
= 1.5 V/V

The transfer function to the output of the first

integrator is

Vbp

Vi

= − 1

sC R
× Vhp

Vi

= sK/ (C R)

s2 + s
ω0

Q
+ ω2

0

Thus the center-frequency gain is given by

K

C R

Q

ω0

= K Q = 1.5 × 2 = 3 V/V

Ex: 14.21 Refer to Fig. 14.25 (b)

C R = 1

ω0

⇒ C = 1

2π104 × 104
= 1.59 nF

Rd = Q R = 20 × 10 = 200 k�

Center frequency gain = K Q = 1

∴ K = 1

Q
= 1

20

Rg = R/K = 20R = 200 k�

Ex: 14.22 Refer to Fig. 14.27(a) and Eqns.

(14.80)-(14.85). Selecting

C1 = C2 = C = 1 nF,

and,

R3 = R

then,

R4 = R

4Q2
= R

4 × 25
= R

100

and

C R = 2Q

ω0

= 2 × 5

105
= 10−4 s

R = 10−4

10−9
= 105 � = 100 k�

R3 = R = 100 k�

R4 = R

100
= 1 k�

The center-frequency gain is given by Eq.

(14.85),

K = −2Q2 = −2 × 25 = −50 V/V

Ex: 14.23 Refer to Fig. 14.29 and Eqns.

(14.94)-(14.101). Selecting

R1 = R2 = R

C4 = C

then

C3 = C

4Q2
= C

4 × 1

2

= C

2

Thus, if we select C = 1 nF then

C4 = 1 nF

C3 = 0.5 nF

Now,

C R = 2Q

ω0

= 2 × 1/
√

2

105
= 1.414 × 10−5 s

Thus,

R = 1.414 × 10−5

1 × 10−9
= 1.414 × 104 = 14.14 k�

⇒ R1 = R2 = 14.14 k�

Finally, from the transfer function in Eq. (14.94)

DC gain = 1 V/V

Ex: 14.24 From Eq. (14.108),

C3 = C4 = ω0TcC

= 2π104 × 1

200 × 103
× 20

= 6.283 pF

From Eq. (14.110),

C5 = C4

Q
= 6.283

20
= 0.314 pF

From Eq. (14.111),

Centre-frequency gain =
C6

C5

= 1

C6 = C5 = 0.314 pF
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Exercise 15–1

Chapter 15

Solutions to Exercises within the Chapter

Ex: 15.1 Pole frequency f0 = 1 kHz

Center-frequency gain = 1

Amplifier gain

= 1

2
V/V

Ex: 15.2 Refer to Fig. 15.2(a).

ω0 = 1√
LC

= 1√
0.1 × 10−3 × 10 × 10−9

=

106 rad/s

The loop gain at ω0 = (1 + r2

r1

) × 1 = 1.01.

Thus, the condition of oscillation is satisfied.

Ex: 15.3 ω0 = 1√
LC

(a)

L −→ 1.01L

ω0 + △ω0 = 1√
1.01LC

= 0.995√
LC

Thus,

△ω0

ω0

× 100 = −0.5%

(b)

C −→ 1.01C

ω0 + △ω0 = 1√
L × 1.01C

= 0.995√
LC

△ω0

ω0

× 100 = −0.5%

(c)

R −→ 1.01R

Since ω0 is not a function of R, changing R has

no effect on ω0, that is, △ω0 = 0.

Ex: 15.4 Refer to Fig. 15.5. Noting that the

sinusoid at the positive input terminal of the op

amp has a peak amplitude of 0.9 V, to obtain a

5-V peak amplitude at the output, the closed-loop

gain of the op amp must be

1 + r2

r1

= 5

0.9
= 5.6

⇒ r2

r1

= 4.6

Ex: 15.5 (a) L (s) =
(

1 + R2

R1

)

Z P

Z P + ZS

=
(

1 + R2

R1

)

1

1 + ZSYP

=
(

1 + 20.3

10

)

1

1 +
(

R + 1

sC

)(

1

R
+ sC

)

= 3.03

3 + sC R + 1

sC R

where R = 10 k� and C = 16 nF

Thus,

L (s) = 3.03

3 + s16 × 10−5 + 1

s × 16 × 10−5

The closed-loop poles are found by setting

L (s) = 1; that is, they are the values of s,

satisfying

3 + s × 16 × 10−5 + 1

s × 16 × 10−5
= 3.03

⇒ s = 105

16
(0.015 ± j)

(b) The frequency of oscillation is
(

105/16
)

rad/s

or approximately 1 kHz.

(c) Using Eq. (15.11), the positive peak amplitude

can be found as

v̂o+ =
[

1

3
× 15 +

(

1 + 1

3

)

× 0.7

]

/

(

2

3
− 1

3
× 1

3

)

= 10.68 V

Since the limiter circuit is symmetric, the

negative peak amplitude also will be 10.68 V.

Thus, the peak-to-peak amplitude of the output

sinusoid will be

v̂op−p = 2 × 10.68 = 21.36 V

Ex: 15.6 (a) For oscillations to start, we need

from Eq. (15.10), R2/R1 = 2; thus the
potentiometer should be set so that its resistance

to ground is 20 k�.

(b) From Eq. (15.9),

f0 = 1

2π RC
= 1

2π10 × 103 × 16 × 10−9

= 1 kHz

Ex: 15.7 Figure 1 shows the circuit together with

the analysis details. The current I can be found as

I = Vo

R f

(

1 + 1

sC R

)

+ Vo

sC R R f

(

2 + 1

sC R

)

Finally, Vx can be found from

Vx = − 1

sC R f

Vo

(

2 + 1

sC R

)

− I

sC

= − 1

sC R f

Vo

(

2 + 1

sC R

)

− Vo

sC R f

(

1 + 1

sC R

)

− Vo

s2C2 R R f

(

2 + 1

sC R

)
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Exercise 15–2

This figure belongs to Exercise 15.7.

Vx

I C C

RR

C 0

0

� 1�( )[ ]1
sCRf

Vo �

Vo/Rf 

Vo/Rf 

Vo

1

sCR

�
Vo

sCRf

Vo

Rf

1
sC

1�(( )) 1
sCR

Vo

Rf

2� 1
sCR

Vo 

sCRRf

Vo 

sCRRf

�

�

Rf

Figure 1

− Vx

Vo

= 3

sC R f

+ 4

s2C2 R R f

+ 1

s3C3 R2 R f

Vo

Vx

= − s2C2 R R f

4 + s3C R + 1

sC R

For s = jω,

Vo

Vx

= ω2C2 R R f

4 + j

(

3ωC R − 1

ωC R

)

Ex: 15.8 From the loop-gain expression

Vo

Vx

= ω2C2 R R f

4 + j

(

3ωC R − 1

ωC R

)

we see that the phase will be zero at

3ω0C R = 1

ω0C R

⇒ ω0 = 1√
3C R

At this frequency, we have

Vo

Vi

= ω2
0C2 R R f

4

= 1

12

R f

R

Thus the minimum value that R f must have for

oscillations to start is

R f = 12R

Using the values in Fig. 15.10, we obtain

ω0 = 1√
3

1

16 × 10−9 × 10 × 103
= 3.608 krad/s

f0 = ω0

2π
= 3.608 × 103

2π
= 574.3 Hz

R f ≥ 12 × 10 = 120 k�

Ex: 15.9 ω0 = 1

C R
⇒ C R = 1

2π103

For C = 16 nF, we have R = 10 k�.

The peak-to-peak amplitude of the square wave is

1.4 V, which has a fundamental-frequency com-

ponent of
4 × 1.4

π
= 1.8 V peak-to-peak. Since

the output is twice as large as the voltage across

the resonator, its peak-to-peak amplitude is 3.6 V.

Ex: 15.10 Refer to Fig. 15.14(a). The admittance

seen by the transistor between drain and source is

Y = sC1 + 1

sL + 1

sC2

=
s2 LC1 + C1

C2

+ 1

sL + 1

sC2

=
s2 + 1/

[

L
C1C2

C1 + C2

]

s
1

C1

+ 1

sLC1C2

Y ( jω) =
−ω2 + 1/

[

L
C1C2

C1 + C2

]

j
ω

C1

(

1 − 1

ω2 LC2

)

from which we see that at

ω = ω0 = 1/

√

L
C1C2

C1 + C2

the numerator is zero

and Y ( jω0) = 0. Q.E.D.

Ex: 15.11 Refer to the circuit in Fig. 15.15(a).

R = Rcoil ‖ ro ‖ RL

= Q

ω0C1

‖ 100 × 103 ‖ 100 × 103

= 100

106 × 0.01 × 10−6
‖ 105 ‖ 105
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