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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. vy, = v, (t)

For circuit b. v, = i5(¢) X Ry

When output terminals are short-circuited, as in
Fig. 1.1b:

v, (1)

N

For circuit a. i, =

For circuit b. iy = i,(t)
For equivalency

Rsix(t) = vs(t)

s a
4, (D)
b
Figure 1.1a
a
ING) R,
b
Figure 1.1b

Ex: 1.2

Voo = 10 mV
ie = 10 LA
Voo 10 mV

=1kQ

T e 10pA

Ex: 1.3 Using voltage divider:

Ry

o(t) = v (1) X ———
0(0) = 0(0) x

Exercise 1-1

v, (1)

Given vs(r) = 10 mV and R; = 1 kQ.

If R, =100 kQ

100

v, = 10 mV x
100 + 1

=99mV

If R, = 10kQ

v, = 10 mV x ~9.1 mV

1
10+1
If R, = 1kQ
v, = 10 mV x L =5mV

1+1
If R, =100 Q
v, = 10mV x % ~ 091 mV
For v, = 0.8v;,,
Ry
R.+R,
Since Ry = 1 kQ,

R, =4kQ

0.8

Ex: 1.4 Using current divider:

Vo
i, =10 pA R, R,
. . R,
[p =iy X ————
R, + R,
Given iy = 10 pA, Ry = 100 kQ.
For
R, =1kQ, i, = 10 pA —99 1A
L : WA X T00+ 1 "
For
R 10kQ, i 10 Axiloo 9.1 pnA
= , 1, = ~9.
L WA X700+ 10 "
For
R 100k, i 10 pA x 100 5 A
= N l,; = —_—
L M T00+100 7"
100 K
For R, = IMQ, i, = I0pA x ————
100K+ 1M
~ 0.9 nA
100
Fori, =0.8i;, ———— = 0.8
100 + R,
= R; =25kQ
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Exercise 1-2

1 p—
T 1073
o=2rf =2r x 10° rad/s

Ex:15 f = = 1000 Hz

1 1
Ex:16 ()T = — = —s=167ms

f 60
(b)T:lz ! = 1000 s
f 103
(c)T:i:Ls:lus
f 10°

Ex: 1.7 If 6 MHz is allocated for each channel,
then 470 MHz to 806 MHz will accommodate

806 =470 _ <6 channels

Since the broadcast band starts with channel 14, it
will go from channel 14 to channel 69.

T
1 02
Ex:1.8 P = /—dt
R
0

T
rv? v?
=—=x—xT=—
T R R
Alternatively,

P=P +P+Ps+--

() )

4v \’ 1
+(ﬁ)§+m
TE 111
:Rxnzx(1+§+25+49+”')

It can be shown by direct calculation that the
infinite series in the parentheses has a sum that
approaches 7%/8; thus P becomes V?/R as found
from direct calculation.

Fraction of energy in fundamental
=8/x? =081

Fraction of energy in first five harmonics

_ 8 1+1+1 =0.93
T or? 9 25) 7

Fraction of energy in first seven harmonics
_ 8 1-1-1-i—l+1 =0.95
- n? 9 25 49)

Fraction of energy in first nine harmonics

9 25 49 &l

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.

8 S DS
== (l+-++-+=—)=09%
T

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.

va =0V = D = 0000

vy =0.25V = D = 0000

vy =1V = D =0000

vy =3.75V = D = 0000

(b) (i) 1 level spacing: 2° x +0.25 = +0.25 V
(ii) 2 level spacings: 2' x +0.25 = 4+0.5V
(iii) 4 level spacings: 22 x 4+0.25 = +1.0V
(iv) 8 level spacings: 2° x +0.25 = 4+2.0V

(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 x 100 = —4%.

Ex: 1.10 Voltage gain = 20 log 100 = 40 dB
Current gain = 20 log 1000 = 60 dB
Power gain = 10log A, = 101og (A, A;)
=101log 10° = 50 dB

Ex: 1.11 Py =15 x 8 = 120 mW

_(6/v/2)?
- 1

Py = 18 mW

Pdissipated =120—-18 =102 mW

Py 18
n=-—x100=— x 100 = 15%
Pac 120
10 _s
Ex:112 v, =1x ——— =107 V=10pV
10° + 10
10 x 107°)?
PL =‘U§/RL= g = lO_HW
10
With the buffer amplifier:
R; R.
v, =1x X Ay, X
R, + Rr RL + Rn
1
=1x =025V
1+1 10+ 10
» vk 025 625 mW
== =6.25m
TR0
. v, 025V
Voltage gain= — = =0.25V/V
Uy 1V
=—12dB
P
Power gain (A,) = ?L

where P; = 6.25 mW and P, = v;i;,

v; = 0.5V and

1V

-V _05uA
I MQ + 1 MQ W

i
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Exercise 1-3

This figure belongs to Exercise 1.15.

Stage 1

100kQ ! 1kQ

Thus,
P,=05x05=025puW

and

_625x107°
77025 % 107°
10log A, = 44 dB

=25x10°

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

Output voltage with load connected

Ry
= Avovii
RL + Ra
1
8 = = R, =0.25kQ =250Q
R, +1

Ex: 1.14 A,, =40dB = 100 V/V
2 RL 2
Pr=-=Avi—— R
‘TR ("URL+R0)/L
:vfx(loox
I+

1 2
1) /1000 =257

o o2
"= R T 10,000
PL 251)[2

A, = = =25x%x 10*W/W
PR 10742 8 /

10logA, =44 dB

Ex: 1.15 Without stage 3 (see figure above)

UL

vy
1 MQ (10) 100 kQ
100 kQ + 1 MQ 100 kQ + 1 kQ

100
100) (o
x( )(100+1k9)

Z—L = (0.909)(10)(0.9901)(100)(0.0909)

=81.8V/V

Stage 2

1kQ

100 ©

Ex: 1.16 Refer the solution to Example 1.3 in the
text.

Vi1

— =0.909V/V

Uy

v;1 = 0.909 v; = 0.909 x 1 = 0.909 mV

T2 _ T2 U _99%0.909=9V/V

Us Uil Us
Vip=9Xvs=9%x1=9mV

U _ 0 T2 Y909 % 9.9 x 0.909

Us Uiz Uil Us
=818 V/V

v;3 = 818 vy, =818 x 1 =818 mV

UL UL i3 Uiz Uil
X — X X —

Us U3 Uiz Uil Us

=0.909 x 90.9 x 9.9 x 0.909 =~ 744 VIV

v, =744 x 1 mV = 744 mV

Ex: 1.17 Using voltage amplifier model, the
three-stage amplifier can be represented as

R,=10Q

Ap=A1 xApXxA;3=99%x909 x 1=
900 V/V

The overall voltage gain
Uo R i R L

= — X AW, X —
Ug R,‘ + Rx RL + Ro
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Exercise 14

For R; =10 Q

Overall voltage gain

1M 10
= —F— x 900 x
1M+ 100K 10+ 10

For R;, = 1000 Q

=409 V/V

Overall voltage gain

900 =810V/V

= — X X —
1M+ 100K 1000 + 10

.". Range of voltage gain is from 409 V/V to
810 V/V.

Ex: 1.18
I

lY RS Rl

Ry
I = I

Ry + R

. . R, . R R,
Lo = Aisli = Aislsi

R, + R, Ry + R R, + R,
Thus,
iy R R,
iis "R+ R R,+ Ry
Ex: 1.19

R;
Vi = Us——
Ri + Rs

Uy = vai(Ro ” RL)
R;
=G, Usm(Ro Il RL)
Thus,
Yo

Ri
— =G, R, IR
=G g (Rl R

Ex: 1.20 Using the transresistance circuit model,
the circuit will be

Li _ R:
Ly B Ri + Rs
R
v, = Ry i; % L
RL + Ru

Uo _ RL
L T RL + Ro

0 0 i R R;
No L = 1 L =R, L X

Ls I Ls RL + Ro Ri + Rs

R R, R,

From node
equation
atE

vy = iyl + (ﬂ+ ])leE
= ibr,, + (ﬂ-{— 1)R(,

But v, = v, and i, = i, thus

Ux Up

RinE.i:.*:rn"l‘w"'l)Rg
Iy 173
Ex: 1.22
f Gain
10 Hz 60 dB
10 kHz 40 dB
100 kHz 20 dB
1 MHz 0dB
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Exercise 1-5

Gain (dB)

—60

40
—20 dB/decade

20F------

1 1 O
1 10 10* 10° 10* 1

> 10° 107 f(Hz)

o l---

3dB
frequency

Ex: 1.23

Vo =G,ViR, ” Ry ” Cp

G
Lol ise
R, "R, HE
Vo G, 1
Th“s’f: 1 I X1+ 5CL
R, R. L i
Ro RL
V,  Gu(RLIR,)

Vi 1+4sCL(R.IIR,)

which is of the STC LP type.

1
~ Cu(RL || R,)

B 1

T 4.5 x 1079(103 || R,)

Q0]

For wy to be at least wz x 40 x 10°, the highest
value allowed for R, is

10°

R, =

27 x 40 x 103 x 103 x 4.5 x 109 — 1

1 3
= e =17.64kQ

1.131 -1

The dc gain is
Gu(RL || R,)

To ensure a dc gain of at least 40 dB (i.e., 100),
the minimum value of G,, is

= R, > 100/(10° || 7.64 x 10*) = 113.1 mA/V

Ex: 1.24 Refer to Fig. E1.24

Vz _ R,' _ Rl' s
V. 1 - . 1
Vi R+ —+R; R, + R;
sC C(R; + R))

which is an HP STC function.

1

=——— <100H

faw = S R AR S g

1

C> . =0.16 uF
27 (1+9)10° x 100
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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 — 01); Vg = v2 — vy,

Uiem = E(v] + v2)

(@)
U3

4
V=0 - — =0—— =—0004V=—4mV
A 10°

Vg = Uy — U] = 0-— (—0004) = +0004 \%
=4 mV

1
Viem = 5(—4 mV +0) = -2 mV
() —10=10°Q2 —v)) = v; =201V
Vg = Uy — U1 = 2—-2.01=-0.01V=-10mV
1 1
Ulem = E(U] + U2) = 5(201 + 2) =2.005V
~2V
()
v3 = A(v, — v)) = 10°(1.998 — 2.002) = —4 V
Vg = Uy — U1 = 1.998 —2.002 = =4 mV
1 1
Ugem = E(v] +v) = 5(2.002 +1.998) =2V
(d)
—12=10%v, — (=1.2) = 10°(v, + 1.2)
= v, =—12012V
Vg = Uy — U] = —1.2012 — (—12)
=—-0.0012V=—12mV
1 1
Viem = 5(”1 +vy) = 5= 1.2+ (=1.2012)]

~—-12V

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

vy = (Gv2 — Gpv))R = G, R(vy — vy)
Therefore:
U3 = ﬂGmR(UZ - vl)

That is, the open-loop gain of the op amp is
A= uG,R.For G, =20 mA/V and

u =50, we have:

A =50 %20 x5=5000V/V, or equivalently,
74 dB.

Ex: 2.4 The gain and input resistance of the
inverting amplifier circuit shown in Fig. 2.5 are

—R—z and R, respectively. Therefore, we have:
1

R, = 100 kQ and

_72_10:R2=10R1

R, =10 x 100kQ =1 MQ

Ex: 2.5

R =10kQ

From Table 1.1 we have:

Yo
R, = —

I

; that is, output is open circuit

io=0
The negative input terminal of the op amp (i.e.,
v;) is a virtual ground, thus v; = 0:
Vo = VU —Rll =0—Rl, =—Rl,
Ri;

I

Uo
R, = =

I

ig=0
=—-10kQ

v L
R; = — and v; is a virtual ground (v; = 0),
4]

thusRi=i9=O:> R, =0Q

1

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. Thatis R, = 0 Q.
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Exercise 2-2

R =10kQ

10 k) —O 7,
0.5 mA

Connecting the signal source shown in Fig. E2.5
to the input of this amplifier, we have:

v; s a virtual ground that is v; = 0, thus the
current flowing through the 10-kQ resistor
connected between v; and ground is zero.
Therefore,

v,=v; — R x05mA =0—-10kQ x 0.5 mA
=-5V.

Ex: 2.6
L R,=5kQ)
—_—
AW
ii R, =1kQ in
—
Uy —O
2v ) O

vy is a virtual ground, thus v; =0V

2V - 2-0
i = STt omA
R, 1kQ
Assuming an ideal op amp, the current flowing
into the negative input terminal of the op amp is
zero. Therefore, i =i} = i, =2 mA

vop=v—hR=0—-2mA x5kQ=-10V

, —10V
i =2 = = —10mA
R; 1kQ
ip =i, —ip=—10mA —2mA = —12 mA
. vo —1OV
Volt === =-5V/V
oltage gain 7V v /V or
14 dB
. ip —10mA
Current gain = — = ——— = —-5A/Aor
1 2 mA
14 dB
Power gain

P, —10(~10 mA
P ZI0EI0MA) s W wor 14 dB
P, 2Vx2mA
P
P

Note that power gain in dB is 10 log;

Ex: 2.7

v ——MWAV—
R,

U
2 —O v,

For the circuit shown above we have:

Ry Ry
Vo = (R71UI+R721}2)

Since it is required that vy = —(v; + 4v,),
we want to have:

R/ Ry
T A and i A
R] R2

It is also desired that for a maximum output
voltage of 4 V, the current in the feedback
resistor not exceed 1 mA.

4

Therefore
4V v
— <1mA= R; > = R; > 4kQ

Let us choose R to be 4 kQ, then
R
R :Rf:4kQandR2:Tf:1kQ

Ex: 2.8

We want to design the circuit such that

vo = 201 + vy — 43

Thus we need to have

R R, R R, R,
L) =22 ) (=) =1,and =< =4
Ry Ry Ry Ry R3

From the above three equations, we have to find
six unknown resistors; therefore, we can
arbitrarily choose three of these resistors. Let us
choose R, = R, = R.= 10 kQ.
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Exercise 2-3

Then we have
R. 10

Ry=-=— =25kQ
4 4

R, R. 10 10
— )l =)=2,2—x—==2
R Ry R, 10
= R =5kQ
R\ ( Re 10 10
—_— — =1l — x —=1
R, Ry R, 10
= R, =10kQ
Ex: 2.9 Using the superposition principle to find

the contribution of v; to the output voltage v,
we set v, =0

7kQ
— AW

1kQ

AAA
4 M -
— 1 kQ — O
= n

Uy
3k

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

. 3

is: vy = mvl =0.75v;

Thus vy = (1 + @)m, =8 x 0.75v; = 6v,;
1 kQ

To find the contribution of v, to the output
voltage vo we set v = 0.

1
Then vy = ——v, = 0.25v,

1+3
Hence
7kQ
vy = 1+@ vy =8 x 0.25v, =20,

Combining the contributions of v; and v,

to vo, we have vy = 6v; + 20,

Ex: 2.10
7k

1kQ
75 0—ANW—9

1kQ —0 7

0, O——AAN—

1 © VVv
3kQ

Using the superposition principle to find the
contribution of v; to vy, we set v, = v3 = 0.
Then we have (refer to the solution of Exercise
29) Vo = 6'U|

To find the contribution of v, to vy, we set

v; = v3 =0, then: vp =20,

To find the contribution of v3 to vy we set

v; = vy = 0, then
7kQ

L =
1kQ

Combining the contributions of vy, v,, and
v3 to vp we have: vy = 6v; + 4v, — Tvs.

U, = —Tvs

Ex: 2.11
R
——WA—
R,
A
\4
_,__)W —O07%p
- Ui0—+
R R
U—O=1+—2=2:>f2=1:>R1=R2

v; R, R,
If vo = 10V, then it is desired that i = 10 pA.

Thus,

_ oy =10pA= R+ R, = v
“R+RrR M TR0 A
Rl—I—Rz:lMQand

R1:R2:>R1:R2:0.5MQ

i

Ex: 2.12
(a)
R,
——AM—
R,
A
L—o\Nv _
— U_ -0 vy
= o— 1+
Y
v —v_=vo/A = v_=v; —vo/A (D)

But from the voltage divider across v,

R
- SRR (2)
Equating Eq. (1) and Eq. (2) gives
R Vo
Rk T A
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Exercise 24

which can be manipulated to the form

vo _ 1+ (Ry/Ry)
U4 1+(§2/R1)

(b) For Ry = 1 kQ and R, = 9 kQ the ideal value
for the closed-loop gain is 1 + ?, that is, 10. The

10
1+10/A°
If A =10°, then G = 9.901 and

G—-10

10
Forv; =1V, vo =G x v; =9.901 V and
vo _ 9.901

v0=A(v+—v,):>v+—v7:X_m

actual closed-loop gainis G =

€= x 100 = =0.99% >~ —1%

~99mV
If A =10% then G = 9.99 and ¢ = —0.1%.
For v; = IV, vo =G X vy :999V,

therefore,

9.99
vy —U_ = v—0=—4 =099 mV =~ 1mV
A 10

If A =10° then G = 9.999 and € = —0.01%
Forv; =1V, vp =G x v; =9.999 thus,

9.999

vy —v =20 = 2777 0.09999 mV
A 10°

~0.1mV

Ex: 2.13

i1=OA,v1=v1=1V
v

=2 — Y _1mA

1kQ ~ 1kQ

i2=i1=1mA

I
-

U=

vo=1v1+iHh x9kQ=14+1x9=10V

vo 10V
T1kQ  1kQ
io =i, +ir=11mA

i =10 mA

10V
Yo _ Y _10V/Vor20dB
U 1V
ir 10 mA
.—:7200
15 0
PL_voxiL_IOXIO_
P, wurxi; 1x0
Ex: 2.14
(a) Load volt L kO x1V~1mV
a) Load voltage = ————— ~1m
T Tkt iMa
(b) Load voltage =1V
Ex: 2.15
R,
—AMW—
RI
U O—AWY =
—0 U
Up p
R
3 R,

(a) Ry = R; =2KkQ, R, = R, =200 kQ
Since R4/ R; = R,/R; we have:

R 20
vo  _ R 20000y

Uy — g1 R, 2

(b) Riy =2R, =2 x2kQ =4kQ

Ad =

Since we are assuming the op amp is ideal,

R,=0Q
(©)
R R, R
A, =20 K (1_44)
Ulem R3 + R4 R] R4

The worst-case common-mode gain (i.e., the
largest A.,,) occurs when the resistor tolerances
are such that the quantity in parentheses is
maximum. This in turn occurs when R, and R3
are at their highest possible values (each one
percent above nominal) and R, and R, are at their
lowest possible values (each one percent below
nominal), resulting in

A Ry . 1.01 x 1.01
T Ry + Ry 0.99 x 0.99

R,

| A(')ﬂ| :
Ry + Ry

x004~@x004~004V/V
ToT2020 T T

The corresponding CMRR is

A 1
14l _ 100 5o

CMRR = =
| Aem|  0.04

or 68 dB.
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Exercise 2-5

Ex: 2.16 We choose R; = Ry and Ry = R,.
Then for the circuit to behave as a difference
amplifier with a gain of 10 and an input resistance
of 20 kQ, we require

Ay = = 10 and

R,
Ry
Riy =2R, =20kQ = R, = 10kQ and
Ry, = AyR, = 10 x 10 kQ = 100 kQ
Therefore, Ry = R3; = 10 kQ and

R, = Ry = 100 kQ.

Ex: 2.17 Given vy, = +5V
v7q = 10 sin wt mV
2R, = 1kQ, R, = 0.5 MQ

R3; = Ry = 10kQ

1 1
Vi1 = Urem — E'UM =5- E x 0.01 sin wt

=5-0.005sinwt V

V2 = Viem + 5rd

=54 0.005 sinwt V

v_(opamp A;) = v;; =5 — 0.005 sinwt V
v_(op amp A,) = v;, =5+ 0.005 sinwt V

Viq = V12 — v = 0.01 sin ot

v
Vo1 =1)11—Rz><2711;]1
0.01 sin wt
— 5 — 0.005 sinwr — 500 kQ x ———n
1kQ
= (5—5.005sinwt) V
Urd
= R —_—
Vor = U+ Ry X R,
= (545.005sinwt) V
R, 10
Az) = =
vy (op amp Az) = vpy X Rs+ R, V02 10+ 10

1 1
=jvor = 5(5 4+ 5.005 sin wt)

= (2.5 4+ 2.5025 sinwt)V
v_(op amp A3) = v, (op amp As)
= (2.5+2.5025sinwt) V

Ri (| R
Vo = — — ] v
o R3 R1 1d

10 kQ 0.5 MQ
10 kQ 0.5 kQ

= 1(1 + 1000) x 0.01 sin ot

) x 0.01 sin wt

= 10.01sinwt V

Ex: 2.18
i C
Zl |_
R
oM.
i v ()= Fr JOUI @) dt’

The signal waveforms will be as shown.

vy (1)

<2 us—
+2.5V

=25V famaann e

vp (1)
+2.5V

/\

When v; = 42.5 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 x5V

= —=5C=CR="—=-x2x10"°
R 2 10 X e x
=0.5ps
Ex: 2.19
C
1
1
R
Vio VVy—H »—oV,

The input resistance of this inverting integrator is
R; therefore, R = 10 kQ.
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Exercise 2-6

Since the desired integration time constant
is 1073 s, we have: CR = 1072 s =
_ 107 s
T 10kQ
From Eq. (2.27) the transfer function of this
integrator is:
Vo(jo) 1
Viljo) — joCR

=0.1 pF

For w = 10 rad/s, the integrator transfer function
has magnitude

‘Vo . 1
Vil 1x107
and phase ¢ = 90°.

=100V/V

For w = 1 rad/s, the integrator transfer function
has magnitude

‘Vo _ 1
Vil 1x107
and phase ¢ = 90°.

= 1000 V/V

The frequency at which the integrator gain
magnitude is unity is
1

Oipg = —— = —— = 1000 rad/s
CR 10
Ex: 2.20
R
—AW——
C

C = 0.01 pF is the input capacitance of this
differentiator. We want CR = 1072 s (the time
constant of the differentiator); thus,

1072
T 001 pF
From Eq. (2.33), the transfer function of the
differentiator is
V,(jo)
Vi(jo)
Thus, for @ = 10 rad/s the differentiator transfer

function has magnitude

Vo

MQ

—jwCR

=10x102=0.1V/V

i

and phase ¢ = —90°.

For @ = 10> rad/s, the differentiator transfer
function has magnitude

Vo
Vi

and phase ¢ = —90°.

=10*x 102=10V/V

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:

vio—] oV,

At high frequencies the capacitor C acts like a
short circuit. Therefore, the high-frequency gain

R
of this circuit is: —. To limit the magnitude of
1
this high-frequency gain to 100, we should have:
R 1MQ

R
R, "7 100 ~ 100

Ex: 2.21

Refer to the model in Fig. 2.27 and observe that
vy —v_=Vos+vs—vi =Vos+ v

and since vp = v3 = A(vy — v_), then

vo = A(vig + Vos) (1)

where A = 10* V/V and Vp5 = 5 mV. From

Eq. (1) we see that v;; = O results in vp =50V,
which is impossible; thus the op amp saturates
and vp = +10 V. This situation pertains for

v1q > —4 mV. If v;, decreases below —4 mV,
the op-amp output decreases correspondingly.

For instance, v;; = —4.5 mV results in vp = +5
V;v;s =—=5mVresultsin vp =0V,

v7g = —5.5 mV results in vop = —5 V; and

v7g = —6 mV results in vop = —10 V, at which

point the op amp saturates at the negative level of
—10 V. Further decreases in v;; 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;; = —5 mV rather than the
ideal situation of v;; = 0; this shift is obviously a
result of the input offset voltage Vps.
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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 V(1 + Ry/Ry) =

+3 mV x (1 4+ 1000) = 4+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), Vyy 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 pV/°C x 50°C = 500 nV 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 Vs will see a unity-gain amplifier [Fig.
2.32(b)] and the dc offset voltage at the output
will be equal to Vg, 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 =

2w CR;
_ 1
T 27 x 1000 x 1 x 103

=C =0.16 nF
Ex: 2.24 From Eq. (2.35) we have:

Vo =1p1R, = IzR,

=100nA x 1MQ=0.1V

From Eq. (2.37) the value of resistor R3 (placed
in series with positive input to minimize the
output offset voltage) is

RiR,  10kQ x 1 MQ
R +R, 10kQ+1MQ

Ry =Ry || R, =

=9.9kQ

R; =9.9kQ ~ 10 kQ

With this value of Rj, the new value of the output
dc voltage [using Eq. (2.38)] is:

Vo =1IpsR, =10nA x 10kQ =0.01V

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

VOS 2mV
=V, —t=12=2mV+ ——¢
vo 0S+CR my -+ 1 ms
12V -2mV
=>t=———/7—xIms=6s
2mV
Ry
—W—

s

V; o——AW\— } —oV,

VOS

With the feedback resistor Ry, to have at least
+10 V of output signal swing available, we have
to make sure that the output voltage due to Vg
has a magnitude of at most 2 V. From Eq. (2.34),
we know that the output dc voltage due to Vi is

Vo=Vos(1+ XY= 2v=2mv(1+ XF
= —_— =2m
o= ros R 10 kQ

Rp
10 kQ
The corner frequency of the resulting STC
1

1+ = 1000 = Ry ~ 10 MQ

network is wy =

CRyr
We know RC = 1 ms and
R=10kQ= C =0.1 uF
1

Thus wy = ——————= = 1rad/s
0.1 pF x 10 MQ

=21 _oiem

= — = — = U. Z

07 2 2T

Ex: 2.26

20 log Ag = 106 dB = A, = 200,000 V/V
fi =3 MHz

3 MHz

Z - _15Hz
200,000

Jo = [i/Ao=
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Exercise 2-8

At f}, the open-loop gain drops by 3 dB below
its value at dc; thus it becomes 103 dB.

For f>> fy. | Al = fi/f thus

At f =300 Hz, |A| = 3 MHz _ 10* VIV
300 Hz

or 80 dB

At f =3 kHz, |A|=%:IO3V/V
3 kHz

or 60 dB

At f = 12 kHz, which is two octaves higher than
3 kHz, the gain will be 2 x 6 = 12 dB below its
value at 3 kHz; that is, 60 — 12 = 48 dB.

3 MHz

At f =60 kHz, | A| = =50 V/V
60 kHz

or 34 dB

Ex: 2.27

Ao = 10° 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 f;,

10* f, = 100 kHz = f, = 10 Hz

The unity-gain frequency f, will be two decades
higher than 100 kHz, that is,

f: =100 x 100 kHz = 10 MHz

Alternatively, we could have found f; from the
gain-bandwidth product

fi = Ao fp = 10° x 10 Hz = 10 MHz
At a frequency f > fj,
[Al= fi/f

10 MHz

For f = 10 kHz, |A| = ———~
or f z 1A= 0

Ex: 2.28

20 log Ag = 106 dB = A, = 200,000 V/V
f, = 20 MHz

For a noninverting amplifier with a nominal dc
gain of 100,

148 00
R,

=10’ V/V or 60 dB

Since the nominal dc gain is much lower than Ay,

~ 1 R
f3dB—ft/( +E)

20 MHz
T 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

o,V < SR

. SR SR
thatis, V < — = V <
w; 27 f,

resulting in

V<016V

From Appendix F we know that the 10% to 90%
rise time of the output waveform of the form of

2.2
Eq. (2.56) is t, >~ 2.2 x time constant = —.
Wy

Thus, 7, =~ 0.35 ps

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.

Slope = SR —

L 09x1.6-0.1x1.6
" 1V/us
=1t = 1.28 us

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

SR
B 2r VO max
Using Eq. (2.58), for an input sinusoid with
frequency f =5 fu, the maximum possible
amplitude that can be accommodated at the
output without incurring SR distortion is:

fu = 318 kHz

NiY 1
= max | — ) = - =1V k
Vo =Vo (SfM 5 x 5 (peak)
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Exercise 3—-1

Chapter 3 (c) In n-type silicon, drift current density J, is

J,=qnu,E
Solutions to Exercises within the Chapter A

1V
=1.6x 107" x 10" x 1350 x ———
Ex:3.1 T =50K 2x 10

=1.08 x 10* A/cm?

(d) Drift current 1, = AJ,
=025x107% x 1.08 x 10*
=27 nA

n; = BT~ E8/(QKT)
—73 % 1015(50)3/2 e—l.12/(2x8.62xI0_5><50)
~ 9.6 x 107 /cm?

T =350K ) )
) The resistance of the bar is
n; = BT3¢ E8/@kT)

=73 x 10I5(350)3/2 e—1412/(2x8.62x10‘5x350) R = p X %
=4.15 x 10" /em? _ y L
=qnpny 2
Ex: 3.2 Np = 10" /em® 2% 107

=1.6 x 107" x 10" x 1350 x 025 X 105
From Exercise 3.1, n; at X

=37.0kQ
T =350K =4.15 x 10" /em®

Alternatively, we may simply use the preceding

n, = Np = 10" jem® :
result for current and write

-2

ni
=Ny R=V/I, =1V/27 yA = 37.0kQ
D
(415 x 10')? Note that 0.25 pm?* = 0.25 x 107 cm?.
107 dn(x)

Ex:3.5 J,=¢9D

=1.72 x 10 /cm? " odx

From Fig. E3.5,

ng = 107 /em® = 10° /(um)?

D, =35cm?/s = 35 x (10)? (um)?/s
=35 x 10® (um)?/s

Ex: 3.3 At300K, n; = 1.5 x 10"%/cm®
pPp = Ny

Want electron concentration

dn  10° -0
1.5 x 100 = = =2x 10°um™
= 2 15 % 10°/em’® dx 05 X ATHm
10
dn(x)
.2 Jy = an
. _ _ ni d_x
S Ny=p,=—
np =1.6x 107" x 35 x 10® x 2 x 10°
_ (5% 10'%)? =112 x 107° A/um?
1.5 x 10*

=112 pA/pm?
= 1.5 x 10"%/cm?
Forl,=1mA=J,x A

1 mA 10° pA
- IR " ~ 9 pm?

Ex: 3.4 (a) vi_aire = —tn E = A - ~
Iy 112 pA/(um)?

Here negative sign indicates that electrons move

in a direction opposite to E. Ex: 3.6 Using Eq. (3.20),

We use D, D
L= vy
Vpedsift = 1350 x ———— - 1Tpm=10"*cm Hn o Hp
it ax 10" .
D, = u,Vr =1350 x 259 x 107
=6.75 x 10® cm/s = 6.75 x 10" m/s
=35 cm?/s
(b) Time taken to cross 2-pum
5 v 10-6 D, =pu,Vr =480 x 259 x 107
X
length = T 10 30 ps = 12.4 cm?/s
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Exercise 3-2

Ex: 3.7 Equation (3.25)
W= 2¢, (1 N 1 v
Vg \Na N
\/Zfs (NA +ND)
= —_— VO
q N4Np

2¢; (N N,
W2= € A+ D V()
q N4Np

(@)
€ NA =+ ND
Ex: 3.8 Ina p*n diode Ny> Np

Equation 3.26) W = |25 (L + L)y,
uation . = —_— _— _—
d q Ny Np 0

1
V():E

1 1
We can neglect the term — as compared to —,
Ny Np
thus

2¢;
W~ - Vo
qNp

N
Equation (3.26) x, = W ——~—
Na+ Np
N
~w A
Ny
=W
Equation (3.28) w— o
uation (3.28), x, = W ———
d TN+ N,

since Ny > Np
N N,
~w2_w A
Na Np

. NyNp
Equation (3.28), Q; = Ag{ — |W

N4+ Np
NuN,
~ Ag—2"2w
A
= AgNpW
. N4Np
Equation (3.29), =A [2¢,g | ——— )V,
quation (3.29), O, \/‘q(NA—FND)O
NaN,
~ A ZESq( 4 ")v0 since N 3> Np
:A\/zfsqN[)V()

Ex: 3.9 In Example 3.5, Ny = 10'8/em® and
Np = 10" /cm3
In the n-region of this pn junction

n, = Np = 1016/cm3

n?  (1.5%10')?
e 10'

As one can see from above equation, to increase
minority-carrier concentration (p,) by a factor of
2, one must lower Np (= n,) by a factor of 2.

=225 x 10*/cm?

Pn =

Ex: 3.10

D D,
Equation (3.40) Iy = Agn? u -
quation ( ) I qn; (LpND + LnNA)

D, D, .
since — and — have approximately
L, L,

n

similar values, if Ny 3> Np, then the term

can be neglected as compared to P
L,Np

D
.'.IsgAqni2 L
L,Np

D, D,
Ex: 3.11 I5 = Agn? ( P+ )
LpND L)LNA

=10"* x 1.6 x 107" x (1.5 x 10'%)?

10 18

+
5 10~ x 10" 10 x 107* x 10'8
2

=146 x 107" A
I=1Ig("Vr —1)

~ Ise"/VT = 1.45 x 10—14e0.605/(25.9><10_3)

= 0.2 mA

2. (1 1
B3z w= | (— 4 Yw-v
X \/q (NA+ND)(0 F)

_\/2x1.04><10_12( 1,1 )(0814 0.605)
= 16 x 10_19 1013 1016 . .

=1.66 x 107> cm = 0.166 pm

2 (1 1
Ex: 3.13 W:\/ & (—+—) Vo + Vi)
q D

2x1.04x 10712 /1 1
_ e (—+— ) 081442
\/ 1.6 x 1071 (10'8 10‘6)( )

=6.08 x 107° cm = 0.608 pum
Using Eq. (3.28),

0, = o NN\
=\ Ny + Ny

1018 1016
=107 x 1.6 x 10—'9(%) X 6.08
107+ 10
107 cm
=9.63pC
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Reverse current

of Dy D,
I=Is=Am\ N, T w
piVD niVA

=107 x 1.6 x 107" x (1.5 x 10'%)?

y ( 10 N 18
5% 107 % 10" 10 x 107* x 10"

=73x 107" A

Ex: 3.14 Equation (3.47),

=) (%) (7)

B 10_4\/(1‘04 x 1072 x 1.6 x 107"

2

10" x 10 1
10" +10'°) \0.814
=3.2pF
Equation (3.46),

Exercise 3-3

0 d
Ex:315 C,= 22 = % (1,1
X «=qv =av D

d
= WTT X Is(eV/VT - 1)

d
=17ls v "V —1)

1
— V/ivVe
—‘L'TIS e

Vr

11

(V)
Vr
Ex: 3.16 Equation (3.49),
_L
T, = —
D,
_(5x107%)?
N 10
=25ns

Equation (3.57),

T
- ()
In Example 3.6, Ny = 10'8/cm3,
Np = 10'%/cm?
Assuming N4 > Np,
Ty >~ T, =25ns
SCy= (25><710*:) 0.1 x 107
259 x 10~
=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; > 0, the

diode conducts and presents a zero voltage drop. I=0A ¢
Thus vy = v;. For v; < 0, the diode is cut off,

zero current flows through R, and vy = 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 vp = 0. During ()
the negative half cycle of the input signal v;, the

diode is reverse biased. The diode does not

conduct, resulting in no current flowing in the

circuit. So vp = 0 and vp = v; — vo = v;. This

results in the waveform shown in Fig. E4.2. 045
1=735
A g 10V =2mA
Ex:id43 ip= 24 = — =10mA
R 1kQ

1
dc component of vp = —7¢
T

+5V

® +5V
5—1
1kQ§¢1=T
0 _
- 4 mA
+3vo—|4—00—o
(b) -<— +
+2V b V=1V
+5V _
+1Vo—|4— -
<
1
1
Ex: 4.5 Vavgz—0
T
10
- 1
50+ R =" =—0kQ
1 mA /4
. R=3.133kQ
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Exercise 4-2

Ex: 4.6 The maximum current arises when
|v;] =20 V. In this case,

20-5
Ip = R
To ensure this is 50 mA,
R = E = 0.3 kQ = 300Q
50

Ex: 4.7 Equation (4.5)

I
V-V, =23V, log(l—z)
1
At room temperature Vy = 25 mV

10
Vo=V =23 %x25x 107 x log( )

0.1
=115mV
Ex: 4.8 i = [geV/"'" (1)
1 (mA) = I;e%7/Vr 2)

Dividing (1) by (2), we obtain

i (MA) = @07/ Vr

= v =0.7+0.025 In(i)

where i is in mA. Thus,

fori = 0.1 mA,

v =0.740.025 In(0.1) = 0.64 V
and for i = 10 mA,

v =0.740.025 In(10) = 0.76 V

Ex: 4.9 i, = IzeV''7T
= Is=ipe ¥V =0.25 x e300

=123 x 1024 = 1.23 x 107°A

Ex: 4.10 AT = 125 — 25 = 100°C
Ig = 107" x 1.15%7
=1.17 x 1078A

Y
Ex: 411 At20°C 1 = —— — 1 uA
X Mo~ M

Since the reverse leakage current doubles for
every 10°C increase, at 40°C

I =4x1pA=4nA
=>V=4pAx 1 MQ=40V

1
@0°C I=-pA
i
1
= V=x1=025V

Ex: 4.12 a. Use iteration:

Diode has 0.7 V drop at 1 mA current.

Assume Vp =0.7V
5—-0.7

Ip = =0.43 mA
10 kQ

Use Eq. (4.5) and note that

Vi=07V, I, =1mA

R=10kQ I,
W—0
Vee =5V =/ v,

I
Vo= Vi =23x%x Vp log(l—)
1

I
V=V, +23x Vr log(1—2)
1

First iteration

3 0.43
Vo =0.742.3x25x 107" log E
=0.6719V

Second iteration

5-0.679
L="""-0432mA
10 kQ

0.432
V, =0.74+23x%x253x%x1073 1og(T)

=0.679V =0.68V

we get almost the same voltage.

.. The iteration yields

Ip =043 mA, Vp =0.68V

b. Use constant voltage drop model:

Vp = 0.7V constant voltage drop

=297 _43mA
"= ok ™
Ex: 4.13
10V

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

S 1 mA = [T/ 1)
At a current / (mA),

[ = Ige"r/Vr 2)
Using (1) and (2), we obtain

[ = Vo0 Vr
For an output voltage of 2.4 V, the voltage drop
across each diode = — = 0.8 V

Now 1, the current through each diode, is

] = £08-0.7)/0.025

=54.6mA
. 10-24
© 546 x 1077
=139Q

Ex: 4.14
(2)

2.5kQ ——— = 172mA

(b)

(©

(d
25k0
-5V
(e
I
3V —_—
0
2Vo—=P}—e—o0Vv=3-07
0 =23V
1Vo—= 3
_23
1=5 ‘L 1kQ
=23 mA
(H)
5V
5-1.7
[:
1 J,glm
=33 mA

+3Vo—|t—e—ov=1+07
0

12V o 17V
0

+1V o—<——
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 —Vp = —Vpp. To ensure we respect the
peak inverse voltage, we require

Vop = Vp > —30 V. Hence, the minimum
voltage on Vpp is =30 V.

Ex: 4.16 When conducting a reverse current of
20 mA, the reverse voltage is

V, =Vor + Alzr, =
3.5V + (20 mA — 10 mA)10Q

=36V

The maximum current, /., is the current at
200 mW power dissipation.

200 MW = I,y (3.5 V + 10Q (Inax — 10 mA))
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Exercise 44

0.2 = 3.51x + 1072

max

- O-llmax
=12 40341, —0.02=0

max

L= (—0.34 +/038 14 x 0.02)

2
=51 mA
V
Ex:4.17 ry = -~
Ip
Ip = 0.1 mA 253107 _ 50
=0.1mA r;= =
P T 01x107?
25 x 1073
Ip=1mA rj=——=25Q
i T %107
25 x 107°

Ip=10mA r;=————=25Q
P ‘T l0x 107

Ex: 4.18 For small signal model,
AiD=AvD/rd (1)

V.
where r; = T
Ip

For exponential model,

ip=Ige"/Vr

’:ﬁ — V2=V VT _ AU/ Yy

Ip1

Aip =ipp —ip =ip1e"? /"7 —ip,
=ipi (e20PVT —1) @

In this problem, ip; = Ip = 1 mA.

Using Egs. (1) and (2) with V7 =25 mV, we
obtain

Avp (mV)  Aip (mA) Aip (mA)
small exponential
signal model

a —10 —-04 —0.33
b =5 —-0.2 —0.18
c +5 +0.2 +0.22
d +10 +0.4 +0.49
Ex: 4.19
. AVyp  20mV
a. In this problem, —— = =20 Q.
Aiyp, 1 mA

.. Total small-signal resistance of the four diodes
=20Q

. 20
.. For each diode, r;, = 7T =5Q.
\% 25 mV
Butr; = -r =5= o .
D ID

+15V
R
I
— v,
15 —
and R = g =2.4kQ.
5 mA

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

=-=0.75V
4
ip= 15€V/VT
iD 5 x 1073 _16
Is = oV/Vr T Q075/0025 47 x 107" A

Across each diode the voltage drop is

I
VD = VT ln(—D)
Is

B _3 ( 4x107° )
=25%x 1077 x In{f —
4.7 x 1071°

=0.7443 V
Voltage drop across 4 diodes
=4x0.7443 =2977V

so change in Vp =3 —2.977 =23 mV.

Ex: 4.20 When the diode current is halved, the
voltage changes by

—5mA

AV, =r,Al; = 80Q x = —200 mV
=V,=6-02=58V

When the diode current is doubled,

AV; =r,Al; = 80Q x 5 mA = 400 mV
=V;,=64+04=64V

Finally, the value of V is that obtained by using
the model at zero current.

VZ=VZO+erZ
= V=V, —r.I; =6V —80Q x 5mA

=56V
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Exercise 4-5

Ex: 4.21
Us
vV, =122}
Vp—
|
0 6

a. The diode starts conduction at
vs=Vp =07V

vg = V;sinwt, here V,; = 1242
Atwt =0,

vy =V,sin0 = Vp =0.7V
12¢/25in0 = 0.7

0.7
0 = sin™! (7) ~2.4°
122

Conduction starts at # and stops at 180 — 6.
.. Total conduction angle = 180 — 20 = 175.2°

(x—0)

/ (V, sing — Vp) dgb
)

b. vO,avg = 72”

1 S
= E[_VS cos¢p — Vng]ﬁ_g 0

1
=5 [Vycos8 — Vcos(m — ) — Vp (r —26)]
b

Butcosf ~1, cos(x —0)=~ —1, and

T =20~

ZV\‘ VD
vome= 5 T
Vi W
T 2

For V, = 1242 and V;, = 0.7V

122 0.7
V0.,avg = f —— =505V
T 2

c. The peak diode current occurs at the peak
diode voltage.
s Vi=Vp 12J2-07

R 100

..Ilp =
= 163 mA

PIV = +Vs5=12V2
~17V

Ex: 4.22
Us
input
Vs B -~ 1 t -~
/IR outpu RN
G \ ’ \
V o . /7 N
D +
0 ’ W\ 4 (7 +0) \ /
4 T—0 w’/
p— VS -

a. As shown in the diagram, the output is zero
between (x — ) to (r 4+ 0)

=20

Here 0 is the angle at which the input signal
reaches Vp,.

o Vsing = Vp

1%
0 = sin”! (—D)
vV,
v,
20 = 2sin™! (—D)
Vs

b. Average value of the output signal is given by

(—0)

/ (Vssing — Vp)de
0

1
VO:E 2 x

1
= —[=Vicos¢ = Vogli)

Vs
~2— —Vp, for 6 small.
T

T
c. Peak current occurs when ¢ = 7

Peak current

_Visin(m /2)=Vp  V,=Vp
- R - R

If vg is 12 V(rms),

then V, = v2 x 12 = 122

1242 - 0.7
100

Peak current = ~ 163 mA

Nonzero output occurs for angle = 2 (x — 20)

The fraction of the cycle for which vy > 0 is

_ 2(x —26)
===

x 100
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Exercise 4-6

7
2 |:7r —2sin”! (07)}
12v2)1 100

2

~97.4 %

Average output voltage Vy is

v, 2 x 1242
Vo =22 — v, = 212 _ 001y
T T
Peak diode current fD is
s Vi=Vp  122-07
TR T T 100
= 163 mA
PIV =V, - Vp + Vs
=122 -07+12V2
=332V
Ex: 4.23
v,
tput =
ou gu ,/ \\ input
v / O\
P I/ \\ /

1
@ Vows =5 / (Vi sing — 2Vp) dep

2
5 [Vicosd — 2Vl =)

1

= — [V cos¢p — V,cos(m —6) —2Vp(zm — 20)]
T

But cosf ~ 1,

cos(r —0)y~ —1

w — 260 ~ 7. Thus
2V

= Voae = —2Vp

2 % 1242
_2xIW2 L oy
T

Peak voltage

(b) Peak diode current = IR

V,—2Vp  124/2-14
R 100
=156 mA

PIV=V,—V,=12/2-07=163V

Ex: 4.24 Full-wave peak rectifier:

D,

3 Jor Pt o
§+ R%CT
o SRV

D,

A assume
I N g N ideal diodes
: // \\
X t
]
LT

T
<~ 2 1

-/'u<

14

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

vo = Vpef’/RC

V, =V, = Vpe_%c2 <« discharge is only

T
half the period. We also assumed At < 7

T2
V=V, (1—e i)

Ra1-L2 R TR
~1-—-—, or
¢ RC
Thus v, = v, (1 = 1+ 222

us V, ~ - —_—

i’ RC
%
V, = —2L (a) Q.E.D.
2/RC

To find the average diode current, note that the
charge supplied to C during conduction is equal
to the charge lost during discharge.

Q SUPPLIED = Q LOST

icwAt =CV, SUB (a)

V %
(io,av—]L) At:CZf;(’C = 2pr
. V,m
" R
. V,m '
iDav =
D wAtR L

where wAt 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),

2V,
Ve

oAt =

(b)

Substituting for wAt, we get

. TV,
Sipy=———=+1
2V,
2T R
VP
Since the output is approximately held at V,,,
V,
—L ~ 1, - Thus
R

. ~ Vo
= Ip,av =rl; W‘i‘IL

Vs i| Q.E.D.

=11
L|: +7 2V

If t = 0 is at the peak, the maximum diode current
occurs at the onset of conduction or at r = —wA¢.
During conduction, the diode current is given by
ip=ic+ig

dug

iD,max =C — + iL
dt t=—wAt

L . v,
assuming i; is const. i; =~ ?" =1

= C% (V,cosot) + I,
=—-Csinotx oV, +1,

= —Csin(—wAt) x oV, + I,
For a small conduction angle
sin(—wAt) &~ — wAt. Thus
= ipmux = CoAt x 0V, + I,
Sub (b) to get

r

Vo

iD,max =C va + 1

Substituting w = 27 f and using (a) together with
V,/R =~ I, results in

V
ipmax = I |:1 + 2 2‘; :| QED

Ex: 4.25
The output voltage, vo, can be expressed as

vo = (V, —2Vp) e™"/*¢

O
ac +
line »
voltage 5
O

At the end of the discharge interval
vo =V, =2Vp =V,
The discharge occurs almost over half of the time
period =~ T/2.
. T
For time constant RC > 7
ey oDy L
2 RC

Vp=2Vp—V, = (V, —2Vp) (1 Tl
- VP D r = P D D) RC

:>v,:(vp—2vu)><ﬁ

Here V, = 12v/2and V, =1V

Vp =08V
1 1

60"

1 =(2v2-2x08) x —
(12v2-2x08) x o=

1242 — 1.
C:M:Qg]u]:
2 x 60 x 100

Without considering the ripple voltage, the dc
output voltage

—12V/2-2x08=154V

If ripple voltage is included, the output voltage is
v,
= 12«5—2x0.8—7 =149V

14.9
IL=—=>~015A
100 Q

The conduction angle wAt can be obtained using
Eq. (4.30) but substituting V, = 124/2 — 2 x 0.8:

N 2V, 2x 1
w = = _—
v, 1242 -2 x 0.8

= 0.36 rad = 20.7°

The average and peak diode currents can be
calculated using Eqgs. (4.34) and (4.35):
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Exercise 4-8

, s [V o, 149V
v = , where I} = ———,
ay = A\ 2T oy LT 7000

V, =122 -2 x 0.8, and V, = 1 V; thus

ipaw = 1.45 A

i Dmax = 1(1 +or | o )
2V,

=276 A

PIV of the diodes

=Vy—Vpo=12/2-08=162V

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

The diode has 0.7 V drop at 1 mA current.

ip = Ige"?/"7

ip — o@p=07/Vr
1 mA
= V(-2 ) +07v
vp = Vrln .
P\ 1 mA
For v; =10 mV, v9 =v; =10 mV
It is an ideal op amp, so iy =i_ = 0.
o IOmV_10 A
..lp =1Ip = 1kO = L

10 pA
vp =25 x 10- In( 2%
1 mA

) +0.7=058V

vy = vp + 10 mV
=0.58 4+ 0.01
=059V

Forv; =1V

Vi=07V+1kQ x 1 mA
=17V

For v; = —1V, the diode is cut off.

Lo =0V
vy =—12V
Ex: 4.27
D—O-UO
Y, <
’ rR3HL

v; > 0 ~ diode is cut off, loop is open, and the
opamp is saturated:

vo =0V

v; < 0 ~ diode conducts and closes the negative
feedback loop:

Vo = Uy

Ex: 4.28 Reversing the diode results in the peak
output voltage being clamped at 0 V:

Yo
A

—10V p----

Here the dc component of vgp = Vp = -5V

Ex: 4.29 The capacitor voltage accounts for the
shift of the voltage waveforms from v; to v.
Thus, from Fig. 4.30, we see the capacitor voltage
is V, + Vee = 8 V. The diode’s peak inverse
voltage arises at the peaks of v,

PIV = Vomax — VCC
= Vee +2V, — Vee
=2V,=6V

Ex:4.30 C;o =100 fF, V, =3V, m = 3. Using
Equation (3.47),

100 fF

at Ve =1V:C; = 5 = 42.2{F, and
(1+3)
100 fF

atVpg =3V:Cj = ——— = 12.51F.
(1+3)

Ex: 4.31 The reverse current is
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Exercise 4-9

—ip=Ip+ip=Ip+Rx P The capacitance is 10 pF per mm? or,

ivalently, 1 nF 2. Thus,
At an incident light power of P = 1 mW, equivarently, 1w per cm w
C; =1x333=333nF

—ip=10"+05%x 1 =05mA p=Rx !

At an incident light power of P = 1 uW,

Ex: 4.33
—ip=10"*+05x 102 =6 x 107" mA = 9-3x%x18
Ex: 4.32 Neglecting dark current, Ex: 4.34
. 9-3x%x22
ip=RxP R=278<=0.12k§2=120§2

t

107 =03 % 0.0l x A

107° 4 2
A= ————=333x10"m" =
0.3 x 102

3.33 cm?
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Exercise 5-1

Chapter 5

Solutions to Exercises within the Chapter

Ex: 5.1
e 34.5pF
C,, = Cox Z3AIPE/M o s pum?
tor 4 nm
u, =450cm?/V-S
k; = ,uncox = 388 MA/VZ
Doy = UGs — V, =05V
_ L =k d = W =5.15
s =T TV T LT

L =0.18 pm, so W =0.93 pum

Ex: 5.2 34 5 oF
Cpp = o = IS PE/M o i pum?
tox 1.4 nm
U, =216cm?/V-s
K = 11,Co = 531 pA/V?
1, W,
EknfDOV
1 2
50:5 x 531 x 10 x vy
. Doy = 014V
UGgs = V, +voy = 049V
Ops, min = oy = 0.14 'V,
Ex:5.3 ip = fk’ UOV in saturation

Change in i is:

(a) double L, 0.5

(b) double W, 2

(c) double vyy, 2> =4

(d) double vps, no change (ignoring length
modulation)

(e) changes (a)—(d), 4
Case (c) would cause leaving saturation if

Ups < ZUOV

Ex: 5.4 For saturation vpgs > vy, SO pg Mmust
be changed to 2vpy

1, W

—k UOV, so0 ip increases by a factor of 4.

2L

Ex: 5.5 vpy =05V

1

gDS—k vov— )

kg =k

n

=2mA/V?

~| =

T1x05

At vps = 0.2 V,vps < vgy, thus the transistor is
operating in the triode region,

1
. 2
ip = ky(voy vps — 5005)

1
=2(05x%x02— 3 X 0.2%) = 0.16 mA

Atops = 0.5V, vps = vovy, thus the transistor is
operating in saturation,

1 1
ip= Ek,,ogv =5 %x2x 0.5* = 0.25 mA

Atvps =1V, vps > voy and the transistor is
operating in saturation with i, = 0.25 mA.

Ex:56 Vi, =V, L=5%x08=4V

1
l=—=025V""!
%

A
Ups = 0.8V > Loy = 02V

= Saturation: i p = 2k;l vov (14 Avps)
o 16 s
ip= 3 x 400 x 03 x 0.27 (1 4+ 0.25 x 0.8)
=0.192 mA

Va 4
rp= A= " —25kQ

ip 0.16

where ip is the value of i, without
channel-length modulation taken into account.

ADDS . 1V

Ty = — = Aip= ——— =0.04 mA =
Aip 25 kQ

40 pA

Ex: 5.7

+1.8V

UG o—l

=-05V
’p 100 pA/V?
w
T =10=k =1 mA/V?

(a) Conduction occurs for Vsg > |V,,| =05V
=05<18—-05=+13V
(b) Triode region occurs for vpg > |V,,| =0.5V

= Up > Vg +0.5
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(c) Conversely, for saturation
vpe < |Vip| =05V
= vp <vg + 0.5

(d) Given A =0,

1, W 5
= Ek;f|00v| =50 pA

Solvov] =032V =056 — |V,

ip

= vsg = lvov| +|Vip| =0.82V
Lg = 1.8 —Usg = 098V
vp <vg+05=148V

(e) For A =—02V~'and |voy| =0.32V,
1
ip=50pAandr, = —— = 100 kQ
M|ln
(f) At Lp = +1 V, Usp = 0.8 V,

LW
ip= Eknfh’OV'z (L + [4]lvspl)

=50 pA(1.16) = 58 pA

Atop =0V, vgp =1.8V,
ip =50 pA (1.36) = 68 pA
. Avpg _ 1V
7 Aip  10pA

which is the same value found in (c).

= 100 kQ

Ex: 5.8
VDD — Up 1-0.2
v In 0.1
1 2
Ip = E:unCOXZVOV =

1 5,
IOO:§>(400>(074 OV:

Vov =02V = Vss=Voy +V,=02+04
=06V
Vs = V.

Vs=—0.6V= Ry = ——>

Ip
06— (1)
B 0.1
Rs = 4kQ

Ex: 5.9
Vi, =05V

Hy Cor =04 mA/V2
W 072pm

L~ 0.18pm
2=0

Exercise 5-2

+1.8V

oV,

I

Saturation mode (vgp =0 < V,,,):

1 w
Ip = w,,coxf(vp — V,,)? =0.032 mA

2
Vp=07V=18—1IpR
1.8—-0.7
SR=——— =344kQ
0.032 mA
Ex: 5.10
+ 18V
R, R
0, 0,

Since Q, is identical to Q; and their Vg values
are the same,

102 = IDI = 0.032 mA

For Q, to operate at the triode—saturation
boundary, we must have

Voo =Voy =07-05=02V

1.8V-02V

) = ———— =50kQ
0.032 mA

Ex:5.11 Rp =6.55x2=13.1kQ

Vs = 2 'V, assume triode region:

/W 1 2
Ip = k"f (Vos = Vin) Vps — EVDS_
I — Voo — Vps
P R

) -

1%
=2 x [(Z—O.S)VDS - %S

2 — Vps
13.1

= Vjs —3.076Vps +0.15=0
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= Vps =0.05V < Vyy = triode region
_2-0.05

I = =0.15mA
=130 m

Ex: 5.12 As indicated in Example 5.6,

Vp > Vg — V, for the transistor to be in the
saturation region.

Vomin =V =V, =5—-1=4V

Voo — Vomi
Ip =0.5mA = Rpyy, = —22 " Dmin

Ip

10—-4

= — =12kQ
0.5
Ex: 5.13
1 /W 2 2

ID =0.32mA = Ek"fvov = 5 x 1 x VOV
= Voy =08V

Vo=Vs+Vgs=16+18=34V

v, 3.4
Rop = 2 = 27 —34MQ
1 1 nA
5-34
RGI == == 16MQ
1 pA
1%
Ry = — =5kQ
0.32
Vp =34V, thenRp = >4 _5k0
= 2J. N n = =
D ME>="073
Ex: 5.14
1.8V
R ‘LID
V,y =—04V
K, =0.1mA/V’
w10
Z = M g, =556mA/V?
L 0.18 pm
Vse = [Vipl + Vovl
=044+06=1V
Ve=+1V

Exercise 5-3

Since Vpg = 0, the transistor is operating in
saturation, and

1 2
Ip =k, Vgy =1 mA
1.8 — 1.8—1
p= 182V 181 heo
I 1
=800 Q

Ex: 5.15 V, = 0: since the circuit is perfectly
symmetrical, Vo = 0 and therefore Vgg = 0,
which implies that the transistors are turned off
and IDN = IDP =0.

V; = 2.5 V: if we assume that the NMOS is
turned on, then V, would be less than 2.5 V, and
this implies that PMOS is off (Vsgp < 0).

I —lk’W(V V,)?
DN—2,,L GS t

+25V

—i[, o,
¢IDN

V,=25Vo— v,

10 kQ R,

1
Ipy = 3 X 12.5=Vy —1)?

Ipy = 0.5(1.5 = Vp)?

Also: Vo = Ry Ipy = 10Ipy

Ipy =0.5(1.5 = 101py)?

= 10017, —32Ipy +225=0= Ipy
=0.104mA  Ipp=0

Vo =10 x 0.104 = 1.04V

VO
L 2 O
\lIIDP
—i[ o,
10 kO
25Vo—
25V =
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Exercise 54

V; = —2.5 V: Again if we assume that Qp is Ex:5.16 V, =0.8 + 0.4[«/0.7 +3 - v0.7]
turned on, then Vy > —2.5 Vand Vggy <0,

which implies that the NMOS Q is turned off. =123V

Ipy =0

Ex: 5.17 UpSmin = UGs + |V,|
Because of the symmetry,

Ipp = 0.104 mA, =1+2=3V

1
Vo = —Ipp x 10kQ Ip = 3 X 2 [1=(=2)F
=—-1.04V — 9mA
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Exercise 6-1

Is 107"
Chapter 6 Igg == = =107" A
p 100
Solutions to Exercises within the Chapter I 1 mA
VBE = VT 11’1|:fi| =25 IH[T]
. vpE/V; s 107" A
Ex: 6.1 lc = Ise BE/YT
. =25 x 29.9336
v vppr = V; ln|:lC2:|
BE2 — UBE1 — VT T —
ict =748 mV
700+ 251 0.1
= n|f —
e 1 Ex: 6.6

=642 mV

10
UBE3 = 700 4+ 25 In T

= 758 mV
Ex:6.2 ..a = L
p+1
50 150

— <a <
50+1 150 +1

0.980 < a < 0.993

Ex: 6.3 IC = IE - IB
= 1.460 mA — 0.01446 mA

= 1.446 mA
Ic 1.446 vge = 690 mV
a=—=——=0.99
I; ~ 1460 o =1mA
1 1.446
B = TC = 001446 — 100 For active range Ve > Vp,
B .
IC — IsevBE/VT Rcmax _ VCC — 0.690
Ic
Ic 1.446
Is = ooBE/Vr | ¢700/25 _ 5 _10~69
1.44
= 1.446 mA =107 A =4.31kQ
228
Ex: 64 f= d  Ic=10mA
X604 f=1—, an c=0m Ex: 67 I;=10"" A
0.99 =
Fora = 099’ ﬂ — : .99 —99 Areac 100 x Areagp
o o Isc =100 x Is =103 A
Ip=-"S=_"=01mA
1) 99
0.98 Ex: 6.8 ic = Ige"s8/VT — [gee"sc/VT
Fora =098, f = ——— =49
/ 1-0.98 foric =0
Iy = _1_ 0.2 mA Ise"?t/VT = Iscetse/VT
s 9 Isc eVBE/VT
T T upc/Vv
Ex: 6.5 Given: Iy espertT

— eUBE=vBC)/ VT

Is=10"""A, =100, Ic =1 mA

. Isc
We write S Vee=Vee — Ve =VrIn IO
s
Isp = Is/o = Ig x (1 + l) For collector Area = 100 x Emitter area
B
100
=107 x 1.01 = 1.01 x 107"° A Vep =25In) == =115mV
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Ex: 6.9 Ic = Is¢"BE/VT — [soeVBe/VT

Iy = ﬁeVBL’/VT + ISCeVBC/VT
B
Ic
igforced = T <ﬁ
B lsat

IgeVBE/VT — [oeVBc/VT

= IgeVBE/Vr +ﬁ1SCeVBc/VT

[Se(VBE—VBc)/VT — I

- IseVBE=VBO)/Vr +,BISC

B ﬁ eVCEsm/VT — ISC/IS
- eVCEsat/VT +ﬂISC/IS

220025 _ 100
ﬂforced =100 m

=100 x 0.2219 ~ 22.2

Ex: 6.10

—10V

Ir = ﬁeVBE/VT
a

2mA = 2L 10 VeV
50

250
Ve =251In| — x — x 10"
BE Il|:103 X 31 X j|

=650 mV
50
= ﬁ 1E=fX2
B+1 51
= 1.96 mA
1o 196

Ip=—=——=392pA
B B 50:> W

Ic

Ex: 6.11 Ic = Ige""/'T = 15A
o Vee = Vr In[1.5/107"]

=25 x 25.734

=643 mV

Q.E.D.

Exercise 6-2

Ex: 6.12
+15V
Rc
Ve=05V
= Vi
_ VE 7VBE
2
—15V
1.5-V¢ 1.5-0.5
RC — —
Ic 2
=0.5kQ =500 Q
Since at I = 1 mA, Vzr = 0.8 V, then at

Ic =

2 mA,

2
Ve = 0.8+ 0.025 ln(I)

=0.840.017
=0.817V
2 mA 2
Iy = = — =2.02mA
o 0.99
Vg — (—1.5)
IE e —
Rg
Thus,
—0.817+1.5
p= 0 335k
2.02
=338Q
Ex: 6.13
+10V

—10V
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_ Vp—(=10)  —07410
o 10 - 10
=0.93 mA

Ig

Assuming active-mode operation,

I I 093 o182 mA
= = = . m.
PRl 50+1

=182 1A

Ic =1 — Iy =0.93 —0.0182 = 0.91 mA
VC = 10—10 x5
=10—-091x5=545V

Since V¢ > Vjp, the transistor is operating in the
active mode, as assumed.

Ex: 6.14

+10V

—10V
Ve=10V
Thus,
v,
I 5 —0.01 mA
100 kQ
Ve=+17V
Thus,
10-Vy, 10-1.7
Ip = = = 1.66 mA
EZ 750 5 o
and
I 1.66
1=2L=—_""—166
P+ Iz 001
= f =165
1
A 05 _ 994

T Er1 T T65+1

Assuming active-mode operation,

Ic = alp =0.994 x 1.66 = 1.65 mA

Exercise 6-3

and
Ve=—104+165x5=—-1.75V

Since V¢ < Vjp, the transistor is indeed operating
in the active mode.

Ex: 6.15

The transistor is operating at a constant emitter
current. Thus, a change in temperature of +30°C
results in a change in Vgp by

AVgp = —2mV x 30 = —60 mV
Thus,

Since the collector current remains unchanged at
oI, the collector voltage does not change:

AVe =0V

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

UCE

To

ic = IsevBE/VT +

M
Now using Egs. (6.21) and (6.22), we can express
r, as

Va

r, —m ——
¢ Igevse/Vr

Substituting in Eq. (1), we have

ic = ISeT’BE/VT (1 + E)

Va
which is Eq. (6.18). Q.E.D.
Ex: 6.17 r, = & = @
Ic Ic

Atle = 0.1 mA, r, =1MQ
Atle = 1 mA, r, = 100 kQ
Atle = 10mA, r, = 10kQ
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AV,
Ex: 6.18 Al- = —<E
r()

where

Vi 100
r,= — = — =100 kQ

Ic 1

-1
Al = ——— = 0.1 mA
100

Thus, I- becomes 1.1 mA.

Ex: 6.19

(a) For operation in the active mode with
Vee =5V,
_ Vee=Ve 10-5

= =0.5mA
R¢ 10

I 0.5

Ip = < =~ = 0.0l mA
s 50

Vep = Vpe + IpRp

Ic

=0.74001 x10=08V

(b) For operation at the edge of saturation,

Vep =03V
Vee =V, 10-0.3
Jo =S¢ CE =0.97 mA
Re 10
Ic 097
Ip=-5 =1 —0.0194mA
B 50

Vg =V + IgRp
=0.740.0194 x 10 =0.894 V

(c) For operation deep in saturation with
Prorced = 10, we have

10-0.2
Ic = —— =0.98 mA
10
Ic 0.98
Iz = = —— = 0.098 mA
? ﬁforced 10 "

Vep = Vp + IpRp
=0.740.098 x 10 =1.68 V

Exercise 64

Ex: 6.20 For Vzp =0V, Iz = 0 and the
transistor is cut off. Thus,

1C = 0
and

Ve =Vee =410V

Ex: 6.21 Refer to the circuit in Fig. 6.22 and let
Vge = 1.7 V. The current Iz can be found from
Ve =V  1.7-07

R 10

Assuming operation in the active mode,

Ic =I5 =50 x 0.1 =5mA

Thus,

Ve = Vee — Rele

=10—-1x5=5V

which is greater than Vj, verifying that the

transistor is operating in the active mode, as
assumed.

(a) To obtain operation at the edge of saturation,
R must be increased to the value that results in
VC E = 0.3V:
Vee — 0.3
Re = <€
Ic

10 —0.
:70 03=l.94kQ

(b) Further increasing R results in the transistor
operating in saturation. To obtain
saturation-mode operation with Veog = 0.2 V and
Brorcea = 10, we use

IC = ﬁfr)rced X IB

=10x 0.1 =1 mA

The value of R required can be found from
Vee — Vek

Ic
_10-02
=0

RC=

=9.8kQ

Ex: 6.22 Refer to the circuit in Fig. 6.23(a) with
the base voltage raised from 4 V to V. If at this
value of Vp, the transistor is at the edge of
saturation then,

VC = VB - 04 \'%
Since I ~ I, we can write

10-Ve Vg V=07

Re Rz Rz
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Exercise 6-5

Thus,
10— (Vz—04) Vz—07

4.7 33
= Vp=+47V

Ex: 6.23

To establish a reverse-bias voltage of 2 V across
the CBJ,

Ve =46V

From the figure we see that

Rc = M =8 kQ
0.5
and
Ry = ﬁ = 6.6 kQ
0.5

where we have assumed o =~ 1.

Ex: 6.24

The figure shows the circuit with the base voltage
at Vp and the BJT operating in saturation with
VCE =0.2Vand ﬂforced =5.

10 — (V5 — 0.5)
Ie =53 = —— 52— 1
c B a7 )]
Vp — 0.7
Ip =6l =-2"_"" 2
E B 33 2

Dividing Eq. (1) by Eq. (2), we have
5 105-Vy 33

6 Vs—07 47

= Vp=+518V

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

Ve =404V

Since the emitter and collector currents remain
unchanged, then from Fig. 6.26(b) we obtain

Ic = 4.65 mA
Thus,

Ve — (—1
g = Ye= (=10

Ic

4
= M =2.26kQ

4.65
Ex: 6.26

+10V

—-10V

For a 4-V reverse-biased voltage across the CBJ,
Ve =—4V
Refer to the figure.
Ve — (—10
Ic =1 mA = ¥
Rc

4410

= Re = =6kQ

10 — Vg
Ig
Assuming o = 1,

10-0.7
Rp = ———

E =

=9.3kQ
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Exercise 6-6

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

, _5-07
5= 7100

=0.043 mA

To ensure that the transistor remains in the active
mode for f in the range 50 to 150, we need to
select R¢ so that for the highest collector current
possible, the BJT reaches the edge of saturation,
that is, Vcp = 0.3 V. Thus,

Vee = 0.3 =10 — Releomax
where

Iemax = Bax I

=150 x 0.043 = 6.45 mA

Thus,

Rc = % =1.5kQ

For the lowest £,

Ic = Puinlp

=50 % 0.043 =2.15mA

and the corresponding V¢ is

Vee =10 — Rele =10—1.5 x 2.15
=6.775V

Thus, Vg will range from 0.3 V to 6.8 V.

Ex: 6.28 Refer to the solution of Example 6.10.

I — Vep — Ve
f L R—
Rg + Rpp/(f+ 1)
5—-0.7
=1.177 mA

= 3+ (33.3/51)
le = aly =098 x 1.177 = 1.15 mA

Thus the current is reduced by
Nl =128 -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+41.25242.78 =4.135 mA
Thus, the power dissipated in the circuit is

P =15V x 4.135 mA = 62 mW

Ex: 6.30

From the figure we see that

1
Vis = —5 % 0.47
o

I
Ver = Vs + 0.7 = -2 x 047 + 0.7 (1)
o
A node equation at the collector of Q; yields
275 = Y fo
2.7 s

Substituting for V¢, from Eq. (1), we obtain
(047 Ic3/0t) + 0.7 Icg
2.7 s

Substituting o = 0.99 and # = 100 and solving
for I¢5 results in

275 =

Ic3 = 13.4 mA

Now, Vg3 and V¢, can be determined:

Vs = 29 047 = 134 047 - 4636V
= — X . = . == .
BT 0.99

Ex: 6.31

+5V
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Exercise 6-7

From the figure we see that Q; will be off and Q,
will be on. Since the base of O, will be at a
voltage higher than —5 V, transistor Q, will be
operating in the active mode. We can write a loop
equation for the loop containing the 10-kQ
resistor, the EBJ of Q; and the 1-kQ resistor:

—Igx1—-07—=1px10=-5

Substituting Iy = I /(S + 1) = I/101 and
rearranging gives

I = Slgi =39mA
101 +1

Thus,

Ve =-39V

Vg, = —4.6V

Ig = 0.039 mA

Ex: 6.32 With the input at 4 10 V, there is a
strong possibility that the conducting transistor

This figure belongs to Exercise 6.32.

4 +55V

10 kQ

+1ovo—‘['—<;

10— 55 _
O 02 = 0.45mA

0O, will be saturated. Assuming this to be the
case, the analysis steps will be as follows:

VCEsatlQl =02V
Ve = 5V-— Veesu = +4.8V

48V
IEl = ——=48mA
1 kQ
10-5.5
131 = T = 0.45 mA
Iey =1p — Ip =4.8-0.45=435mA
I 435
orced = — = —— = 9.7
Proves = 7= 045

which is lower than S, verifying that Q, is
indeed saturated.

Finally, since Q5 is off,
Ica =0

Ex: 6.33 VO =+10— BVBCO =10-70
=-60V

+5V

0, 0n Ve, =02V (D

+48Vv (2

1 kQ

-5V
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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: V, and Vpp; thus 0.4 V
and 1.8 V. To determine the coordinates of
point B, we use Eqgs. (7.7) and (7.8) as follows:

V2knRDVDD =+ 1-1

V()V‘B =

k,Rp
V2 x4x175x1.8+1—1
4 x17.5
=0.213V
Thus,

Vsl = Vi + Vov|, =04 40213 =0.613V
and

Vps|y = Vov|, =0.213V

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

At point C, the MOSFET is operating in the
triode region, thus

1
ip ==k, |:(‘U(;5|C - V[)UDS|C - Evi)s|ci|

If vDS|C is very small,
ip = ka(vas|. — Vi) vps|,

=4(1.8 — 0.4)vps].

=5.6ups|., mA
But
Vpp — v 1.8

ip = —2 Pl psle Voo _ 18 _ 0.1 mA

Rp Rp 175

0.1 .

Thus, vps|. = — = 0.018 V = 18 mV, which

€56

is indeed very small, as assumed.

Ex: 7.2 Refer to Example 7.1 and Fig. 7.4(a).
Design 1:

Vov =02V, Vgs=06V
Ip =0.08 mA

Now,

A, =—k,VovRp

Thus,

—10=-04x%x10x 0.2 x Rp
= Rp =12.5kQ

Vbs = Vop — Rplp
=18—-125x%x0.08=08V
Design 2:

Rp =17.5kQ

Exercise 7-1

A, =—k,VovRp

—10=-04 x 10 x Voy x 17.5

Thus,

Voy = 0.14V

Vos =V, + Voy =0.4+0.14 =0.54 V

1, (WY, ,
ID:Ekn f VOV

1
=5 x 0.4 x 10 x 0.14*> = 0.04 mA
Rp =17.5kQ

VDS = VDD - RDID
=18-175x004=11V

Ex: 7.3
IcR
Av:_C C
Vr
30— XRe p _ska
= 0.025 €

Ve =Vee — IcRe
=10—-1x8=2V

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
in5.3 mV.

Ex: 7.4

VDD

ip \L Ry

Uy Ups
+
UGs
IVGS a
Vop =5V
Vs =2V
V=1V
A=0
K =20 pA/V?
Rp =10kQ
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w
— =20
L
(a)VGs:2V:>V0V:lV
1, w
Ip = Ek,,fvgv =200 pA = 0.2 mA

Vps =Vpp —IpRp =+3V
w
(b) g = K, 7 Vov = 400 LA/V = 0.4 mA/V

Uds

(©)Ay=—=—gnRp=—4V/V

gs

(d) vgg = 0.2sinewt V
vgs = —0.8 sinwt V
vps = Vps + v4s = 2.2V < vpg <38V

(e) Using Eq. (7.28), we obtain
1
iD = Ekll(VGs - V[)z

+ ko (Vos = Vv + 3k,

ip = 200 + 80 sinwt

+ 8sin*wr, WA

= [200 + 80sinwr + (4 — 4 cos2wt)]
=204 + 80 sinwt — 4 cos2wt, LA

Thus, Ip shifts by 4 pA and

e  4pA
oHD = 22 = "M 05 (5%)
iy 80 nA
Ex: 7.5
(@) Vgs = 1.5V = Vyy =
15-1=05V
_2Ip
gn =
1, w |
IDZEknfvéV:§x60x4Ox0.52
2x0.3
= =12mA/V
& 0.5 mA/
1% 15
ry= A = 2 —50kQ
Iy 03

w
b)Ip=05mA =g, = ZﬂnCoxf Ip

=V2x60 x40 x 0.5 x 10°

gn = 1.55mA/V

1
=E=—5=30k9
Ip 05

To

Microelectronic Circuits

Exercise 7-2

Ex: 7.6
Ip =0.1mA, g, = 1 mA/V, k£, = 500 nA/V?
21 2x0.1
m = =2 ov = =02V
Vov
1, w w21
Ip =~k ,— V2 — =
PTRT LY L T R vE,
2x0.1
= =10
500
—— x0.2?
1000
Ex: 7.7

=u,C WV
gm—,un oxL ov

Same bias conditions, so same Vyy and also same
L and g, for both PMOS and NMOS.

1, Cox Wy = 11, Cou W, = 22 — 0.4 =

n

=

n

=

W,
W,

=25

=

Ex: 7.8

1, W
]D_fk/i

2
= Sk, (Vs = [Vi])

1 16
=-x60x — x (1.6—1)°
2 0.8

Ip =216 pA

20, 2x216
Voyl ~ 1.6—1

=0.72mA/V

Sm =720 pA/V

1 1
A=004=|V;|=—=——=25V
1] = |Val 7]~ 0.04 /nm

_|V1§‘|><L_25><0.8

) = —92.6kQ
! In 0216

Ex: 7.9
2Ip Va2V,
Vor o Vov
Va=VyxL=6x3x%x018=3.24V
2 x3.24
02

Emlo =

Ex: 7.10

Refer to the solution of Example 7.3. From
Eq. (7.47), A, = 22 = —g,.Rpy (note that R,
v

is absent). '
Thus,

ngD =25
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+5V

Substituting for g,, = k,Vov, we have
k.VovRp =25
where k, = 1 mA/V?, thus

VovRp =25 ()

Next, consider the bias equation

Vs = Vps = Vop — Rplp

Thus,

Vi+ Vov =Vpp — Rplp

Substituting V; = 0.7V, Vpp =5V, and

1 2 1 2 1
IDzikﬂv()V:EXIXVOV:E ov
we obtain

1

0.7+ Voy =5— Ev(%VRD ()
Equations (1) and (2) can be solved to obtain
V()V == 0319 V
and
Rp =78.5kQ

The dc current I, can be now found as

1
Ip = 5k,,vgv =509 pA

To determine the required value of R; we use Eq.

(7.48), again noting that R, is absent:

R
R, = —9%
1+ngD
R
05MQ=—2
1425

= Rg = 13MQ

Finally, the maximum allowable input signal 9;
can be found as follows:

v, 0.7V
= - _2TmV
A +1  25+1

A

U;

Exercise 7-3

Ex: 7.11

Ex: 7.12

Oic

Given: g,, =

OvpE ic=I¢

where I = IgeV?E/VT

dic | LgelnelVr g
ovBE gy Voo Vr
Thus,
Ic
=7,
Ex: 7.13
_Ic  05mA

_ e _ —20mA/V
& =y, T 25 mv /

Ex: 7.14

Ic = 0.5 mA (constant)

For = 50:

Ic  05mA
== =20mA/V
=Y, T 25mv mA/
/ _IC_O.S_10 A
B = 850 W
rﬁ=£=@=2.5m

m 20
For p = 200,

Ic
gn=— =20mA/V

Vr

1 .5 mA
p=le _05SmA _HsiA

B 200

200
el 2290
8m 20
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Exercise 74

Ex: 7.15 i = Bi, = B Ube
r7[
L =100 I =1mA 5
1 mA = (*)Ube = 8mUbe
gn = —— =40mA/V Tz
25 mV "
=i C Din = q
Vi aVy  25mV fe =ip+ Pipy = (B+ Dip = (B + )
ro=—=——-=25Q
Ig Ic 1 mA B Upe U
1 T /BHD T n
Sm 40
Ex: 7.18
Ex: 7.16
e _1mA  omav C
m— 5, = iz < — m
A\
vC(’
Ay, = = —gmRc
o 8mUpe
=—-40x 10 ;
b
= —400 V/V B —:
VC = VCC - ICRC -
e
=15—-1x10=5V U,

ve(t) = Ve + ve(1)
= VC + Avvhe(t) E
=5 —400 x 0.005 sinct

=5 —2sinwt  Upe
Iy = — 8mUbe

ip(t) = Ip +iy(t)

1
where = vbe(f — gm)
rf

ST F T 00 T :vbe( _E)
Tn/p+1 Iz
. gmvb('(t)
and i, (1) = -2 si1 B o
ﬁ = Upe - | =
1 Iz 'z Vr
_ 40 x 0.005 sinwt
B 100
= 2sinwt, pA Ex: 7.19
Thus, +10V
ip(t) =10 4 2sinwt, pA
Ex: 7.17
Bo— Y
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. _l0-07
T
Ic = aly = 0.99 x 0.93

=0.93 mA

=0.92 mA
VC == —10+ ICRC

—10+092x75=-31V

Av _ E _ (ZRC
Ui Fe
25 mV
where r, = —— =269 Q
0.93 mA
0.99 x 7.5 x 10°
Ayj=———— =2762V/V
26.9
For v; = 10 mV, 0, =276.2 x 10 =2.76 V
Ex: 7.20
+10V
8 k()
oY
o0
X o
o—|
o0
10kQg |0z
= I=1mA
Iy =1mA
100

1
Ip = — x 1 =0.0099 mA
101

(@ Ve=10—8x099=208~21V
Vg = —10 x 0.0099 = —0.099 ~ —0.1 V

This figure belongs to Exercise 7.20c.
R

sig

Exercise 7-5

Ve=—-0.1-0.7=-0.8V
(b) le _ 09 _ 4 A/V
m = T = ~ m
&=y, T 0.025
100
Ir :ﬁz—:ZSkQ
m 40
1
r, = E = 700 =101 ~ 100 kQ
Ic  0.99
(c) See figure below.
Rjo =2kQ Rp=10kQ r, =25kQ
gn =40 mA/V
Rc =8kQ R, =8kQ r,=100kQ

vy _ Va Vy
Vsig B Vsig VI[
RB”rn

B (RB“rn) + Rsig

X —8m (RC”RL ”ru)

101 2.5
= # x —40(8 || 8 || 100)
(10]2.5)+2
=—-0.5x40x3.846 =-77V/V
. Vy
If r, is negelected, = —80, for an error
sig
of 3.9%.
Ex: 7.21
21 2 x0.25
gmziD :7X :2mA/V
Vov 0.25
Ry, = o0
Ay = —8gnRp=—-2x20=—-40V/V

R, = Rp = 20kQ

RL 20
Av = Avo = —40 x
R, + R, 20+ 20
= —20V/V
G,=A, ==20V/)V

'l/),‘ =0.1x 2V0V

=01%x2x025=0.05V

9, =005%x20=1V

Y
i 8m Vw +~g +R C %L )
@ @ ® @ O

= + 0
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Ex: 7.22
Ic = 0.5mA
I 0.5 mA
gn =2 = 2% oomA/vV
Ve 0.025V
1
e = ﬁ = E =5kQ
Sm 20
Rin =TI = 5kQ

Avo = —gnRc = =20 x 10 = =200 V/V
R, = Rc = 10kQ

RL 5

Ay = Ay = —200 x

R, + R, 5+10
— —66.7V/V

Rin 5
G, = A, = x —66.7

Riy + Ry, 545

= _333V/V

b, =5mV = 4, =2x5=10mV
5, =10x33.3 =033V

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 75, = 0.2 V and we wish to keep

Uy = 50 mV, then we need to connect a

. 3.
resistance R, = — in the source lead. Thus,

8m
3
Ry = —— =15kQ
2mA/V
Gv = Ay = _w
— + R,
8m
20120
- 2 _ svyv
05+1.5

Uy = G, U5y =5 x 0.2 =1V (unchanged)

Ex: 7.24
From the following figure we see that
~asig = 2bRsig + 7771' + ;eRe

e

= 7Rsig + 1/)7[ + 2.\eRe

A A~

= Ryt i+ =R
_(ﬁ_f_l)r() si1g vﬂ' rE e

A ~ Re Rsig
Usig = U |1+ — + — Q.E.D

Te 'z

Exercise 7-6

Ry ,=1,/IB+1)
+ ¢ A'e = 0,/r,
0, r,
ﬁsig Ci) E
s Re

For Ic = 0.5 mA and g = 100,
_ & _ aVr _ 0.99 x 25 ~ 500
I Ic 0.5

r. =+ Dr. =5kQ

Te

For 74, = 100 mV, Ry, = 10 kQ and with 7,
limited to 10 mV, the value of R, required can be
found from

100 = 10 1+R€+lO
a 50 5

= R, =350 Q
Rw = (B + )(r. + R,) = 101 x (50 + 350)
= 40.4kQ

Rc|| R
G ——p cllRy
Rsig + (,[)) + 1)(7'(, + Re)

=—100 10 =-198V/V
N 10+101 x04 7
Ex: 7.25
1
— = R, = 100 Q
8m

m = =10mA/V
=8 = i~ 10mA/
But

_ 21p
8&m = Vou
Thus,

21
10=>2
0.2
= ID =1 mA
G, = Rin X gmR
v Rin + Rsig §m D

=05x10x2=10V/V
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Ex: 7.26
Ic =1mA
V V 25 mV
o=t~ L =200 950
IE IC 1 mA
Ry,=r.=25Q
Ay =gnRc =40 x5=200V/V
R, = Rc =5kQ
Ry
A, =A,,——— =200 x =100 V/V
R; + R, 545
Rin
G,=——x A,
Rin + Rsig
= 25 x 100 =0.5V/V
© 2545000 o
Ex: 7.27
Rn=r,=50Q
= B A
= — = = 0.0m
T T 50Q
Ic = I = 0.5 mA
Rc|| R
G, = cll Ry,
re + Rsig
_ RellRe
T (50 4+ 50)Q
Rcl| R, = 4kQ
Ex: 7.28 Refer to Fig. 7.42(c).
R, = 100 Q
Thus,
1
— =100Q= g, = 10mA/V
8m
But
21D
8m = 5
Vov
Thus,
10 x 0.25
Ip= —"2 _125mA
2
- - Ry
U, = U; X =1x =091V
R, + R, 140.1
1
0 0 ; 1 x 0.1 91 mV
Ugs = U; = =
1 0.1+1
— + R, *
Ex: 7.29
R, =200 Q

Exercise 7-7

1
— =200Q
8m

= gn =5mA/V
But

AW
gmzkn f Vov

Thus,

w
5:0.4><f><0.25

w
= — =50
L
1 /W 2
Ip =5k, 7 Vov

1
=3 x 0.4 x 50 x 0.25>

=0.625 mA

R, =1kQto 10kQ

Correspondingly,

R R
R.+R, R,+02

will range from

v

G, = =0.83V/V
1+02 /
to
10
Gy=—— =098V/V
104+ 0.2
Ex: 7.30
IC=5mA
V V 25 mV
re=—L L2800 50

T I T Ic 5mA

Ry = 10kQ R, =1kQ
Rmz(ﬁ—i_l) (re+RL)

=101 x (0.005 + 1)

= 101.5 kQ
G, =1V/V
R + Rsig
out = Fe e
t ﬁ+1
10,000
=54 — 104 Q
101
R R
G, = F —= = +LR
R +re + sig L out
L ﬂ+1
1
=——=091V/V
14 0.104
— re
Un = Usig TR+ Rsig
Te
L ﬂ +1
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Exercise 7-8

R R

re  (B+Dr.
. 1000 10,000
Correspondingly,

0, =G, x1.1=091x1.1=1V

Ex: 7.31

vsig

B+ Do +R) R

From the figure we can write
Rin= 1+ Dlra + B+ D(re2 + Rp)]

Rou = Ry | |:re2 4ot St 1)}

U, R,

et + Rg/(B1 + 1)
pr+1

For I, =5 mA, p = p, =100, R, =1 kQ,

and R, = 100 k€, we obtain

Uiie RL + 12+

_ 25 mV 50
Y
5 5
Ipp= — = — ~ 0.05 mA
A +1 101
MV _ 5000
Fol = ———— =
"7 0.05mA
Rin = 101 x (0.5 + 101 x 1.005) = 10.3 MQ
0.5+ (100/101
Row = 1] [0.005 + 0.5+ A00/10D) 1 _ 5 ¢
101
Vo 1
T 0.5 + (100/101
g1 40.005 + 0.5 + (100/101)
101
=098 V/V
Ex: 7.32

1., W )
D= Ek,,f(vcs -V)

0.5= % x 1(Vgs — 1)?

= Vs =2V

IfV, =15V, then

Ip = % x 1 x(2—152=0.125mA

Aly 0.125-05

. - =—0.75 = —=75%
Ip 0.5
Ex: 7.33
Vop—Vp  5-2
Ry =22 "0 _ =6kQ
Ip 0.5
— Rp =6.2kQ

1 /W 2 1 2
ID: Ek"fvov =05= E x 1 x VOV
= Voy =1V

=>Ves=Vov+Vi=1+1=2V

= Vs=-2V
Vs — V. —2— (=5
Rs = S ss _ ( )=6kQ
In 0.5
— Rs = 6.2kQ

If we choose Rp = Ry = 6.2 kQ, then I will
change slightly:

1D=%><1><(VGS—1)2.

Also,

Vos = —Vs=5—RsIp

Thus,

21p = (4 —6.21p)*

= 384413 —51.613 +16 =0

= Ip = 0.49mA, 0.86 mA

Ip = 0.86 results in Vg > 0 or Vg > V;, which is
not acceptable. Therefore I, = 0.49 mA and

Vs=-54+62x%x049=—-196V
Vp=5-62x049=+196V

R¢ should be selected in the range of 1 MQ to
10 MQ.

Ex: 7.34
1, w_,
Ip =0.5mA = EkanOV
2 05x%x2
=V, = =1

1
=>Voy=1V=2Vse=14+1=2V
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Exercise 7-9

V= Rpy= " —6kQ
p= 80 ="3

= Rp = 6.2 kQ (standard value). For this R,
we have to recalculate Ip:

1
1,)=5><1><(VGS—1)2

1
= 5(Vop = RpIp — 1)’
(VGS = VD = VDD - RD ID)
1
Ip = 5(4 —6.21p)* = Ip 2049 mA

Vb =5-62x049=196V

Ex: 7.35 Refer to Example 7.12.

(a) For design 1, Rg = 3 kQ, R, = 80 kQ, and
R, =40kQ. Thus, Vg =4 V.

I — Vep — Ve
£ Ryl Ry
Ry +
p+1
For the nominal case, f = 100 and
4-0.7
]E:WZL()]_]mA
101
For p = 50,
=207 o4ma
E= 40180 0™
51
For f = 150,
4—-0.7
Ig = W = 1.04 mA
151

Thus, I varies over a range approximately 10%
of the nominal value of 1 mA.

(b) For design 2, R = 3.3 kQ, R; = 8 kQ, and
R, = 4 kQ. Thus, Vzp = 4 V. For the nominal
case, f = 100 and

4-0.7

15233-"_74”8=0.99:1mA
' 101
For f = 50,
= 2707 osama
T
’ 51
For p = 150,
4-0.7
IE=74”8 = 0.995 mA
33+ —
+ 151

Thus, /g 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 S, 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 Ry altogether and ground the base;
thus Rp = 0. The circuit takes the form shown in
the figure below.

+10V

-5V

To establish Iz = 1mA,

5— Ve
I =
E RE
5-0.7
I mA =
E
= Ry =4.3kQ

)
The voltage gain — = g,, Rc, where
v

i

fe _ 4omav
&n = v, mA/V.
To maximize the voltage gain, we select R¢ 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

collectoris =0.4 V +2V = +1.6 V.
Correspondingly,

_10-1.6 _10-16

Re = ~ =8.4kQ
IC 1 mA

Ex: 7.37 Refer to Fig. 7.56. For Iz = 1 mA and
Ve=23YV,

Vee = Ve
p=-c ¢
Rc
10—-2.3
= ——=2
Rc
= Re =7.7kQ

Now, using Eq. (7.147), we obtain
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Exercise 7-10

Vee — Ve
1527
Re + 2
c 1
[ 10-07
=—%
7.7+ —
+ 101
— Ry = 162 kQ

Selecting standard 5% resistors (Appendix J), we

use
Rp = 160 kQ and Rc =75kQ

The resulting value of /g is found as

=270 2 ma
TV

and the collector voltage will be

Ve =Vee — IgRe =23V

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

Vs =3.5Vand Ip = 0.5 mA; thus
V. 3.5
s=— =22 =7kQ
I, 0.5
Vpp =15V and V, =6 V; thus

Voo — Vb 15-6

R = = 05ma~ 1Bk
To obtain Vyy, we use
Ip = lknvgv

2

0.5= % x 4V3,

= Voy =05V

Thus,
Vos=V,+Voy=14+05=15V

We now can obtain the dc voltage required at the
gate,

VG:VS+VGS:35+15:5V

Using a current of 2 pLA in the voltage divider, we
have

5V

Ry = —— =2.5MQ
@2=50A
The voltage drop across Rg; is 10 V, thus
10V
61 = —— =5MQ
2 WA

This completes the bias design. To obtain g,, and
Ty, WE Use

21y 2x05
Vov 0.5
Ya 199 _o00ka
Fop=—7—=——=
Ip 05

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 = Rgill Rg2 = 5112.5 = 1.67 MQ

R, = Rpllr, = 18]]200 = 16.5 kQ
Gy =~ o (ol Roll Ry)
v = m\Fo
Rin+Rsigg P ¢
1.67
=———— x 2 x (200]/18]/20)
1.67+0.1

=—17.1V/V

Ex: 7.40 To reduce v, to half its value, the
unbypassed R is given by
1
R, = —
&m
From the solution to Exercise 7.38 above,
gm = 2mA/V. Thus

1
R, = -=05kQ
2

Neglecting r,, G, is given by
Rin Rpll Ry
X —

G, =

Rin + Ryig 1 4R,
8m
1.67 18120
T T167+01 105405
— —89V/V

Ex: 7.41 Refer to Fig. 7.58(a). For V3 =5V and
50-pA current through Rp,, we have

5
Rp = —— =100kQ
%27 0.05 mA
The base current is
1 0.5 mA
Iy = £~ ma _ 5 nA
p+1 100

The current through Ry is
]RBI = IB +IRBZ :5+50:55 MA

Since the voltage drop across Rp; is
Vee — Vg = 10V, the value of Rp; can be
found from

10V
Ry = —— = 182kQ
0.055 pA
The value of Ry can be found from
Ve — VaE
Ip = ——
E R,
5-0.7
= Rp = =8.6kQ
0.5

The value of R¢ can be found from

VC = VCC - ICRC
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Exercise 7-11

6=15-0.99 x 0.5 x Rc
Re ~ 18kQ

This completes the bias design. The values of g,,,,
rr, and r, can be found as follows:

=~ —20mA/V
Em =y, T 0025V mA/
100
po= P10 g0
g"l 20
1
po= Ve 10 hoko
Ic ~ 05

Ex: 7.42 Refer to Fig. 7.58(b) and to the solution
of Exercise 7.41 above.

Rin = Rp1ll Rpall 7z
= 1821005 = 4.64 kQ
R, = Rellr, = 181200 = 16.51 kQ

Rin
Gy =—————2gu(Rcl R,
Rin+Rsigg (Rl Re 7o)
4.64
G,=———— x20x (18]]201/200)
4.64 410
=—-573V/V

Ex: 7.43 Refer to the solutions of Exercises 7.41
and 7.42 above. With R, included (i.e., left
unbypassed), the input resistance becomes [refer
to Fig. 7.59(b)]

Rin = Rp1ll Rp2ll [(B + D (re + R.)]

Thus,

10 = 1821100 [101(0.05 + R.)]
Vr

where we have substituted r, = 1. =
E

02—55 = 50 Q. The value of R, is found from the

equation above to be
R, =672Q
The overall voltage gain can be found from
" Rin  RcllRL
Rin + Rsig re + Re
10 18120
10410 0.05 + 0.0672

G‘U:_

G, =-0.99 x

=—40V/V

Ex: 7.44 Refer to Fig. 7.60(a).
R,=50Q=r,|Rg =,

1%
r,=50Q = -~

Ig
= I; =0.5mA

Ic =alp ~ I =0.5mA

Ve = Vee — Rele

For Ve =1V and Voe =5V, we have
1=5—Rcx%x05

= Rc =8kQ

To obtain the required value of Rz, we note that

the voltage drop across it is
(VEE - VBE) =43V. Thus,
43

R = — =8.6kQ
0.5

Rin
G, = ——gn(Rc|R
Rin+Rsigg (RcllRL)

. 50Q
T 50Q+50Q
=40V/V

B, = 407, =40 x 10mV = 0.4V

x 20(818)

Ex: 7.45 Refer to Fig. 7.61. Consider first
the bias design of the circuit in Fig. 7.61(a).
Since the required /p = 1 mA, the base current

= e = L =~ 0.01 mA. For a dc voltage
p+1 101
drop across Ry of 1 V, we obtain
1V
~ 0.0l mA

The result is a base voltage of —1 V and an
emitter voltage of —1.7 V. The required value of
Ry can now be determined as

_ —17-(=5 _ 33

Iy

Rg = 100 kQ

Ry = =33kQ
Rin = Rl (B + Dre + (Rell ol RL)
Vi 100V
where r, = —+ = —— = 100 kQ
IC 1 mA
R, = 100]](100 + 1)0.025 + (3.3]/100 1)
= 443kQ
: Rin 44.3
Ui - — 0.469 V/V
v;ig Rin + Rsig 44.3 + 50
o Rellr. |l R
vo__ RelrollRe o5y /v
U; re + (Rellroll RL)
G, =22 —0.469 x 0.968 = 0.454 V/V
Usig
RB” Rsig
Rou =To R e
=7l Eu[r *
100150
=100]13.3] | 0.025 + ”
101

=320Q
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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 I, = 100 nA and we want to
reduce the change in output current,

Alp, corresponding to a 1-V change in output
voltage, AV, to 1%

of I o-

AV, Y
9 —0011, >
Fo2 Vo2

That is, Alp =

=0.01 x 100 pA = 1 pA

v
rozzmleQ
r{,zzvf/‘XL:lMQ: 20 x L
Io 100 pA
100V
T 20V/pum

To keep Vpy of the matched transistors the same

w
as that in Example 8.1, — of the transistor
should remain the same. Therefore,

W 10pum

S5um 1 pm

= W =50 pm

So the dimensions of the matched transistors Q,
and O, should be changed to

W =50pmand L =5 pm

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

L = I (W/L), = Lo (W/L),
(W/L)," (W/L),
W/L
and Is :I4( /D
(W/L)4
Since all channel lengths are equal, that is,
L1=L2=-'- :L5:1um
and

IREF =10 MA, 12 =60 MA, 13 =20 MA, 14 =
I; =20 nA, and Is = 80 pA,

we have

W, W, I, 60
L=kgp—F = —=——=—=
Wl W] IREF 10
W3 Ws I; 20
L=Rgp—=> —=—=—=2
TTREWC T W, T ker 10

Ws Ws I 80
152147:>7: = — =4

Wy w, I, 20
To allow the voltage at the drain of O, to go
down to within 0.2 V of the negative supply
voltage, we need Vpy, = 0.2 V:

6

1 w 1., (W
L= 2 HnCox (f)zvém = Ekn (f)zvévz

1 nA (W 5
60 pA = -200——{ — ) (0.2
n V2 (L )2( )

2

w 120
= | — :72:15:>W2

L), 200x (0.2)
=15XL2
W, =15 W oo w =2

= m’iz = — = 2. m
2 W W, 1 6 [

W

2 2= Wy=2x W, =5um

Wi

To allow the voltage at the drain of Qs to go up to
within 0.2 V of positive supply, we need

V()v5 =02V:

1 (WY,
IS:Ek f SVOVS

| pA(W
80 A = =80 2 () (02?2 =
2 v\ ).
w 2 x 80
) = =50 Wy =501Ls
L), 80x 02
W5=50Mm
Ws o gmw, = 20Mm s
_— = = = . m
Wi 4 2 [
Thus:

W,y =25pum, W =15 um, W3 =5 um
Wy = 12.5 pm, and W5 = 50 pm

Ex: 8.3 VBE = VTln(IREF/IS)
=0.0251n(1073/1071%)

=0.691V
From Eq. (8.21) we have

m VO_VBE
Iop =1 1
0 REF 1+m+1 (+ Vo )
B
1 5—0.691
Io = 1 mA 1
0 m]1+1(+100)
100
=1.02mA
Ip = 1.02 mA
1% 100 V
Ry=rp=-—=—""" =98kQ ~ 100 kQ
Io  1.02mA
Ex: 8.4

From Eq. (8.23), we have

Iy = Irer (1 + Vo — VBE)
1+@2/p) Va

Microelectronic Circuits 8th edition Sedra Solutions Manual


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

Exercise 8-2

VCC
R ¢IREF ¢10
Vo
0, 0,
1o
where Vzp = VrIn{ —
Ig
0.5 x 1073
=0.025 1n(x7) =0.673V
10-15
I 2 —0.673
0.5mA = REF 1+
1 + (2/100) 50
I 0.5 mA—22 _ 0497 mA
=U0OMmMA———— = 0U. m.
REF 1.0265
VCC — VBE VCC - VBE
Jopp = ~CC— YBE _ p_ YCC T VBE
REF R = Tner
5—10.673
= 7" _871kQ
0.497 mA

Vomin = Vegsa =03V
For Vo =5V, From Eq. (8.23) we have

I Vo = Vi
e (1 Yoo
1+@2/8) Va
0.497 5-0.673V
Ip = =0.53 mA
[+ (2/100) 50
Ex:85 I1=hL=---=1Iy= IClQREF

At the input node,
Irer = Ic|gper + I8l ogee + It + -+ + Ipn
= IC|QREF +(NV+ 1D IBIQREF

(N +1)
= IC|QREF + B ICIQREF

I . Irer
= ClQREF_ 1+N+1
B
Thus,
hehe==ly=—2__ gD
1 =10 = —N—1+N+l .E.
B
For f = 100, to limit the error to 10%,
N+1 N+1
o1 N+ _ N+
s 100
=>N=9
Ex: 8.6
1
Rinzi
8m1

Now, R;, = 1 kQ, thus
8m1 = 1 mA/V
But

w
ml = 2 ncox —_— 1
8m1 \/ (u )(L )1 D1

1:\/2x0.4x(w) x 0.1
L),

w
:>(—) =125

L)

To obtain

Ajs =5

ideal
_ WLy,
(W/L)

14
= (—) =5x12.5=0625
L 2

Ve _ Ve
Ipy  5lp

= V=20V

But

Var = Vi,Ls
20=20x L,

=L, =1pum
Selecting L = L,, then
Li=L,=1pm

W, =12.5 pum

W, = 62.5 pm

The actual short-circuit current-transfer ratio is
given by Eq. (8.31),

5
j—

8ml1Tol

Aix =

Thus the percentage error is

-1 ;
Error = M x 100%
L+ (1/gmi7o1)
Substituting,
8m1 = 1 mA/V
\% ViL 20 x 1
= AL = TAR X 00 kQ
Ip Ip 0.1
—1/2
Error = ﬂ x 100 = —0.5%
1+ (1/200)
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Ex: 8.7
Using Eq. (8.42):

w
8m = 2funcox (f) : \/E

For Ip = 10 nA, we have

gm = V/2(387 RA/V2)(10)(10 pA)

=0.28mA/V

Using Eq. (8.46):

N

5 V/umy/2(387 wA/V2)(10)(0.36)°
VAIUTVN

A=V,

Ay =50V/V

1
Since g, varies with y/Ip and Ay with ——,

Vip

for

100\ /2
Ip = 100 pA = g, = 0.28 mA/V(W)

=0.88 mA/V
10\"?

Ap=50(—) =158V)v
100

For Ip = 1 mA, we have

1 \2
b =028mA/V(——) =28mA/v
& mA/ (0.010) mA/

0.010\"
Aozso(—1 ) =5V/V

Ex: 8.8
VDD
05 0,
Yo
Trer +O_| Q
Uy
=
Since all transistors have the same
W 72pm
L~ 036pm’
we have

Ijgr = Ip3 = Ip> = Ip; = 100 pA

w
8m1 = 2luncax (f)l IDl

= \/2(387 WA/V?) (%) (100 pLA)

Exercise 8-3

=1.24mA/V
V., L 5V 0.36
ry = Yanlt _SV/um©36pm) o
ID] 0.1 mA
Vi,IL v .
py = Vaplke _ON/um©.36um) _ o) o0
ID2 0.1 mA
Voltage gain is
Av = —8&mi (ral “ rDZ)
A, =—(1.24mA/V) (18 kQ | 21.6 kQ)
=—-122V/V
Ex: 8.9
Vee
Vaias 0,
Vi
v{)
" 0,
,—V
Rin —_—
Icy =1 =100 pA =0.1 mA
I 0.1 mA
g = = M AV
Vr 25 mV
100
Rin=r11=ﬁ= =25kQ
gm; 4mA/V
V 50V
ol = — = =500 kQ
1 0.1 mA
[Val 50V
o= —— = =500 kQ
T T T 01 mA
Ao = 8m1 Fo1 = (4 mA/V) (500 kQ) =
2000 V/V
Av = —8mi (rol ” roZ) = _(4 mA/V) X
(500 kQ || 500 kQ) = —1000 V/V
Ex: 8.10 Refer to Fig. 1,
i
-
+

Up :lRL

Usig = l(R_s + Rin)
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Thus,

o R

o _ Tt QED
Usig Rs + Rin

Ex: 8.11 Since g,,r, > 1, we use Eq. (8.52),
1 n R;
gm gmro

RL 0 To (gmro)ro oo

Ry,| — | — o 00

Ex: 8.12 For g, r, > 1, we use Eq. (8.57),
ROUI = r() + (gmro)Rs

to obtain

R, |0 To (gmro)ro | 00

R(JL" rD (ghlr())r() (gﬂ‘l r0)2r0 o0

Ex: 8.13 Substituting R, = r, in Eq. (8.53) gives

1
1+
8mlo

I+

8mTo

Substituting the given values of (g,,r,) we obtain

gm0 20 50 100

Ais (A/A) 1095 | 0.98 | 0.99

Ex: 8.14 A,, remains unchanged at g,,7,. With a

load resistance R; connected,
R,
R + R,
Ry
Ry + (1 + guRs)r,

AI/ = A'Uo

= (gmru)

Ex: 8.15 Since g,,7, > 1 we use Eq. (8.62),
1 R

Rin:rﬂ”|:7+ L]
g”l gmro

For R; =0,

Ri, :rn”* =Te
m

For R, =r,,

1 1 2
Riy =r7r”(g7+7)=r7r”7 ~2r,

m m m

Exercise 84

For R, = pr,,

1 r,
Rin:rn”(7+ ﬁ(’
8

m mlo

1
):rn”(i_i'rn)
8m

:I’,[”V,, =Sz

2
For R; = oo,
Rin =Tz

Summary:

R, | 0| r, | pro | 00

Rin | 7o | 2P0 | =1z | 12

Ex: 8.16 Using Eq. (8.69),

Row = 1o+ (gmrn)(Re I r:r)

we obtain

R, |0]r, Iz Ty 00

R()th rl) 2r0 (§+1)r[) w+1)r0 (ﬂ+1)r0

Ex: 8.17 Using Eq. (8.65) with R, =r,,

1
1+
Aix = ger 1
14—+ ——
gmro gm(r(?”r?[)
1 1
1+ 1+
_ 8Emlo _ 8mlo
o 2 1 2 1
1+ + 1+ + =
gﬁlr() glnrif gmrn ﬂ
For f = 100 and g,,r, = 100,
1+ !
Ay = ——510 — 098 A/
14 — 4+ —
+ 100 + 100
For p = 100 and g,,r, = 1000,
1+ !
Ay = ——1000 099 A/
4+ — 4+ —
+ 1000 * 100
Ex: 8.18 Ro =1 + gm(Re ” rn)ro
where
8m = 4mA/V, r, = ﬁ =25kQ,
&m
Va 20
R, =1kQ, andr, = — = — =200 kQ
Ic 0.1
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Exercise 8-5

Thus,

R, =[14+4(11]25)] x 200

~ 1 MQ

Without emitter degeneration,

R, =r, =200 kQ

Ex: 8.19 If L is halved (L - OSST‘““) and

V4| = |V/;| - L, we obtain
0.55
[Val=5V/um (%) — 1375V

[Val  IVal  2(1.375 V)’

T Wol/2 Ip  (0.3V) (100 LA)
=126 kQ

. 1 w Vsp
Since Ip = = (u,C — )1V {1+ ==
ince Ip = 7 (u, ox)(L)| ovl ( +|VA|)

W 2 (100 pA)
03V
90 nA/V2 (03 V)2 (1
AV (03V) ( +1,375v)
w
— =203
L
Ex: 8.20
Vpp=+18V
Vea=11V
o— o
Vi, =08V
o—
Yo
Ve, =10V
o—
o—
V, =07V

If all transistors are matched and are obviously
operating at the same /p, then all | Vyy| will be
equal and equal to that of O, namely,

|[Vov| =0.7—-05=02V

To keep Q, in saturation,
YOmin = VG2 - |‘/;| =05V

To keep Q3 in saturation,
Vomax = Vg3 + |Vt| =13V

Thus, the allowable range of v is from 0.5 V to
1.3V.

Ex: 8.21 Refer to Fig. 8.31.

21p 2x0.2
8m1 = &m2 = &m3 = ms = @ = 02
=2 mA/V
R L B ST
ol — 12 — '3 — Fod — ID_ 2_

Ron = (gmato2)To1 = (2 x 10) x 10 = 200 kQ
Rop = (8m3703)7os = (2 x 10) x 10 = 200 kQ
R, = R, || R,y = 2001200 = 100 kQ

A, = —gmR, = =2 x 100 = =200 V/V

Ex: 822 g, = gw2 = gn
Ip 0.1 mA

Vov ~ 022V A/
2
For = T2 =T,
1% 2V
=2 - =20kQ
Ip  0.1mA

S0, gnro = 1 mMA/V (20 kQ) = 20
(a) For R; = 20kQ,

Ry +r,  20kQ+20kQ
1 + 8m2lo2 B 1 + 20

oAy = —=8mi (Fo1 || Rinz)
— —1mA/V (0] 1.9) = —1.74 V)V

Ry = =1.9kQ

or

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

Ry I 20kQ 1

e L S SN
8m2T02 8m2 20 1 mA/V

Rinp ~
then
A, =—1mA/V(20kQ|2kQ)=-1.82V/V
Continuing, from Eq. (8.81),

A, = —8ml1 [(ngroZrnl) ” RL]
A, = —1 mA/V {[(20) (20 k)] | 20 kQ}

= —19.0V/V

A, —19.0
Ay = - =10.5V/V

Ay —1.82
(b) Now, for R; = 400 kQ,

R, 1 400 kQ 1

Rin2 = + — = +

8m2lo2 8m2 20 1 mA/V
= 21 kQ

Ay = —1mA/V(20kQ |21 kQ) = —10.2 V/V
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A, = —1mA/V [(20) (20 kQ)] | 400 kQ

=-200V/V
A, —-200
Ap=—=——=196V/V
Ay —10.2

Ex: 8.23 Referring to Fig. 8.34,
Rop = (gm3r03) (ro4 “ rr[}) and

Ron = (ngroZ) (rnl ” r7r2)

The maximum values of these resistances are

obtained when r, >> r, and are given by

Ron

= (gm2r02) T'z2
max

Rop
max

= (gm3r03) T'z3
Since g7, = B,

R{)n

= Boro
max

Since A, = —g (Ron I Rop) s

|Az/max| = &mi1 (ﬂ2r02 ” ,831'03)

Ex: 8.24 For the npn transistors,
[Ic]  02mA

ml = &m2 = = =8mA/V
8m1 8&m2 |VT| 25 mV m /
100
Frl =Tz2 = ﬁ = =12.5kQ
Sm 8§ mA/V
\%
ra=rn= Al OV ysiq
llc] ~ 02mA

From Fig. 8.34,

Ron = (8maro2) (ot [ 722)

— (8 mA/V) (25 kQ) (25 kQ || 12.5 kQ)
R,, = 1.67 MQ

For the pnp transistors,

[Ic] 0.2 mA 8 mA/V
m3 — 8md — —, — =om
N 7 T ™Y
r,,3:r,[4:£: 0 = 6.25kQ

m 8§ mA/V

V 4V
oy = Fog = IVal _ =20kQ

[Ic| 0.2 mA

Rop = (8m3703) (Foa || 723)

— (8 mA/V) (20 kQ) (20 kQ || 6.25 kQ)
R,y = 762 kQ

Ay = —gm (Ron Il Rop)

— —(8mA/V) (1.67MQ||762kQ)

Exercise 8-6

A, =—4186V/V

A,max Occurs when r,jand r,4 are > r.
Then

Ron = (gm2ro2) 2 = Parn

Ry, =100 (25 kQ) = 2.5 MQ

Rop = (8m3703) Y23 = P3lo3

R, =50(20kQ) = 1 MQ

Finally,

Aymax = —(8 mA/V) (2.5 MQ | 1.0 MQ)
Aymax = —5714V/V

Ex: 8.25
21 2x02
8m = =L = x =2 mA/V
Vov 0.2
8mb = X8m = 0.2 x2=0.4mA/V
\% 5
Tol =r03=7A=7=25kQ
Ip 0.2
1
R =71y |l ro3 || — = 25112525 kQ
8mb
= 2.083 kQ
o R 2.083
oo T o —0.81 V/V
(%

T =

R, +— 2083+ =
8m 2

To obtain R, we use Eq. (8.95),

1
Row = 7”7 ”rol ||r03
m mb

= 0.5]]2.5]|25125
=0.403 kQ =403 Q

Ex: 8.26 Refer to the circuit in Fig. 8.36. All
transistors are operating at Ip = Iggr = 100 pA
and equal Vyy, found from

I W\, ,
IDZE,unCox f VOV

100=%x387x%xv(§v
= Voy =0227V

Vs =0.2274+0.5=0.727V
Vomin = Vg3 — Vi

= Visa + Vasi — Vis

Thus,

Vomin =2Ves =V,

=V, +2 Vyy
=054+2x0227=095V
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Exercise 8-7

21, 2x0.1
g =2 =" =088 mA/V
Vor 0227
V. VL .
po= Yo Yl 3x036 _ ehq
b~ I 0.1

Ra = (gm3r03)r02 = (088 X 18) x 18
= 285 kQ

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

o _ 1

20 o~ —0.9998
Irer 14 2
ﬁ2
Ip — 1,
Thus 112 = TRl 400 2 0.029
REF

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

I 1
]—0 = —5 =098
REF
14—
B
Io — 1
Hence m x 100 = 2%
REF

For the Wilson current mirror, we have

_ fr, 100 x 100 kQ

= =5MQ
2 2

R,

and for the simple mirror, R, = r,
= 100 kQ.

Ex: 8.28 For the two current sources designed in
Example 8.5, we have

e IOpdA_04m7A

=y, T smv . TV
Ve 100V

r, = -2 = =10 MQ,
Ic  10pA

r= P as50ka
gl‘l‘l

For the current source in Fig. 8.40(a), we have
R, =r, =r,=10 MQ

For the current source in Fig. 8.40(b), from
Eq. (8.105), we have

Row = [1 + 8m (RE ” rn)] Ty
From Example 8.5, Ry = R; = 11.5 kQ;

therefore,
mA
Row = |1+ 0.47 (11.5kQ 250 kQ) [ 10 MQ

" Row = 54 MQ
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Chapter 9
Solutions to Exercises within the Chapter

Ex: 9.1 Referring to Fig. 9.3,

If Rp is doubled to 5 k<,
1
Vpr = Vpr = Vpp — E Rp
0.4 mA
2
Verpn = Vi +Vp=05405=+10V

=15-

(5kQ) =05V

Since the currents Ip;, and Ip, are still 0.2 mA
each,

Vs =0.82V

So, Ve = Vss + Ves + Ves
=-15V+04V+082V=-028V
So, the common-mode range is

—028Vto+1.0V

Ex: 9.2 (a) The value of v;, that causes Q, to
conduct the entire current is v/2 Vov

— v/2x0316 =045V

then, Vpy = Vpp — I X Rp
=15-04x%x25=05V

Voo =Vpp =415V
vo=Vpp—Vpr=+1V

(b) For Q, to conduct the entire current:
via = =2 Voy = =045V

then,

Vpi =Vpp =+1.5V
Vpp=15-04x25=05V
vo=Vpy—Vpr=—-1V

(c) Thus the differential output range is

+1Vito—1V.

Ex: 9.3 Refer to answer table for Exercise 9.3

where values were obtained in the following way:

o1, (WY., W I 2
=k |\ )Vov=2 =5 =
2 2"\ L L KV2, V3,
21/ 1 04

= T A
Vov Vov  Vov

via/2\ —
_— =O.1%‘U,'d=2VOV 0.1 =

m —

Vov
0.632 Vo
I 08mA
Ex:94 Ip = = 2m =04 mA

Exercise 9-1

l/
ID:7k

o, (%) (Vov)®

- VSS

S 2Ap 2(0.4 mA)
ov= (K) ~\ 0.2(mA/V2) (100)

_ Ip _O.4mAx2
T Vov/2 02V

2
r(,:&: ov = 50kQ
Ip  04mA

Ag = 8&m (RD I ro)
As = (G mA/V)(5KQ || S0kQ) = 18.2 V)V

Ex: 9.5 With I =200 LA, for all transistors,
I 200 pA
p=—=

2 2
L =2(0.18 pm) = 0.36 um

= 100 pA

VAl L
For = T2 =193 =FVo4 = ——

Ip
_ (10 V/pm) (0.36 um)
N 0.1 mA

=36 kQ

. 1 W\, 2
Since Ip; = Ipr = 2 1nCox T Vovs

(7) = (7).~ e
L 1_ L 2_ﬂnCoxV£v

2(100 pA) B
(400 LA/V?) (02 V)>

(£).- ().~
L], L),  1,CoulVovl’

2(100 pA) B
(100 pA/V?) (0.2)°

_ b _ 0o oy
T Voy/2 T 02V T ’

8m

SO

Ag = gm(ror [ 703) = L(mA/V) (36 kQ || 36 k)

=18V/V
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Ex: 9.6 L =2(0.18 um) = 0.36 pm
Vil - L

Allr, =
D

The drain current for all transistors is

1 200 pA
=—-= =100 pA
D B ) W
= (10 V/ pm) (0.36 um) — 36 KO
0.1 mA

Referring to Fig. 9.13(a),

. 1 W\, »
Since Ip = = 1,Coy A Vgy for all NMOS

2
transistors,
(7) - (7).~ (7).~ (%)
L}, L), L], L),
21p 2(100 nA)
= 5 = ) B = 125
1,CoxVsy 400 pnA/V=(0.2 V)
(0)- (7).~ (1)~ (%)
L] L) L), L),
_ 21p . 2(100 pA) .
T u,Cox V2, 100 RA/VE(0.2 V)
For all transistors,
I 1mA) (2
bl A
[Vovl/2 0.2V)

From Fig. 9.13(b),
Rnn = (gm3r03) Vo1 = (1 X 36) X 36
1.296 MQ

=

op = (8msTos)er = (1 X 36) x 36
= 1.296 MQ
Ad = 8mi (Ron ” Rop)

= (1 mA/V) (1.296 MQ || 1.296 MQ)
=648 V/V

Ex: 9.7

Exercise 9-2

Ex: 9.8

Icy = Icr = Iy =1E2=§—
= 0.2 mA

Vemmax = Ve +04V

=Vee —IcRe +04V
=25-02mA(5kQ)+04V=4+19V
Vemmin = —Vee + Ves + Vae

Vesmin = —=25V+03V4+07V=-15V

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

Ex: 9.9 Substituting ig; + ig, = [ in Eq. (9.45)
yields

1
T 1+ eWn—vsn/Vr

1
T4 c@m—tmvr

1
Up] — Upy = —VTln(@ - 1)
= —25In (1/99)
=25In(99) = 115 mV

£l

0991 =

Ex: 9.10 (a) The DC current in each transister is
0.5 mA. Thus Vg for each will be

0.5
Vee =0.7+ O.OZSlH(T)

=0.683 V

= v =5-0.683 =+44317V

®) gn =2 = 2 2R
Vr  0.025 v

©) ici = 0.5+ guiAvge:

= 0.5+ 20 x 0.005 sin (27 x 1000¢)

= 0.5+ 0.1sin(2z x 1000¢), mA
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Exercise 9-3

ico =0.5—=0.1sin(2z x 1000¢), mA

(d) ver = (Vee — IcRe) — 0.1
x Re sin(2z x 10007)

= (15-0.5%x 10) — 0.1 x 10sin(2z x 10007)
=10 — Isin(2z x 1000z), V

ver = 10+ 1sin(2z x 10007), V

(e) vea — ver =2 -sin(2x x 1000¢), V

(f) Voltage gain = ver T var
Upl1 — Up2
2 V peak
= P 00 viv
0.01 V peak

Ex: 9.11 The transconductance for each
transistor is

8m = +/ 2ﬂnC0X (W/L)ID
I 08mA
27 2

Ip = =0.4mA

Thus,

gn =+2%x02x%x 100 x 0.4 =4mA/V

The differential gain for matched

Rp values is Ay = Toz = Yol _ g&mRp
Vid

If we ignore the 1% here, then we obtain

Ag = gnRp = (AmA/V) (5kQ) =20 V/V

R AR
| Acnl = ( 5~ &
2Rss Rp

5

= (m) (0.01) = 0.001 V/V

CMRR (dB) = 20 lo [Adl _ 50 10g( 20
=R A T 7 %% 001

=86 dB

Ex: 9.12 From Exercise 9.11,
gn =4mA/V

Using Eq. (9.85) and the fact that Rgg = 25 k€,
we obtain

(2g,Rss) _ 2(4mA/V) (25 k)
(Agm ) n 0.01
Sm
=20, 000

CMRR (dB) = 201og,, (20, 000) = 86 dB

Ex: 9.13 If the output of a MOS differential
amplifier is taken single-endedly, then

CMRR =

1
[ Agl = EngD

(that is, half the gain obtained with the output
taken differentially), and from Eq. (9.74) we have

| Aewl = zfe’;’s

Thus,

CMRR = 1! = gnRss
[ Al

Substituting g,, = 4 mA/V,
Rp =5kQ, and Rss = 25 kQ,
|[Asl =10V/V

|[Acn| =0.1V/V

CMRR = 100 or 40 dB

Ex: 9.14

[ =200 pA
Since > 1,
I 200 pA
I & [rh ~ — = = 100 pA
Cl1 c2 3 5 L
Ic 100 pA
m:,n:m:i: :4 AV
Bl = 8m2 = 6n = 0= ey T AmA/
1%
Rm=RC2=Rc="o=M
Ic
10V
— =100 kQ
100 pA
1% 10
Fol = Fop = —= = — = 100 kQ
12 0.1
Ve 25mV
= ra=r. = L = 2 59510
I  0.lmA
IAl_Rcllr(,_lOOkQHlOOkQ
A= T 0.25 kQ
=200V/V
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Exercise 94

i 100 N2 32 32
Ru=2r ro=D o 00 —0sk0 = J@x 107) + 2 x 107) + (2 x 107)
Riq = 2(25kQ) = 50 kQ —J3x 2x 107

\% 10V
Rpp = — = =50kQ =35mV

I~ 200 pA

If the total load resistance is assumed to be

mismatched by 1%, then we have Ex: 9.16 From Eq. (9.103), we get

Rc AR ARC\? AL\
A(‘m = V =V —
| ! 2Rer Re o8 T\/( Rc * Is
100 Y
Ay 200 =2.55mV
CMRR (dB) = 20 log,y|—| = 20 log,, m‘ 100 100
=86 dB BT+ 1) 2x 10l "
Using Eq. (9.96), we obtain Ap
los = Ip| —-
- R¢ B
_ Bro =0.5x 0.1 pA =50nA
Ricm - ﬁREE ° m
I+ —
Iy 1
. 100 Ex:9.17 Ip = 51:0.4 mA
_ 100 x 100 1 W
_100><50><—100+2><50 Ip = =1, Cor [ — ng
1+ — 2 L),
100
1
Rion =~ 1.68 MQ 04 =2 x0.2x 100 x Voy
. = VOV = 02 \
Ex: 9.15 From Exercise 9.4:
2Ip 2x0.4
Voy =02V gma ==y T A4mAN
Using Eq. (9.97) we obtain Vyg due to ARp/Rp Gud = gmi2 =4 mA/V
as:
Van 20
V. AR Toy = = — =50kQ
w-(2) () i
D [Vapl 20
0.2 Tog = 7 Zﬂ:50k§2
= x 0.02=0.002V ie2mV D :
RO =T ” Vo4 =50 ” 50 =25 kQ
To obtain Vg due to Ak,
A;=G,R, =4 x25=100 V/V
use Eq. (9.98),
VOV Akn 1/2 0.4 mA
V0s=(7)( ) Ex:9.18 Gy = gnin =~ — = —
2 ks X 4T 82 =N T 0025 v

0.2 _

= Vos = 7) x 0.02 = 0.002 16 mA/V y ) .
Fop =T = o5 = > = —— =250 kQ

=2mV Ie 12 04

The offset voltage arising from AV, is obtained Ro =ror || ros = 250 || 250 = 125 kQ

from Eq. (9.99): Ay = G, R, = 16 x 125 = 2000 V/V
Vos = AV, =2mV 160
0s c=em Ry=2r, =2x 2 =2x <= =20k
Finally, from Eq. (9.100) the total input offset is 8m1.2
Vos =

Ex: 9.19 From Exercise 9.17, we get

12
Vov ARp Y\ Vov Ak, 2 Ip = 0.4 mA
Lov Zov AV, p=04m
[(2 RD)+ 2 %, ) TAn

VOV =02V 8m1,2 = 4 mA/V

Microelectronic Circuits 8th edition Sedra Solutions Manual


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

Gg =4mA/V A, =100 VIV
Now,

RSS == 25 kQ

= [2u,C, i I
8m3 = ,up ox L ) D

=2 x 0.1 x 200 x 0.4 = 4 mA/V
1

Aol = = =0.005 V/V
| | 2gm3RSS 2x4x25

A 100
CMRR = = —

| Aenl  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

_ WL
(W/L),

(W/L)g

— X
11.1

thus, (W/L)s = 22.2

(1/2)

6

= 128 = 64

Using Eq. (9.143), we get
_ WLy,
(W/L)s

(W/L),
88.8

thus, (W/L), = 88.8

(b) For 0,

I 1 w )

5 = E )upcox (f) 1 VOV|

64
= Voy1= |7/ =015V

— x 128 x 44.4
2

7

= 128 = x 128

Similarly for Q,, Voy, =0.15V
For Qs,

1
128 = 2 x 512 x 222V} 6

= Vove =0.15V
21[)

(C) 8m =
Vov

| Ip Vov 8m

0| 64pA 015V 0.853mA/V
0,| 64pA 015V 0.853 mA/V
Os | 128 A 0.15V  1.71 mA/V

(d) 7, =3.2/0.064 = 50 kQ
ros = 3.2/0.064 = 50 kQ

Exercise 9-5

Tos = 3.2/0.128 = 25 kQ

ro7 = 3.2/0.128 = 25 kQ

(e) Eq. (9.140):

Ap = —gm (ro2 Il 704)

= —0.853(50 || 50) = —21.3 %
Eq. (9.141):

Ay = —gue (ros || 7o7)
=-213V/V

Opverall voltage gain is

A x Ay =213 x —21.3=454V/V

Ex: 9.21 R;; = 20.2kQ

A, =8513V/V
R, =152 Q
With Rg = 10kQ and R, = 1 kQ,
= % x 8513 x m
=4943 V)V

Ex:922 % — p 4 1=101 A/A
Ipg

ipg _ Rs _ 15.7 — 0.0492 A/A
i Rs+ Ry 15743035

ic7

T = B, =100 A/A

Lp7

ip7 Rs 3

— = = =0.0126 A/A
ics R34+ Rz 3+2348 /
icS

S = B, =100 A/A

Lps

s Ri+R 40 B

io R +R+R, 404505
0.8879 A/A

2 _ B =100 A/A
g
Thus the overall current gain is

18— 101 x 0.0492 x 100 x 0.0126 x 100

3}

x 0.8879 x 100

= 55,599 A/A

and the overall voltage gain is

Yo _ R6 ieS

vig R 0

3
= —— % 55599 = 8257 V/V
20.2

Microelectronic Circuits 8th edition Sedra Solutions Manual


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

Chapter 10

Solutions to Exercises within the Chapter

€, 3.45x 107" F/m
Exx101C)y=—=————
X ’ fox 3x10°m

=115 x 10~® F/m?

= 11.5 fF/um?

Coo = WLy Coy

=15x0.03 x 11.5=0.52 fF

2
Cgs = gWLCax + Cov

2
=3 x 1.5 x0.15 x 11.540.52

=2251F

Cot = Cop = 0.52 fF

Cyp = CSM;/SB - 1 02 =09 fF
S g

Cap = Carn = ! = 0.7 fF

Vs \/ 0.840.2
14222 g 22T
\/ Vo + 0.9

Ex: 10.2 g, = /2K (W/L)I,

=/2x0.5x (1.5/0.15) x 0.1 = 1 mA/V

fr=
27 (Cyy + Coa)
1x 1073
T 27(2.25+0.52) x 10-15
fr = 57.5 GHz

Ex: 103 Cy, = trgn
where
r =20 ps

IC 1 mA
g = — = = 40 mA/V
Ve 0.025V

Thus,

Cae =20 x 10712 x 40 x 107> = 0.8 pF
Cje =2Cje

=2x20=40fF

Cr =Cy+Cj,

=0.8+0.04 = 0.84 pF

Co

Ves\"
1
( * VO(')
20
= ———— =12 fF

2 \03
1 R
(+355)

C,=

Exercise 10-1

8m

fr= 22(C, + C,)

B 40 x 103
~ 27(0.84 +0.012) x 10712

=7.47 GHz

Ex: 104 |p| = 10at f =50 MHz
Thus,

fr =10 x 50 = 500 MHz
8
27 fr
40 x 1073
27 x 500 x 10°
= 12.7 pF

C, =127—-2=10.7 pF

Co+Cu=

Ex:10.5 C, = Cy. + Cj,
10.7 = Cyp 42
= Cde =8.7 pF

Since C,, is proportional to g,, and hence /¢, at
Ic = 0.1 mA,

Cy. = 0.87 pF
and
Cr =087+42=287pF
4 x 1073
Jr= ST+ X102 130.7 MHz
Ex: 10.6 Ay = —g. R}
where
8&n =2 mA/V
R} = R.llr, = 10]120 = 6.67 kQ
Thus,

Ay =-2x%x6.67=—-133V/V
Coy = (1 +guR))Coa
=1+133)x5=715fF
Cin=Cy+Cog =20+71.5=915
1
- 27 CinRyig
1

T 27 x91.5 x 10-15 x 20 x 10°
— 86.9 MHz

Ju

1
2 CinRsig

For fy > 100 MHz,

Ex: 10.7 f, =

1
<
"= 27 x 100 x 100 x 20 x 103

C =79.6 fF

But,

Cin=Cyy + Coy =20+ C,,
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Exercise 10-2

Thus,
C., <59.6 fF
Cea(l + guR)) < 59.6
< 9.6 =28 fF
“=T142 7

Ex: 10.8 Refer to Example 10.2.

To move f; from 10.6 GHz to 3 GHz, fy must be
moved from 530.5 MHz to

3
= . —— = 150.1 MH
fu =530.5 x 106 50 z

Since,
_ 1
Ju= 22(CL + Coa)R),
then
Cr+Cou = ! =
‘ 27 x 150.1 x 10° x 10 x 103
106 fF

C, =106 -5 =101 fF

Ex: 10.9 To reduce the midband gain to half the
value found, we reduce R by the same factor,
thus

. 476
R, = —— =238kQ
2

But,
R, =R, |1,
2.38 = R; | 100

= R, =2.44kQ
Cin = Cn + Cﬂ(l +ng/L)
=7+ 1(1+40 x 2.38)

=103.2 pF
1

Ju= o0 CanR},

B 1

T 27 x 103.2 x 10712 x 1.67 x 10

=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.

1000
s

o x10°
GB = 1000 x 100 x 10* = 10® Hz

Ex: 10.10 T(s) =

Ex: 10.11 |Ay| = g, R, =2 x 10 =20 V/V
GB =| Ayl fu
=20 x 56.8 =1.14 GHz

Ex: 1012 |Ay| = % x 20 =10 V/V
Ry =20 kQ
Rey = Ry(1 + guR}) + R}
=20(1 4 10) + 5 =225 kQ
Re, =R, =5kQ
Tos = Cos Ry =20 x 107 x 20 x 10° = 400 ps
Ted = CoaReq = 5% 1071 x 225 x 10° = 1125 ps
t¢, = CLRe, =25 x107"° x 5 x 10° = 125 ps
Ty = Tgs + Tga + ¢y,
=400 + 1125 4 125
= 1650 ps
1

2r Ty

fu

1
T 27 x 1650 x 10-12
GB = 10 x 96.5 = 0.965 GHz

=96.5 MHz

w
Ex: 10.13 g, = ZﬂncnxfID

Since I is increased by a factor of 4, g,, doubles:
gn =2 x2=4mA/V

Since R/L is r,/2, increasing I by a factor of four
results in 7, and hence R} decreasing by a factor
of 4, thus

R’L:ix 10 =2.5kQ

|Ay| = gnR, =4x25=10V/V

Ry = Ryg =20kQ

Rei = Ryo(1+ guR;) + R},

=20(1 4+ 10) +2.5

=222.5kQ

Re, = R, =2.5kQ

Ty = Tgs + Tga + 7¢,.

= Cys Ry + CoaRyy + CLRc,

=20 x 1075 x 20 x 10* +5 x 1079 x 222.5
x 10° +25 x 107 x 2.5 x 10°

=400+ 1112.5 4+ 62.5

= 1575 ps
1
- _jo1MH
Jn = s % 102 z
GB = | Ayl fu

=10 x 101 = 1.01 GHz
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Ex: 10.14 (a) g, = 40 mA/V

200
rp=— =5kQ
40
Vae 130
Fon = —2 = =~ = 130 kQ
I 1
1% 50
r(,p:M:—:som
I 1

R} = ron || rop = 130 || 50 = 36.1 kQ
I'n
I'z +Rsig

/

AM = ngL

5
=— x 40 x 36.1
5436

=—176 VIV
(b) Cin=Cr +Cu(1 +guR))
=16+ 0.3(1 + 40 x 36.1)

= 450 pF

R,

=536 =439 kQ

=TIz ” Rsig

1

~ 2rCyuR,

fu

1
T 27 x 450 x 10712 x 4.39 x 103

= 80.6 kHz

(©) R = R}, = 4.39kQ

R, = R;,(1+guR}) + R}
=4.39(1 4+ 40 x 36.1) + 36.1
= 6.38 MQ

Rer = R) = 36.1kQ

TH = C7r +C/tR,u +CLRCL

=16 x4.39+0.3 x 6.38 x 10° +5 x 36.1

=70.24 1914 4+ 180.5

= 2164.7 ns

1
T 27 x 2164.7 x 1070

=73.5kHz

@ fz=

Ju

g"l
2z C,

40 x 107
T 27 x 0.3 x 1012

() GB =175 x 73.5 =12.9 MHz

=21.2GHz

Exercise 10-3

R o
Ex: 10.15 R, = ~L 1"
14+ 8mlo
800 -+ 20
_ 09+ k0
1+ 40
R 800
G, = L =20 V/V

T Reet+ Rn 20420
Ry = Ryg || Rin =20 || 20 = 10 kQ
Reg =Ry || R,
=800 || 840 = 410 kQ
1y = CyyRys + (Cog + Cr)Rya
=20x 1075 x 10 x 10> + (54 25) x 107
x 410 x 10°
=200 + 12,300
= 12,500 ps

1

_ — 127 MH
27 x 12,500 x 10-12 ‘

Ju

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 = —gn (R, || 1)

= —8n\lo |l To) = — 5 8mlo
gn(ro 7o) = =8

1
=—5 x40=-20VIV

Acascode = —=8m (R || R,)
= —gm(ro Il gmroro)

~ —gur, = —40 VIV
Thus,

Acascode
Acs

(b) For the CS amplifier,

=2

Ty = Cys Ry + CoyRyq
where

Ry = Ryg

Rei = Rye(1+ guR;) + R}

= Rsig(l + nglL)

1
= Rsig(1 + Egmro)

1
= Rsig(l + 5 X 40) = 21Rsig
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T = Cgs Rsig + ng X 21Rsig
= CyoRyg +0.25C,, x 21 Ry,
= 6.25C,, R

1

= X 625C, Rey

For the cascode amplifier,

Ty = Rsigchl + C‘gdl(1 + gmlel)

where
r() + rO
Rdl =01 “ Rin2 =T, ”
er

2

—7
_ 2 _ 8Em
=l —=F"—

gm - + T
8m
2r, 2r, o

T 2% gur, 2440 21

8mlo
ti = CooRyg[ 14025 (14 - )]

40
= CouRag| 14025 (14 5

= 1.73C 4 R,
1
Thus,
fu(cascode) _ 62 136
fu(CS) 1.73
f;(cascode)

) " 2 x36=72
Si(CS)

fu

Ex: 10.17 g,, = 40 mA/V
re = gﬁ - 24%) =5k0
Ry, =r, =5kQ
Ao = gmto

=40 x 130 = 5200

R, = r, = 130 kQ

Riny = rz2 || rot Re
8malo2
y 130 + 50
5200
=35Q

R, =~ poryn =200 x 130 =26 MQ

r7[
Ay=———"—g.,(R, || R
M rn+Rsigg (R, I R)
5
= ———40(26,000 || 50)
5+ 36

Exercise 104

Ay = =244 VIV

Ry, = rz1 || Rig

=5136=4.39kQ

Rer = R, = 439kQ

Rei =ro1 || Rin

=130kQ |35Q=35Q

R, = Rgig(l + gmiRe1) + Rey

=4.39(1 4+ 40 x 0.035) + 0.035

= 10.6 kQ

= CriRe1 + Ci Ry + CraRey
+(CL+ C)(RL || Ry)

=16 x 4.39+ 0.3 x 10.6 + 16 x 0.035

+ (5 +0.3)(50 || 26,000)
=70.24 4+ 3.18 4 0.56 4 264.5

= 338.5ns

1
i = 3385 x 109

fi =1Aum| fu =244 x 470 = 113.8 MHz

=470 kHz

Thus, in comparison to the CE amplifier of
Exercise 10.19, we see that | Aj,| has increased
from 175 V/V to 242 V/V, fy has increased from
73.5 kHz to 470 kHz, and f; has increased from
12.9 MHz to 113.8 MHz.

To have fy equal to 1 MHz,

1 1
T 2wfy 2w x 1x 106

Thus,

= 159.2 ns

TH

159.2 = 70.24 + 3.18 + 0.56
+(CL 4 C,)(50 || 26,000)
= C, +C, = 1.71 pF

Thus, C;, must be reduced to 1.41 pF.

Ex: 10.18 From Eq. (10.103), we obtain
ngL+1 ngL+l ngL+1
Rgd = Rsig

Re, = — XL
CL — R’ 1
&mRy +

Ex: 10.19 From Example 10.8, we get
T = b] =104 ps
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Exercise 10-5

1

2rty

1
T 27 x 104 x 10-12

Ju

= 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 g, =40 mA/V

r=250Q
100
e =£=—=2.5k§2
Sm 40
Ry, = 1 kQ

R, =R, || r,=1] 100 = 0.99 kQ

R’
AM = L

’
sig

p+1

R, +r.+

B 0.99
~0.9940.025 + (1/101)

8m
27 fr

_40x 1073
T 27 x 400 x 10°

=159 pF

=097 VIV

Ce+C, =

C,=2pF
C, =139 pF

1 1
T 2nChr, 27 x 13.9 x 10712 x 25

= 458 MHz

RIL Rsig /
C7I+C;4 1+T Rsig+ Czr +CL 1+ - RL
e k3

fz

by =

NCH
Fe Fr
0.99
1394214 —= 1+ (13.9 4+ 0)0.99
_[ + ( +O.025)]>< +(13.940)
- 099 1
0.025 ' 2.5
=2.66x 10" s
b C.C,R.Rqy  13.9x2x0.99 x 1
T 1o R R - 14 099
ro I 0.025 ' 2.5
=0.671 x 1078

wp; and wp; are the roots of the equation
14+bis+bs®>=0

Solving we obtain,

fp1 =67.2 MHz
fr2 =562 MHz

Since fp1 <K fp2s
fu =~ fo1 = 67.2 MHz

1 w
Ex: 10.21 (a) Ip1o = =u,Cor| — ) Viv
2 L),

1
04 =2 x02x 100V,

= Voy =02V
21 2x04
8m = D = x =4 mA/V
Vov 0.2
(b) Ad = gm(RD ” ro)
where
2
Ty = E = —0 =50 kQ
Ip 0.4
Ay = 4(5 || 50) = 4 x 4.545
=182 V/V
. 1
© fu=

27(Cp + Cea + Cap)(Rp | 75)
B 1
© 22(100 4 10 + 10) x 10715 x 4.545 x 103

=292 MHz

(d) 74 = Coy Ryjg = 50 x 10 = 500 ps

Toa = CgaRes = Coa [Rye(1 + guR}) + R, |
= 10[10(1 + 18.2) + 4.545]

= 1965.5 ps

te, = (Ci + Cyp)R), = 110 x 4.545 = 500 ps

Ty = Tgs + Tga + T,
=500 + 1965.5 + 500 = 2965.5 ps

1
fu = 27 x 2965.5 x 10-12
— 53.7 MHz

1
27 RgsCys

1

T 2r x 75 x 10° x 0.4 x 10-12
= 5.3 MHz

Ex: 1022 f, =

Thus, the 3-dB frequency of the CMRR is
5.3 MHz.

Ex: 10.23 Ay = gu12(ro2 || Foa)

where

Microelectronic Circuits 8th edition Sedra Solutions Manual


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

05
iy = — =20 mA/V
§mi2 = 4.025 m

Top =Ty = @ =200 kQ
0.5
A, =20(200 || 200) = 2000 V/V
The dominant high-frequency pole is that
introduced at the output node,
B 1
T 27 CL(rox || Fos)
1
T 27 x2x 102 x 100 x 10°
= 0.8 MHz

Ju

Ex: 10.24 (a) Ay = —gu R}
where

R, =Ry |l r, =20 20 =10 kQ
Ay =-2x10=-20V/V

Ty = CygyRyy + CouRea + CLR),

= CgsRsig + ng [Rsig(l + ng/L) + R/L] + CL R/L

=20 x 20 + 5[20(1 +20) + 10] +5 x 10
=400 + 2150 + 50
= 2600 ps

1

2wty

Ju

1
T 27 x 2600 x 1012
=61.2 MHz
GB = | Ayl fu
=20x61.2
=1.22 GHz

G, = 5 2
" 14 guR, 142

Rl) :ro(l +ng3)
=20 x 3 =60 kQ

= 0.67 mA/V

R, =R, | R,=20]60=15kQ
Ay =—G,R,
=—-0.67%x15=—10V/V

Red = Rig(1+ G,R,) + R},
=20(1 + 10) + 15

=235 kQ

Re, = R, =15kQ

Rge + R, + Ry R, /(r, + R.)

Yo
1 mRS -
e (r0+RL)

Ry =

Exercise 10-6

where
2
R, = — =1kQ
g}?l
20 x 1

20414 ——
A 0
& = 20

142
T 30120

R

=10.75 kQ
Ty = CgA'Rgs + ngRgd + CLRCL
=20x10.754+5x%x235+5x%x 15

=215+ 1175+ 75 = 1465 ps

1
Jn = 5 1465 x 102
GB = 10 x 109 = 1.1 GHz

= 109 MHz

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

2ry 1
X = X guRyp

Ay = —7—
M 2rn+Rsig 2

where

8m = 20 mA/V

100
Iy = —— =5kQ
20

01
2 %20 x 10 = 50 V/V
10+10 12 X

AM:
1

Cr
2 (7 + C,u) (2r7r ” Rsig)

for =

1

- 6
27[(5 + 2) x 10-12(10 || 10) x 103

= 6.4 MHz

1

fr2= 27C, R,

1
T2 x2x 10712 x 10 x 103

= 8 MHz
50
T(s) =
K K
(o) (e 2)
Opy @p2
50

IT(jo)l =

Atw = wy, |T| = 50/+/2, thus

=[] G
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Exercise 10-7

on '\ on '\ ou \ [ on )
= () < () - () ()
wWp1 wp2 wWp1 wp2

4
Wy o f 1 1
o +wH(wT+T)—1=0

Wp1®Wpy P @p

fi 2( 1 1 )
+ il +-—5)-1=0

AV

£ YA
oaxs i\gatg) =0

= fn = 4.6 MHz (Exact value)

Using Eq. (10.150), an approximathe value for
fu can be obtained:

1

fu =1/ |+ =
fi Th

! ! 5 MH
LR
6.4>  §
Ro

Ex: 1026 Ay = —————
RG + Rsig

8m (RD ” RL)

10
e %2310 10
0701 < 210110

=99 V/V
1
" 2n Cci1(Rgg + Rg)
1
T 27 x 1 x 10-5(0.1 + 10) x 10°
—=0.016 Hz
m +1/Rg
frr = %

240.1) x 10-2
_ CHOD X0 oy
27 x 1 x 106
B 1
" 22Ccr(Rp + Ry)
I

T 27 x 1 x 10-5(10 + 10) x 10°

fr1

frs

=8 Hz
1
- 2 CsRyg
1
2 x 1 x 107 x 10 x 103
=159 Hz

z

Since the highest-frequency pole is fp, = 334.2
and the next highest-frequency singularity is f7
at 15.9 Hz, the lower 3-dB frequency f; will be

fL =~ fpz = 3342 Hz

Ex: 10.27 Refer to Fig. 10.42.

tc1 = Cei [Rig + (Rp | 72)]
=1x107°[5+ (100 || 2.5)] x 10°
= 7.44 ms

RB ” Rsig
tce = Cg| Re || re+W

[ = gurs =40 x 2.5 = 100
reZI/gm:2SQ

» 100 || 5 ,
tep = 1x107°| 51| (0,025 + — = x 10°

TCE = 0.071 ms
tc2 = Cea(Re + Ry)
=1x107°@8 +5) x 10°

=13 ms
1 1 1 1
fi= | —+—+—
2 TCl TCE Tc2

:L[L_{_;_{_i}xl(}%
27 | 7.44 T 0071 " 13
—2.28 kHz
1
- 27 Cg R
1
T2z x1x 100 x 5 x 103

Since f7 is much lower than f; it will have a
negligible effect on f;.

fz

=31.8Hz
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Chapter 11

Solutions to Exercises within the Chapter

Ex: 111 (b)
1
B=1/As| = 75 =01V
R
0.1=
R+ R,
By
R,

©

A=100 f=0.1

A =10

14+ Ap =11 or 20.8 dB

A 100
Ay = =" =9.091 V/V
TT+aAp T 1

Ay differs from the ideal value of 10 V/V by
—9.1%.

(d)

A 100
T 14 AL 141008
= =0.09V/V

10

Ry
0.09 =
Ri+ R,
R
= =2 =10.11
R,

©

V,=A;V,=10x1=10V
Vi=pV,=009%x10=09V
Vi=V,—V;=1-09=0.1V

®
A =0.8 x100=280
80
Ap=—
’ 1+ 80 x 0.09
=9.76 VIV

which is a 2.44% decrease.

Ex.11.2 (b)
B=1/ Ayl =1/10°

ideal —

B =0.001 V/V

Ry

0.001 =
Ri+ R,

Exercise 11-1

(©
Af=10*x 10" =10
1+ Af =110r20.8dB

A=A 104—9091\1/\/
TTr+aAp T 11 T
(d
10
1000 = ——
1+ 1048
= 4 = 0.0009
R
0.0009 = ‘
R+ Ry
R,
= =2 =1110.1
R,

(e

V, = AV, =1000 x 0.01 = 10V

V; = BV, = 0.0009 x 10 = 0.009 V

Vi =V, —V; =0.01 —0.009 = 0.001 V
®

A =0.8x 10*

A 0.8 x 10*
"7 1408 x 10* x 0.0009
= 975.6 VIV

which is a 2.44% decrease.

Ex. 11.3 To constrain the corresponding change
in Ay to 0.1%, we need an amount-of-feedback
of at least

10%
1+Aﬂ=0Tl;;=100

Thus the largest obtainable closed-loop gain will

be

A A 1000
T 1+ AB T 100

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)* = 1000 V/V and the maximum variability

will be 0.3%.

=10V/V

Ex. 11.4
Ri+R 149

Ap =10* x 0.1 = 1000

0.1

14+ AB = 1001
LA
T 1xaAp
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Exercise 11-2

PR

TR 107 x 0.1
Sfur = fu(1+ Ap)
=100 x 1001 = 100.1 kHz

=999 V/V

Ex. 11.5 (a) Refer to Fig. 11.8(c).
p= e
(b)

&
| © ——WA—{n Z
+| =
=
5]
=
=+
]
E R
(o]
=

Figure 1

Figure 1 shows the circuit prepared for
determining the loop gain Af. Observe that we
have eliminated the input signal V;, and opened
the loop at the gate of QO 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

Vv,

A = ——

B V.
First, we write for the gain of the CS amplifier Q,
\%
= —guRp || (R + Ry) (1)
Vi
then we use the voltage-divider rule to find V,,
v, R
St 2)
Vy R+ R,

Combining Eqgs. (1) and (2) gives

v, R,
Ap=——=g,R R+ R)———
p v, gnRp || (R + 2)R1+R2

which can be simplified to

RpR,
Ap=gn——"7—"7>
Rp+ R+ Ry
Ap
© A=2F
B
Rp(R; + R»)

_glnRD+R1+R2

R, 20
) f = - =02VIV
Ri+R _ 20+80
10 x 2
Ap—a 1020 45
10+20 + 80

2
A= 127 =36.36 V/V
0.2

a_ A 36.36
P71+ AT 143636x02
If Ap were > 1, then

I
~_=_— =5VIV
B 02

=44V/V

Ay

Ex. 11.6 From the solution of Example 11.5,
1+ Ap =60.1

Thus,

fur =+ AB) fu

=60.1 x1

=60.1 kHz

Ex. 11.7 Refer to Fig. E11.7. The 1-mA bias
current will split equally between the emitters of
0 and Q», thus

IEl = IEZ = 0.5 mA

Transistor Q3 will be operating at an emitter
current

1 E3 = 5 mA

determined by the 5-mA current source. Since the
dc component of V; = 0, the negative feedback
will force the dc voltage at the output to be
approximately zero.

The S circuit is shown in Fig. 1 (on next page)
together with the determination of £ and of the
loading effects of the £ circuit on the A circuit,

R, 1
Ri+R 149

Ry=R +R,=1+9=10kQ

The A circuit is shown in Fig. 2 (on next page).
VT N 25 mV

el Te2 151’2 0.5 mA
V. 25 mV
rp= L =2 _5q
o v,
e = + + Rs + Rll
Ve r —_—
1 e2 ﬁ-'—l
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Exercise 11-3

These figures belong to Exercise 11.7.

R,

R, =R,//R, Ry =R, + R,

Figure 1

Figure 2

Vi = iy3 = 0.105i,

i, =

- 10+ 0.9
0.05+0.05 + ki

101 Vo, =ie3(Ro || RL)
= ie =481V, M = (B + Diss(Raz || Re)
Rys = Dires + (Ry || R
w3 = (B + Dlres + (R || R.)] iy x 101(10 ] 2)
= 101[0.005 + (10 || 2)]

=V, = 168.33i)3

— 168.84 kQ

R Combining (1)—(3), we obtain
. . C
ip3 = Olp —————
) Re o+ Ris A=Y _gsyyy

v,

099 20
=0 1 168.84 B=0.1V/V
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AB =85
1+ A8 =95
85

Ap= s =895V

From the A circuit, we have

Ri = Ry + Riy+ (B + D(rer + re2)
=10+09+101 x 0.1

=21kQ

Rif = Ri(1+ Ap)

=21 x9.5=199.5kQ

Riy = Rif — Ry =199.5 — 10 = 189.5 kQ

From the A circuit, we have

Rc
R, =Ry || Ry | Ve5+ﬁ+1

20
=210 (o.oos+ﬁ
=181Q
Ry = —Re

T 1+ AB
181
= g5 =910

Rnf =R ” Rout
19.1 = 2 kQ || Rou
= Ry =192Q

Ex. 11.8 Figure 1 shows the f circuit together
with the determination of £, Ry, and R»;.
R,
Ry + Ry

ﬂ:

This figure belongs to Exercise 11.8.
R,

Exercise 114

Ri=Ri| R,
Ry =R + R,
Figure 2 shows the A circuit. We can write

Vo = gn(Rp || Rn)V;

Thus,
Vo
A= V = ngD ” (Rl + RZ)
Rp
Py o) Vu
Ry
)
Ry, R,
Vi =
= R
Figure 2
R,
ﬂ —
R+ R,
A
Af =
14+ Ap

From A circuit, we have

R,’ -
8m

2> R,
© 2w ©)
o & o
Ry, =R, + R,
Figure 1
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Exercise 11-5

R, =Rp || R
Riy = Rif = Ri(1 + Ap)

1

Row = Ry = —2
out — Uf_1+Aﬁ
Rp || (R + Ry)
Row =
1+ A

Comparison with the results of Exercise 11.6
shows that the expressions for A and S are
identical. However, R;, and R, cannot be
determined using the method of Exercise 11.6.

Ex. 119 Ayl =10 A/A

1
B=——"—"=0.1AA
Af’ideal
A = 1000 A/A
1+ AB =1+1000 x 0.1 =101
A=A 1000 g6 aa
TT 1A 101
R; 1000 Q
=99Q

R,y = R,(1+ AB) = 100 kQ x 101
=10.1 MQ

Ex. 11.10 Refer to the solution of Example 11.7.
If u is reduced from 1000 V/V to 100 V/V, A
will be reduced by the same factor (10) to become

A =649 mA/V

and the loop gain will be correspondingly
reduced,

Af =649

Thus, the amount of feedback becomes
14+ A =659

and the closed-loop gain A ; becomes

A 64.9
Ap= = "~ —0.985 mA/V
"7 1+ A8 659

The input resistance becomes
Rin=Riy = (1 + AP)R;
=65.9 x 101 = 6.7 MQ

The output resistance becomes
Row = Ruf = (1 + Aﬁ)Ra
=65.9 x 61 =4 MQ

Ex. 11.11 Refer to the solution of Example 11.7.
To double Ay, ., we need to reduce f to half its

value. Since f = Ry, the feedback resistance Rp
becomes

Rr =500 Q
Now, since A is given by

Riq u o2

A=
Riqs + Rp gim + (Rpllrez) Re+71om

the value of A becomes
A 100 1000 20
© 100+ 0.5 0.5+ (0.5]]20) 0.5 + 20

= 982.7 mA/V

Thus, Ay becomes

LA 982.7
TT14AB T 149827 %05
= 1.996 mA/V

Ex. 11.12 To obtain Ag|,
feedback factor f must be

= 100 mA/V, the

1
f=-—=0.01 VVmA =10 Q
100

But,
ﬁ — RE]RE2
Re1+ Rea + Rp
For Rpy = Rpy = 100 Q,
100 x 100
~ 100+ 100 + Ry
= R =800 Q

Since the ideal value of (1,/V;) is 100 mA/V, the
ideal value of the voltage gain is,

Yo _ _LRe _ _y00x06
Vs Vs
= —60 VIV

Ex. 11.13 See figure on next page. Figure 1
shows the circuit prepared for the determination
of the loop gain,
Vi

A= ——

/ Vi
We will trace the signal around the loop as
follows:

I('Z = ngVr (1)
Rca
Iy=1,——— 2
b3 ZRC2 ¥R, (2)
where
Ri3 =
B+ D{res+ Rex || (Re + (Rey || ren))} (3)
Ly =B+ Dy )
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Exercise 11-6

This figure belongs to Exercise 11.13.

Rp
R
Iy =1, = )
Rex+ Rp + (Rey || 7er)
RE:

ly=1p—— 6

: "Rt + 1 ©
Icl = (Zlel (7)
Ve = =1 (Rer || 722) (3)
Combining (1)—(8) gives V, in terms of V, and
hence A = —V,/V,. We shall do this
numerically using the values in Example 11.8:
gm2 =40 mA/V, Rc, =5kQ, =100,
re3 =025Q, Rpy = Rpp =100 Q, Ry =
640 Q,
Fel = 41.7 Q, o) = 099, Rc| =
9kQ, and r;, = 2.5 kQ
Riz = 101{0.00625 + 0.1 || (0.64

+ (0.1 ] 0.0417))}

=9.42kQ
I, = 40V1 (9)
I3 =0.3471, (10)
I3 = 1011 (11)
Iy =0.1313 (12)
I,y = 0.7061; (13)
1.1 = 0.991,, (14)
V, = —1.9571, (15)

Combining (9)—(15), we obtain

V.
AB=—— =2492
f==

t

Ex. 11.14

Figure 1

Figure 1 shows the circuit prepared for
determining the loop gain
V.
Af = ——
/ Vi
Using the voltage-divider rule, we can write by
inspection

B RL || [RF + (R || Ria)] (R, || Ria)
“ro + {Ri I [Rr + R, || Ri)l} Rr + (R, || Ria)

Vv, =

S RL(R, Il Ria)

ro[RL + RF + (Rs || Ria)] + RL[RF + (Rs || Riq)]
Thus,

v,
A = —_—— =
b Vi
URL(Riq || Ry)
7o[RL 4+ RF + (Ria || Rs)1 4+ RLIRF + (Ria || Rs)]

Q.E.D.

Using the numerical values in Example 11.9, we
get

A =1035.2
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Exercise 11-7

This figure belongs to Exercise 11.15.

Vo
Is RS Vgs 8m Vgs r,
= = = = = R, =R,
Rif Rm l !
()
Ry _If> Rp
o AMAV——
® ©) @ @)%
o ® o *
L L
=0 - ___
(®) p= V, R
(©
Ry Ry
——W—o—— — o AMA——o
o ° ° o
- -
Ry = Rg Ry =Ry
(d) (e)
® ® oV,
R 7,
gmvgs - % —‘
R,
Figure 1
Ex. 11.15 See figure on next page. Figure 1(a) Finally, the A circuit is shown in Fig. 1(f). We
shows the feedback amplifier circuit. The f can write by inspection

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

determination of 8 is shown in Fig. 1(c), Ri =Ry |l Riv= R Il Rr

ﬂ 1 R0:ru ”R22:r0”RF

Ry Vo = LR
(a) V, = —8m Vgs (ro ” RZZ)

1

A = — =—R ThuS,

fideal ﬂ F

V,
(b) The determination of Ry, and R», is A= 7= 8m (Rs || Rp)(ro || RF)
illustrated in Figs. 1(d) and (e), respectively: !
v, A
— — A= — =

Ri1 = Ry = Rp 4 I 1+ Ap
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Ap =
_ gm(Rs ” RF)(ro ” RF)
L+ gn(Rs || RF)(ro | RF)/Rr

1+ AB

R; || Rr
R,‘f =

1 +gm(Rv ” RF)(ro ” RF)/RF
1 1 1 gm(ro ” RF)

R, R R R

(©) Rif =

L1
Rif Rs Rin

1
— = —1 m\lo R
R. "R, +8u(ro Il Rp)

- 1+gm(ra ” RF)
R,
1+ AB
_ To ” RF

1+ gu(Rs Il Rp)(ro || Rr)/Rr
1 — i + L + gm(Rs ” RF)
Rnut T RF RF
RF
S TN DS R

() A=-=5(1110)(20 | 10)

= R Q.E.D.

(d) Rou = Rof =

A=-303kQ
1 1
=—— =—— =—0.1mA/V
RF 10
AB =3.03
14+ A =4.03
A 30.3

A = = = _752kQ
T 1y Ap 4.03

(Compare to the ideal value of —10 k€).
Ri=R, | RF=1110=909 Q
R, =71, || Rr =20 10 = 6.67 kQ

R; 909
Rif = = =2260Q
1+AB  4.03
1 1
Ry =1 —— =210
R; R,
R, 6.67
— = 1.66 kQ

Rof = =
1+ Af  4.03
Row = Ryy = 1.66 kQ

Ex. 11.16 Refer to the solution of Example
11.10.
R; To2

=—Hu
1/gm + (RilIR2M1702) 702 + (R1]IR2)

Q.E.D.

Exercise 11-8

100 20

=—100
20 + (10]190)

S + (10190120)
= —1076.4 A/A
B=-0.1
A A 1076.4
T714A8 1410764 x 0.1

_ 10764  1076.4
T 14107.64  108.64
=-991 A/A

R = 100 kQ
R;

Rin:Rif:1+Aﬁ

~ 100
T 108.64
=921 Q

Rout = Raf = Ro(l + Aﬁ)
=929 x 108.64

=101 MQ

Ex. 11.17 Refer to the solution of Example

1
HL10. With Ry =0, f = =1 = =1

1
Ay }ideal = E

=—-1A/A

Ri = Ry Rial| (R + Ry)

= Ri = R1

Ry, =rpn+ (Rl I|R2) + (gerZ)(RI ”RZ)
= Ro =T

Ri To2

=—u
1/gm + (RilIR21752) 702 + (R{]|R2)

Ap = pgm R
Ay = A

14+ Ap

ugmR
T + ugm Ry
Ry = Riy = R

S V)
R 1

- 1+/lngI N HEm
Row = Ruf = Rn(l + Aﬂ)

= r02(1 + ,ungl)

in

= Roul = /'l(gmroZ)Rl

Ex. 11.18 The feedback shifts the pole by a
factor equal to the amount of feedback:
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Exercise 11-9

14 Apf =14 10° x 0.01 = 1001
The pole will be shifted to a frequency
fre=fr(1+ Aof)

=100 x 1001 = 100.1 kHz

If j is changed to a value that results in a nominal
closed-loop gain of 1, then we obtain

p=1

and

l+A4)f=1+10"x1~10°

then the pole will be shifted to a frequency

fry =10° x 100 = 10 MHz

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

(@p1 + 0p2)* = 4(1 + ApB)wpiops

(10* 4+ 10%? = 4(1 + 1008) x 10* x 10°
= 1+1008 =255

= f =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 /(1+100p) x 10* x 10°
V2 104 + 106

= =05

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

Ao
A./'(O) = m
100
=——— =196 V/V
14100 x 0.5

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

1+A@E)p=0
3
10
1+ —|p=0
1 N
-’_104

To simplify matters, we normalize s by the
factor 10*, thus obtaining the normalized

complex-frequency variable S = 5/10*, and the
characteristic equation becomes

S+1D>+10°8=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)7°=-10°p

= S=-1-108"°=—(1+108"7) Q)
Dividing the characteristic polynomial in (1) by
(S+1+ 108'7) gives a quadratic whose two
roots are the remaining poles of the feedback

amplifier. After some straightforward but
somewhat tedious algebra, we obtain

§* 4+ (1087 = 2) S+ (1 +1008*7 — 108'7)
=0 ©)
The pair of poles can now be obtained as
S=(=1+58"3) £ j5v3 '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 jw axis for the value of f that
makes the coefficient of S equal to zero, thus

2 3
= (-—=) =0.008

Ex. 11.21
99R
— W
R
A

L_VV‘V _

L A (s) —O
= o I+
Figure 1

From Fig. 1, we can easily obtain the loop gain as
Ap = A(s) x 0.01

10°
1 -
+ 2r x 10

1000
s

2r x 10
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Exercise 11-10

From this single-pole response (low-pass STC
response) we can find the unity-gain frequency
by inspection as

fi = fr x 1000

=10 Hz

The phase angle at f; will be —90° and thus the
phase margin is 90°.

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

[Ar(o)l
1/p

=1/|14cos@ — jsind|

=1/|1+¢7

(a) For PM = 30°, 6 = 180 — 30 = 150°, thus

[Ar(jo)l
1/p

=193

= 1/|1 4+ cos 150° — j sin 150°|

(b) For PM = 60°, 8 = 180 — 60 = 120°, thus

[Ar(jo)l
1/p

=1

=1/|1 4 cos 120° — j sin 120°|

(c) For PM =90°, 6 = 180 — 90 = 90°, thus

| Ap(jor)l .

———— = 1/|1 4 cos 90° — j sin 90°|
1/p

=1/v/2=0.707

Ex. 11.23 For a phase margin of 45°,

¢ = —135°. Locating the point ¢ = —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/p) = 80 dB
=p=10"

A 10°
P71+ AR T 14105 x 10

=9.09 x 10°

=79.2dB =~ 80dB

Ex. 11.24 To obtain stable performance for
closed-loop gains as low as 20 dB (which is 80
dB below Ay, or equivalently 10* below A),
we must place the new dominant pole at

1 MHz/10* = 100 Hz.

Ex. 11.25 The frequency of the first pole must be
lowered from 1 MHz to a new frequency

gy = OMHZ 001
= = Z

P 10*

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, to reach

—Vee + Vepsa = —15 4+ 0.2 = —14.8 V, with

Q) just cutting off (i.e. ig; = 0),

[— 148V 1438
TR, 1kQ

The value of R can now be found from

Ve Vec—Vp

= 14.8 mA

==
R R
15—0.7
14.8 = ——~
= R= 14.3 =0.97 kQ
T 148 7

The resulting output signal swing will be —14.8
V to +14.8 V. The minimum current in Q| = 0.
The maximum current in

Q; =148+ 14.8 =29.6 mA

Ex: 12.2 Atvp = —10V, we have

. -10
L, = T =—10mA

igy=14+i, =148 —10 = 4.8 mA
4.8
UBEl = 0.6 =+ 0.025 hl(T)

=0.64V

v = Vo + UpE1
=—-104+0.64 =-936V
Atvp =0V, we have

ir =0mA

ipgg =1 =148 mA

8
vppr = 0.6 4+ 0.025 ln( 1 )

=0.67V
vy = Vo + UBEI
=04+067=067V
Atvp =10V
10
ipn=1+i;, =148+ 10=24.8 mA
24.8
vppr = 0.6 4+ 0.025 ln(T)

=0.68V

Uy = Vo + UBEI

=104 0.68 =10.68 V

Atvp = —10V, we have

iEl =4.8 mA
25 mV
Fol = =520
4.8 mA
Y R 1
Yo _ Lo =0.995 V/V
Vi RL + e 1+ 0.0052
At vo = 0 V,
ip = 14.8 mA
25 mV
ra=—1Y _ 170
14.8 mA
Uy RL
— = = =0.998 V/V
Ui RL +rel 1 +00017
Atvo =410V,
25 mV
Vo = —/————— = 1.0 Q
24.8 mA
vo_ R 1 g9 viv
vi R, 4+r, 140001
Ex: 12.3 5 5
(Vu/ﬁ) (3/v2)
a. P, = = =032W

R, 100
Ps =2Vee x I =2 x 10 x 100 x 1073
=2W

P
Efficiency 7 = ?L x 100
N

032

— x 100
> X
= 16%
1V2
Ex: 124 P =--=
X (a) P 2R,
1 (4.5)
= 7(7) =253W
2 4
1V,
(b) Psy =Ps_ =Vee X ——
y/ RL
1 45
=6x —x — =2.15W
T 4
Py 2.53
() p=—x100= ——— x 100
Py 2 x2.15
=59%%
1 v,
(d) Peak input currents = —— —
B+1R,
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Exercise 12-2

1 4.5
= — X —
51 4
=22.1mA
(e) Using Eq. (12.22), we obtain

P =P _ Ve
DNmax — £ DPmax — 752RL
62
= =091W
T2 x4

Ex: 12.5 (a) The quiescent power dissipated in
each transistor = Iy x V¢

Total power dissipated in the two transistors
=2Ip x Vee

=2x2x107 x 15

= 60 mW

(b) Iy isincreased to 10 mA

Atvp =0,wehaveiy =ip = 10 mA

From Eq. (12.31), we obtain

v 25
Rnul: N T, = =125Q
ip+iy 10+ 10
v, R; B 100
vi Ry 4+ Row 100+ 1.25
Yo 0.988at vy =0V
Uj
Atvp = 10V, we have
] 710\, 0.1 A=100mA
= = 0. = m.
=000

Use Eq. (12.27) to calculate i y:
iy —inip—15=0

i —100iy — 10> =0

=iy = 101.0 mA

Using Eq. (12.26), we obtain

12

ip=-2~1mA
Iy
V 25
Row = —— = ~0.2451 Q
IN + lp 101.0 + 1
v, R, B 100 ~1
vi  Rp+ Row 100+ 0.2451 —
1 —0.988
% change = — x 100 = 1.2%
In Example 12.3, Iy =2 mA, and for vp =0
Vr 25
Ry=—"—"=—""—=625Q
' IN —+ lp 2 =+ 2
U, R, 100
— = 0.94

v R+ Row  100+625

vo = 10V
=0V 00maA

= = m
T 7000

Again calculate iy (for /o =2 mA) using
Eq. (12.27) (iy = 100.04 mA):
= E = 22
"7 Iy T 100.04
Vi 25
iv+ip  100.04 4 0.04

Uo RL

i = 0.04 mA

Row = =0.25Q

~1

jizRL+Roul_

1 —-0.94
#x100=6%

% Change =
For I, =10 mA, change is 1.2%
For I, =2 mA, change is 6%

(c) The quiesent power dissipated in each
transistor = Iy X Vee

Total power dissipated =2 x 10 x 107 x 15
=300 mW

Ex: 12.6 From Example 12.4, we have V¢ =15
v,
R;, =100 Q

On and Qp matched and Is = 107 A and
ﬂ =50, Igiss =3 mA

10
For vy =10V, wehavei; = — = 0.1 A

100
As a first approximation, iy =~ 0.1 A,
. . 0.1 A
ip=0, ipy = WEZmA

ip = Ipas —ipy =3 —2=1mA

107
VBB = 2VT Inf —— (1)

- x 1078
3 X

1 1
This 3 is because biasing diodes have 3 area of

the output devices.

But Vg = Ven + Vaer

iy iy —ir
= VrIn| — Vel
Tn(13)+ Tn( Is )

iy (iy — iL)j|

I3

— v, m[ 5

Equating Egs. 1 and 2, we obtain

1073
2Vl ——m— | = V4 ln[

in(iy — iL):|
- x 1078
3

I3
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Exercise 12-3

ip—0.1 ip
VT 11'1(710_13 ) =+ VT ln(ilo_n)

2
3% 1073 ip(ip—0.1)

- _ 2
% x 107 (1075)

ip(ip —0.1) =81 x107°
Expressing currents in mA, we have
ip (ip —100) =81
iZ—100ip — 81 =0

= ip = 100.8 mA

U o iN :1P—|—1L:O8mA

Ex: 12.7 Alc = g, x2mV/°C x 5°C, mA

where g, is in mA / mV

10mA _ )4 mA/mv
" = = 0.4 mA/m
2 &= 25 mv
107 iy @iy —0.1) Thus, Alc =04 x 2 x 5=4mA

Lo (1077)°
3

in(i 0.1)=9 x 107 Ex: 12.8 Refer to Fig. 12.14.

NUN — V. -

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

If iyisi A, th . . .
fy 1S I MA, Thell since £ is very large, it follows that

in(iy —100) =9 Vii = Ve =06V.
iZ—100iy —9=0 Thus Ic; = 1 mA

R 1.2V 1.2
= iy =100.1 mA R =0.5mA

TR +R 24

ip=iy—i,=01mA
Po o Thus, I = Icy + Iz = 1.5 mA

Forvoz—IOVandiL:m:—O.lA (b) ForAVBB=+50mV:

_ ) 1.25
100 mA: Vep =125V I = CY i 0.52 mA

As a first approximation assume ip = 100 mA, 195
iy =~ 0. Since iy = 0, current through diodes Veg = 2’ = 0.625V

=3 mA

Iei=1x eAVBE/Vr _ ,0025/0.025
3% 1073 _
o Ve =2V In T 3) =2.72mA
3 x 10" [=272+052=324mA
in ip For AVgp = +100 mV, we have
ButVis = Ve fg ) Ve M\ jgm 13
VBB:1.3V, [R:7:054H1A
ip+iL ir 2.4
= Vrin| oz ) VeIl o7 “ 13
Vee = 5 =065V
Here i, = —0.1 A
Ioy = 1 x e2VBE/VE — | x (005/0025
Equating Egs. (3) and (4), we obtain
=7.39 mA
avy | 22107 ) [=739+0.54 =7.93mA
1 _
3 x 107" For AV = +200 mV:
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1.4
VBB:1.4V, IR:ﬁ:OSSmA
Ier = 1 x "1/99% = 54 60 mA
I =54.60+0.58 =55.18 mA

For AVgp = =50 mV:
1.

15
VBBZI.ISV, IR=ﬁ=048mA
VBE = 1715
2
=0.575

IC] —1x 6_0'025/0'025 — 0.37 mA

I =0.4840.37 = 0.85 mA

For AVgp = —100 mV:

Vg =11V Iz = % = 0.46 mA
Vee =055V

Iep =1 x 709005 — 013 mA

1 =046+ 0.13 =0.59 mA
For AVgp = —200 mV:

1
— = 0.417mA

Vep =10V Iz =
BB k=24

Ver =05V
Ici =1 x ¢ %1005 = 0018 mA

I =043 mA

Ex: 12.9 (a) From symmetry we see that all
transistors will conduct equal currents and have
equal Vpg’s. Thus,

Vo = ov
If Vgz ~ 0.7 V, then
15-0.7
VEl =0.7 Vand 11 = f = 2.86 mA

If we neglect /g3, then
Iy = 2.86 mA
At this current, |Vgg| is given by

2.86 x 1073
33 %x 107"

Thus Vg =0.63 Vand I; = 2.87 mA

[Vge| = 0.025 111( ) ~0.63V

No more iterations are required and
ic) =ico =ic3 =ics = 2.87 mA
(b) Forv; =410V

To start the iterations, let Vgzy =~ 0.7V

Exercise 124

+15V
h l: 5kQ
Vi 05
0,
o——o — 071
oV
0,
(O
5kQ
—15V
Thus,
Ve =107V
and
15—-10.7
| = = 0.86 mA
5
+15V

—15V

Neglecting /33, we obtain
Icy = Ig; = I} = 0.86 mA
But at this current
Iey

)

|Veell = Vr 111(
N
0.86 x 1073

=0.025 1n(7
33 x 107"

)

=06V

Microelectronic Circuits 8th edition Sedra Solutions Manual


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

Exercise 12-5

Thus, Vg = +10.6 V and I; = 0.88 mA. No
further iterations are required and
Icy =~ 0.88 mA.

To find I¢,, we use an identical procedure:
Vper = 0.7V

Ve =10-0.7=+493V

93— (~15)

I = 4.86 mA

4.86 x 1073
Virs = 0.025 ln( X )

3.3 x 107"
=0.643V

Viy = 10 — 0.643 = 49.357
I, = 4.87 mA

Icr ~ 4.87 mA

Finally,

Ies = Icq =33 x 107 e¥ee/Vr

where

Ve =V,
V35:¥:O.62V

Thus, Ic3 = Ic4 = 1.95mA

The symmetry of the circuit enables us to find the
values for v; = —10 'V as follows:

Ic; =4.87 mA I, = 0.88 mA

Icz = Icy = 1.95 mA

For v; = 410 V, we have vp = Vg1 — Vs
=10.6-0.62=4998V

For v; = =10 V, we have vgp = Vg1 — Vpes
=-9357-0.62=-998V

(¢) For v; = +10V, we have

vo =10V

I;, ~ 100 mA

Ic3 ~ 100 mA

1 100 0.5 mA
=—~05m
537001
Assuming that |V | has not changed much from
0.6 V, then
15-10.6

I, = —— =0.88mA

5
Igy =1, — Ip3 = 0.88 — 0.5 =0.383 mA

Icy = 0.38 mA

0.38 x 1073
Vepil = 0.025 In| ———
Vie1l (3.3 x 10—14)

Yo

=058V
Ve =10.58 V
15 —-10.58
I = —s = 0.88 mA

Thus, Ic; ~ 0.38 mA

Now for Q, we have

Veer = 0.643 V

Via = 10 — 0.643 = 9.357

I, =4.87 mA

Igs =0

Ic» =~ 4.87 mA (as in (b))

Assuming that /c3 =~ 100 mA, we have

100 x 1073
VBE3 =0.025 ln( X )

33x 107"
=072V

Thus, vo = Vi1 — Vpes

=10.58 - 0.72 = +9.86 V

|Vral = vo — Vi

9.86 —9.36=05V

Thus, Iy = 3.3 x 10714¢%9/00%
~0.02 mA

From symmetry we find the values for the case
vy =—10V as:

Iy =487TmA, I =0.38mA
Ic3 =0.02mA, Ics = 100 mA
vo = —9.86 V.
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Exercise 12-6

Ex: 12.10 For Q;:

: v V;
ici = Ispe"™?/""

ic
By +1

P v V;
ic = fylspe EB/VT

— ]SpevEB/VT

Thus, effective scale current = Sy Isp

. d . B
TVEEIT(_’;_I-F%[TSJ_I

Bri) ic ‘e
Vv, Pr+l | _C
I Q¢£ Be } B+
1

ic/(Byt1) wc

(b) Effective current gain = i—c =ppBy
B

=20 x 50 = 1000

100 x 1073 =50 x 1071 ¢ves/0:025
vpp = 0.0251n (2 x 10')

=0.651V
Ex: 12.11
+25V
10 mA Y O—|
Q
Yo
Fe—[ , o, 200 0
25V -25V =

vo =0V= IDl = 10mA
= Visi = Vin + Vovi

21p,
ky

20 mA
=05V+,/— =
50 mA/V

=1.13V

= Um +

= v, =113V

From Eq. (12.38),

L - V 2.5 \ _().63 \
R, > SS ov2

= 187Q

Ex: 12.12
+3V +3V

50 mA o—| 9
1

Yo

Fe— 100 Q

| l

3V -3v =
When vp =0V,
IDI =50 mA

gmi = 2k Ip1 = /2 x 80 x 50 = 89 mA/V
— RL
R+ 1/gm
100
100 + 1/0.089
0.899 V/V

A,

21
ky

_ 2 x 50
V80

=112V

Vova =

= Vomin = —2.5+ 1.12
=—-138V

We must also ensure Equation (12.38) is satisfied.
Vss — Vova
Ry

1.38V
50 mA > 38
100Q

I>

= 13.8 mA

Thus, when vp = Vomin:
1.38V
100Q

1[)1 =50mA —

=36.2 mA
= gu1 = 2kIp1
=+/2x80x 362
=76.1 mA/V

R;
Ry +1/gm

3 100
100+ 1/0.0761

=0.884 V/V

= Ay =

The percentage change is therefore,

’0.884 —0.899

100% = 1.7
0.899 ‘x 00% %

Microelectronic Circuits 8th edition Sedra Solutions Manual


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

Ex: 12.13 According to Equation (12.44),
1

~
Rout =

HEmp
1
T g Ron
1
T 0.05x 1
=20 VIV
o
" Vown

8Emp

_ gmpVOVI
2
50 x 0.3
)
=7.5mA

=1

Ex:12.14 1, =0.1 x 2 mA

100Q
B 20y 2x2
8mn = 8mp = VOV1,2 - 03
According to Equation (12.45),
1

Rouw =

1 (mp + &mn)
1

T 10x (133 + 13.3)

=3.75Q

Ex: 12.15 See Fig. 1.

vy, 14 (V)
or

JrlO"""/\{
UA
0 2

= 13.33 mA/V

(a) y4 = 0: D = 50%; Average = 0
vp, vp (V)

I A

(b) vy = +5V: D = T75%; Average = +5V

Figure 1 continued

Exercise 12-7

v, vy (V) o
+10 o
NIVAN; t
—~10
PWM (V)
+10
0 t

(c) yy = +10V: D = 100%; Average = +10V

Ur, Uy (V)

+ 10' ""Y\év,r
0 !
-5
— 10. {
PWM (V)
+104 — — —

_10.

(d) vy, = =5V: D = 25%; Average = =5V

v, 4 (V)
+104------ ur
/¢
0 t
—10
o?
PWM (V)
0 t
-10

(e) vy = —10V: D = 0%; Average = —10V

Figure 1

Ex: 12.16
fy = 10 x highest frequency in audio signal

=10 x 20 = 200 kHz

Since f; is a decade higher than fp, the gain will
have fallen by 40 dB. Thus the PWM component
at f; will be attenuated by 40 dB.

Ex: 12.17 Maximum peak amplitude = Vpp

V 2)?
Maximum power delivered to R, = (D[;#
L
_ Vip
T 2R,
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Exercise 12-8

For Vpp =35V and R, =8 Q: Power delivered by power supplies
; — P 76.6
Peak amplitude =35 V _ —851W
) n 0.9

=76.6 W

Maximum power =
2 x
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Exercise 13-1

Chapter 13

Solutions to Exercises within the Chapter

Ex: 13.1 Using Eq. (13.2), we obtain
Viemmin = —Vss + Vi + Vovs — [V,
=-1654+054+03-05
=-135V

Using Eq. (13.3), we get

Viemmax = Voo — |Vovsl — | Vipl — [Vovil
=165-03-05-03

=+0.55V

Thus,

=135V < Viey £ +0.55V

Using Eq. (13.5), we obtain

—Vss + Vove < vo < Vop — |Vovil
Thus

—1.654+0.5 < vy <1.65-0.5

= —1.15V<vy <+1.15V

In a unity-gain configuration, the output is
connected to the gate of Q; and must, therefore,
respect both limits. The overlap is

—1.15V <vp < +0.55V

Ex: 13.2 For all devices, we have

[Vaul =5 V/um x 0.5 um = 2.5V
|Vap| =6V/pm x 0.5 ym =3V

Using Eq. (13.11), we get

N2 /[ L, 1}
' [Vovil [Vazl =~ Vaa

- 2/ Lo L o i36wwv
T 02V/ |3V 25V ’

Using Eq. (13.16), we obtain

2 /[1 L ]
7 WVovsl Vas | Vasl

2 1 1
= J|— 4 —|=-91VV
0.3 v/ [2.5 vT3 v}

The total gain is

Ay = A1Ay
=—13.6 x —=9.1
=123.8 VIV

We find the op-amp output resistance as follows,

Ve 2.5V
Tos = —2 = —25kQ
Ips 0.1 mA
r7=|VAP|= 2V 30k
¢ Ipe 0.1 mA

Ro =Tro6 ” Fo1 = 25 || 30 =13.6kQ

Ex: 13.3 The feedback is of the voltage sampling
type (i.e., the connection at the output is a shunt
one), thus

R

Row = Rof = ﬁ

where

Ry =76 |l 707

A = gu1(roa | 7oa)gmo(ros || 767)
p=1

Thus,

_ To6 ” To7
1 + 8m1 (ro2 ” r04)g1716(r06 ” r07)
Usually,

ROUI

A>1
Thus,
1
gm()[gml (r02 ” }"04)]

Roul =

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

Gm 1

fl - 27TCC

_ 035x107
T 27 x 20 x 100

=2.8pF

From Eq. (13.26), we have
2nCc

_ 1.0x 107
2r x 2.8 x 10712

~ 57 MHz

fz

From Eq. (13.30), we have

GmZ
fr2= G,
1.0 x 1073
- X _gQ0MH
27 x 2 % 1012 z

Thus, f; is lower than f, and fp,.
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Ex: 13.5 (a) Using Eq. (13.36), we have

Gml
27TCC

ﬁ:

1 x 1073
2m x 100 x 100
1.6 pF

Ao = Gu1(ro2 I 70a) G (o6 || 7o7)
= 1(100 || 100) x 2(40 || 40)
=50 x 2 x 20 =2000 V/V

fi 100 x 10°

Sfaap = IO = T5000

(b) From Eq. (13.34), we have
1 1

= 50 kHz

R=—=—"—-=500Q
G,, 2x1073
(c) From Eq. (13.35), we have
GmZ
fr2= 272G,
2% 1073
X _318MHz
27 x 1 x 10~12
o f
= —tan~! =
o fra
_, 100
= —tan = ——
318
=—174°

PM =90—-174 =72.6°

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

=0.2 x 27 x 100 x 10°

=126 V/us

Using Eq. (13.45),

1
= e

=1 =126x10° x 1.6 x 107"
=200 LA

SR

Ex: 13.7
21pg 2 x 0.5
Gy = e = —2 = =4 mA/V
2T =y T 005 m

foy = G 4

PP x € 2m x 15 % 10712
tan™! S =20°

fre2

=42 MHz

Exercise 13-2

= fi = fpy x tan20° = 15.3 MHz
2(1/2)  2x03

Gt = g = — 12 mA/V
PEEm =y 0.25 m
G, G
fi=— o= !
2 x Cc 27 X f;
_laxiot
T x153x100 P
Ex: 13.8
0.2 mA
Irer = 0 =20 pA = Ipg
A
=34 (1),

(W) 21pg

>(—) =————

L)g Kk, xVjy
2 %20 x 107°

T 86 x 106 x 0.52
Ws =1.86 x Lg = 1.86 x 0.6 = 1.1 um

=1.86

Ws  Ips 200
Wg Ipsg 20
We _ o

400
=—=> W= —x1.1=22um
Ws  Ipg 20

[Vassl = 1Vipl +[Voy| =054+05=1.0V

The required resistor value is
R_lV—lV—(—lV)_ 1V
o IREF a ZO}J.A

=50kQ

Ex: 13.9 Total bias current = 300 pA = 21/
= Iz =150 pA

Ig = Ipi + Ips

150 = Ip; +0.251p,

= Ip; =120 pA

I'=1Ip+1Ip

=120+ 120 = 240 pA

Ip3a =0.251p, =0.25 x 120

=30 pA

Ex: 13.10 Using Eq. (13.50), we get
Viemmax = Voo — |Vovel + Vi
=165-03+05=+185V

Using Eq. (13.51), we obtain

Viemmin = —Vss + Vovii + Vovi + Vi
Viemmin = —1.654+0.3 4+ 03 4+0.5
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Exercise 13-3

=-055V

Thus,

—0.55V < Viey < +1.85V
Using Eq. (13.54), we get

Vomax = Vop — [Voviol — [Voval
=165-03-03=+4+1.05V
Using Eq. (13.55), we obtain
Vomin = —Vss + Vovs + Vovs + Vi
=-1654+03+034+05
=-055V

Thus,

=055V <vp <+1.05V

Ex: 1311 G,, = g1 = &2

2(1/2 1
G, = (1/2) _
Vovi Vovi
0.24
= —— =12mA/V
0.2
2
rp= VAl L 2067 ka
12 =012
[Val [Val 20
r04 = — = =
Ips 1 0.150 — 0.120
Iy -
2
20
= —— = 666.7 kQ
0.03
P [Val
0l0 IB
20
= —— =133.3kQ
0.15
21 2 x0.03
gms = =28 _ZX00 g3 Ay

~ Vovl 02
Ros = (gm4ro4)(r02 Il roIO)

= (0.3 x 666.7)(166.7 || 133.3)

= 148 MO
2Ups 2% 003
e = =20 = 22X 0 g3 mAv
Voy 02
Val 20
ros = 1oy = VAL 2 6667 ka
Ines  0.03

Ro6 = 8me6To67 08

= 0.3 x 666.7 x 666.7 = 133.3 MQ

Ry = Roa || Ros

=14.8 || 133.3 = 13.3 MQ

A, =GR, = 1.2 x 13.3 x 10° = 16,000 V/V

Ex: 13.12 (a) The NMOS input stage operates
over the following input common-mode range:

—Vss+2Vov+ Vi < View < Vop —|Vov|+Viu
that is,

(=2.54+0.640.7) < View < (25-03+0.7)
=12V < View <429V

(b) The PMOS input stage operates over the
following input common-mode range:

—Vss + Vov = |Vipl < Vien <
Vop = 2|Vov| = Vil

that is,

(=254+03-0.7) < Viem < (25-0.6-0.7)
=29V < Viey £ +12V

(c) The overlap range is

=12V < View < +12V

(d) The input common-mode range is

=29V < Viemw <429V

Ex: 13.13 Denote the (W/L) of the transistors in
the wide-swing mirror by (W/L),,. Transistor Q4
has

1
(W/L)s = 2 (W/L)

1 W\
Ijgr = Eﬂncox A 5V0V5

Loa (WY Ly
= FHnCox\ 7 X —
2/1 L), 4 ovs

1

w
=3 ncor e V 2 :
2,“ ’(L )M( ovs/2)

Thus,

Vovs

2
where Vjy is the overdrive voltage for each of
the mirror transistors. Thus,

= Yov

Vs = Vi +2Voy

which is the value of Vpiag needed in the circuit
of Fig. 13.13(b).

Ex: 13.14 152 = 2151
Using Eq. (13.72), we obtain

V. I
= L p32
Ry I
.02
0.01 = 0.025 In2

2
= R, =1.73kQ
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Exercise 13-4

02V

= ——— =20kQ
0.01 mA

Ry = Ry

Ex: 13.15 To obtain /5 = 10 pA, transistor Qs
must have the same emitter area as 0, and

Rs = R, = 1.73kQ

To obtain /g = 5 YA, transistor Q¢ must have
one-half the emitter area of Q, and

Re = 2R, = 3.46 kQ

To obtain [; = 20 pA, transistor Q7 must have
double the emitter area of Q3 and

R =0.5R; = 10kQ

To obtain Iy = 10 pA, transistor Qg must have
the same emitter area as Q3 and

Rs = R; =20kQ

Ex: 13.16 Refer to Fig. 13.23. At node X,
[ 21 21
REF = —5~

2 b

Bp+1
Br+2
~2]

~21

Thus,

I
I = Rz” =9.5pA

resulting in

Icy = Ico = Ics = Iy = 9.5 A

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 IggF 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

Br

1—|—2
Br

For fp > 1, we have
Ir = _ﬁPIt

and the loop gain Ap is

I =—1,

1
Ex:13.18 I = 5(131 + I52)

1( 1 1 )

=l— 4+ —

2\pn+1  py+1
1 1

B+l T ﬁ7N
9.5

= — =47.5nA
200

Ios = 0.1 x I = 4.75 nA

Ex: 13.19
VCI - VCC - VEgg =15-06=144V

Q, and Q, saturate when V¢ exceeds V¢, by
0.3 V. Thus,

VlCMmax = +147 V

25 mv
Ex:1320 r, = 2L ~ BV 56310
Ir  95pA

1
gm =~ — = 0.38 mA/V
r,

e

1
Gml = ~8ml = 0.19 mA/V

2
Riq = By + 1) x 4r,
=201 x 4 x 2.63
—2.1MQ
1% 50V
Ex: 13.21 r,, = WVarl _ =5.26 MQ
1 9.5 A

8ma = 0.38 mA/V

oo = 2.63 kQ
Fog = Pr_ 0 131 6k0
8m4 0.38

Ros = ra41 + gm4(re2 ” r7r4)
—5.261 +0.38(2.63 || 131.6)
= 10.4 MQ

10.5 MQ is obtained by neglecting r,4.

Vi 125V
Fog = —22 = = 13.16 MQ
I~ 95pA
gme = 0.38 MA/V
Rs = 1 kQ
200
Frg = —— = 526.3 kQ
0.38

Ros = 1061 + gue(R2 || T26)
— 13.161 4 0.38(1 || 526.3)
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Exercise 13-5

This figure belongs to Exercise 13.17.

Qs/

IJ;S
|
2 I,
1+ 5

Bel, -B’r B,

2(1 + é}? T2(1 + B%)
K “X 1
Brl, 1‘ 1‘ Brl,

2(1 + B% 2(1 + B%

QS)t‘j|<94

X —
2
l’o ! /(1 " B”)
Figure 1
= 18.2 MQ where
Ry = 0.5 x Ry oy = Van _ 125V _ ¢ se Mo
Ic7 19 MA
=53MQ / 10 WA
Ex: 13.22 |A,o| = Gui Ro: T
R, =5kQ
Using G,,; given in the answer to Exercise 13.20,
Pr 20 _r630k0
r” = —_—= = .
Gi = 0.19 mA/V T em 076
and R,; given in the answer to Exercise 13.21, R, = 6.58[1 + 0.76(5 || 263.2)]
R, =5.3MQ =31.1 MQ
we obtain R, = Rys || Rz
[Avol = GmiRn =2.63 | 31.1 =2.43 MQ

=0.19 x 5.3 =1007 V/V
Ex: 13.24 Using Eq. (13.84), we obtain

Ex: 13.23 €m

v 50V Gmem =
Rog = o = 'I"P' = {5 x = 203MQ 2R,
co " 5.5 x 1073 »
Ry = rogll + gu7(Ra || rz7)] = 2 % 2.43 x 106 = L13x 107 mA/V
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Exercise 13-6

G, 0.19

CMRR = "L — =1.68 x 10°
Goom 113 x 1076

or 104.5 dB

Without common-mode feedback, the CMRR is
reduced by a factor equal to fp. Equivalently,

CMRR = 104.5 — 20 log fp
= 104.5 — 20 log 50
=70.5dB

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

(a) Current gain from v, p to output

=B+ DB+ Dfp

~ B fofr = B

Current gain from v,y to output = (f3 + 1)y
=~ BBy = By

(b) Fori; = +10mA,

current needed at v;p input

1010
T pnpBr 40 x 102
Fori; = —10 mA,

=25pA

10 10

current needed at v;y input = — = —
INAIPUE= = a0

=625 pA

Ex:13.26 I, =04 mA, I =10 pA,

1 1
ISV _ 10, ST _ o
Is10 Isn

Using Eq. (13.93), we obtain

2

I
O.4x103:2(%)x10x2

where Iggr is in pA. Thus,
Irgr = 10 pA

Fori;, = —10 mA, then

ip =10+1iy

Using Eq. (13.94), we get

iv(A0+iy) g,
lN+10+lN

= i3 —9.6iy+2=0
=iy =02mA

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 09 09 08 07 05 01 0
A~ 0 01 1 2 3 6 20 o0

Ex: 14.2 Ay = —2010og 0.9 ~ 0.9 dB

1
Amin = 20 log[m] —40dB

Ex: 143 (a)
K

T =
() §3 + bys? + bys + by

This is a low-pass filter with 3 transmission zeros
ats = oo.

(b)

Ks

T =
(S) S3+b2S2+b|S+b0

There is one transmission zero at s = 0, and two
transmission zeros at s = 0o. = Bandpass filter.

(©)
Ks?
S3 + b252 + bls + b()

There are two transmission zeros at s = 0, and
one transmission zero at s = 0o. = Bandpass.

(d)

T(s) =

Ks?
53 + bys? + bys + by

T(s) =

Three transmission zeros at s = 0. = Highpass.

+1+,\/§ +1 /3
s+ = - WNs+=--J.=
2 T3 AR

Ex: 14.5 2
+4
T(s) = as S(S ) . X
(s+0.1+;0.8) (s +0.1 —;0.8)
1
(s+01+4+,1.2)(s+0.1—/1.2)
2

+4

. (52 +4)

(s2 +0.2s + 0.65) (s2 +0.2s + 1.45)

where R,/R, = 10 and wy = 10° rad/s. The | T |
will be reduced by 3 dB from the value at dc, at
® = wp = 10° rad/s. Thus,

wp = 10° rad/s

The | T | at w = w; = 3wy 1S
10

3 2
- (ﬂ)
(2]
Thus, relative to | 7(0) |, the transmission will be

lower by 20 logy/1 + 32, which is 10 dB. Thus,
A(wy) =10 dB

[T(ews) |=

Ex: 14.7
R2
R, C
v, o—M—] oV,
L1
10'= — , R, = 10kQ
CR1

C =0.01 pnF = 10nF

. R
H.F.gain=—— = -10
R,

R, =100 kQ

wz
Ex: 14.8 T(s) = +
s+ sa + w?

For maximally flat response, Q = 1/ V2, thus

2
@y

T()=— 0
©) 52+ 532 wo + o}
@

(0f — ?) + Jv2 wwy

T(jo)=
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Exercise 14-2

) ,
IT(jo)| = s
\/(w(z) — 0?)? 4 202w
__ %
Joi + ot
. 1
a 4
w
1+ (f)
o
At w = w,
[T (jeo)l ! :
@, = — = —
Y e )
which is 3 dB below the value at
w = 0(0dB). Q.E.D.

(3)
sK|{—
Ex: 149 T(s) = — 27

s2+s% + o}

where K is the center-frequency gain. For
wo = 10° rad/s and 3-dB bandwidth = 10° rad/s,
we have

3.dB BW = 2
0
15
]03:£
0
= Q=100

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

10%s

T()=— >
) = T 705 1 100

Ex: 14.10
2 2
T(s)=k %
sTEs Gt
For w, = 1.2 rad/s, wy = 1 rad/s, Q = 5, and dc
2

. () .
gain=k — = 1,1i.e., k =0.694,

@)
24144
T(s) = 0.694 > T 1A%
s2402s+1
T (00) = 0.694

Ex:14.11 | T(jow) |=1/ 1+52(ﬂ)2N
wp

Wp = W3gB, 6=1, andN:S,

|nmm=ujuwiiw

7
=1/ /14 (Lyo
SRRy
. 30
| TG0 1= 131+ Coye

A@) = =201log | T(jo) |
=47.7dB

Ex: 14.12

Amax 1
6:\/10 10 —1:\/10‘0 —1=0.5088

1

2N
1+ 2
,

A(ws) = =20 log|T (joy)|

2N
=10 10g|:1 +62(&) j|
,

Thus,

IT(jo)| =

10 log[1 + 0.5088% x 1.5*"] > 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 = —cos60° £ jsin60°

/3
=-05=£ ]\/g

Note that wy = 1 rad/s and Q = 1.

oD e

60" 30

T(s) =
1

. /3 NE
(S-I—1)(3—}—0.5-1—]\/;)(_?—{-0.5—]\/;)
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Exercise 14-3

1
s+ 1) (s24+s+1)
DC gain =1

Ex: 14.14

\/ Amax \/ .5
e=V10 " —1=V10" —1=0.3493

A(wy) =10 log[l + € coshz(N cosh_lﬂ)]

Wp

=1

S

=10 log[l +0.3493% cosh? (7 cosh_'2)]
=64.9dB

For Apux = 1 dB, € = V10" — 1 = 0.5088
A (0,) =10 log[1 4 0.5088" cosh*(7 cosh™'2)]
=68.2dB

This is an increase of 3.3 dB

1

Ex: 1415 ¢ =V 10" —1=0.5088

(a) For the Chebyshev filter:

A (o)

= 10 log[1 + 0.5088" cosh®(N cosh™'1.5)]

> 50 dB

N =74 . choose N =38

Excess attenuation =

10 log[1 4 0.5088> cosh®(8 cosh™'1.5) ] — 50
=55-50=5dB

(b) For a Butterworth filter

€ =0.5088

@ 2N
Awy) = 10 10g|:1 +ez(w—A’) }
p

=10 log(1 + 0.50887(1.5)>") > 50
N =159 . choose N = 16
Excess attenuation =

10 log([l +0.5088%(1.5)"] — 50) —05dB

Ex: 14.16 Maximally flat = Q =

Sl -

wo =27 x 100 x 10°

Arbitrarily selecting R = 1 kQ, we get

1
V2 x2710° x 10°

0=wCR=C=

= 1125 pF

Also O R
S0 Q0 =—
Cl)()L
R 10°
L= ) =— — =225mH
o 5
2710° x —
V2
Ex: 14.17 Refer to Fig. 14.19(c).
wy = 1/v/LC = 10° rad/s
1
3.dB BW = 2 = — = 10° rad/s
0 CR
Selecting R = 100 k€,
C = L _ ! =10®F=10nF
TI10°R T 100 x 105 =
1 1

L:@%—szzo.OIH:lOmH
Ex: 14.18 Refer to Fig. 14.20(a). Selecting,
Ri=R,=R;=Rs=R

and

Cy=C

gives

Zy=sCR®

Thus,

L=CR?

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

100 x 107° =1 x 10™° R?
= R=10"=10kQ

The values of C and R are practically convenient.

Ex: 14.19
fo =10kHz, A f3gg = 500 Hz
10*
Afigg 500

Using Eqgs. (14.53) and (14.54) and selecting,
C =1.2nF,
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Exercise 144

we get,
1

R=—

a)()C

B 1

T 2710t x 1.2 x 1077

R¢ = OR =20 x 13.26 = 265 kQ

=13.26 kQ

Now,

K = center-frequency gain = 10

Thus,

14+r/r =10

Selecting 7; = 10 k€, we obtain r, = 90 kQ.

Ex: 14.20 Refer to the KHN circuit in Fig. 14.24.
Choosing C = 1 nF, we obtain

1 1
oC  2710* x 107°
Using Eq. (14.65) and selecting R, = 10 kQ,
we get
Ry =R, =10kQ
Using Eq. (14.66) and setting R, = 10 kQ, we
obtain
Ry;=R,20-1)=102x2—-1)=30kQ

1
High-frequency gain = K =2 — E =15V/V

= 15.9kQ

The transfer function to the output of the first
integrator is

Vip /T

v sCR ™V, 52+S%+w2

Thus the center-frequency gain is given by

kK Q KO=15%x2=3V/V
—_— = = 1.0 X =
CRCOQ

Ex: 14.21 Refer to Fig. 14.25 (b)
1 1
wo 27107 x 10

R; = QR =20 x 10 =200 kQ

Center frequency gain= K Q =1
1 1

020

R, = R/K =20R =200 kQ

Ex: 14.22 Refer to Fig. 14.27(a) and Eqns.
(14.80)-(14.85). Selecting

C]ZCZZCZIHF,

and,

and
2 2x5
cr=22 _2X5 g
wo 105
107+
= =10’ Q = 100 kQ
10—

Ry = R = 100 kQ

R
Ry=—=1kQ

100
The center-frequency gain is given by Eq.
(14.85),

K=-20*=-2x25=-50V/V

Ex: 14.23 Refer to Fig. 14.29 and Eqns.
(14.94)-(14.101). Selecting

Ri=R,=R

C,=C

then

c, — C c C

40° axi T2

Thus, if we select C = 1 nF then

C4 = 1nF
C3 =0.5nF
Now,
2 2x1/4/2
CR=22 _2XUVZ_ | 10105
() 10°
Thus,
1.414 x 1073 ,
= ——— =1414 x 10" = 14.14 kQ
1 x107°

= R, = R, = 14.14kQ
Finally, from the transfer function in Eq. (14.94)
DC gain =1 V/V

Ex: 14.24 From Eq. (14.108),
C3 = C4 = C()()TCC

, 1
=2710" x ———— x 20

200 x 10°
= 6.283 pF
From Eq. (14.110),
C, 6.283
Cs=—=——=0.314pF
5 0 20 p

From Eq. (14.111),

C
Centre-frequency gain = C—(’ =1
5

Cs = Cs = 0.314 pF
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Exercise 15-1

Chapter 15

Solutions to Exercises within the Chapter

Ex: 15.1 Pole frequency fy = 1 kHz
1

Center-fi in=——

enter-frequency gain Amplifier gain

1
=-V/V
5 /
Ex: 15.2 Refer to Fig. 15.2(a).
1 1

6: JIC JoIx107x10x100
10° rad/s

(@0]

The loop gain at @ = (1 + -2) x 1 = 1.01.
r

1
Thus, the condition of oscillation is satisfied.

1
Ex: 153 0wy = —
'~ JIC
(a)
L —> 1.01L
A | 0.995
10} W)= ——=—
0 T J101LC JIC
Thus,
A
290 100 = —0.5%
(@)
(b)
Cc —s 1.01C
A | 0.995
(6] Wy = =
0 " JLx10lC JIC
A
290 100 = —0.5%
o
©)
R —> 1.01R

Since ) is not a function of R, changing R has
no effect on wy, that is, Awy = 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

I 5
1+2=_"=56
+}’1 0.9

2 _46

r

Ex: 15.5 (a) L (s) = (1+ &) Zp

R ) Zp+ Zs
R, 1
= 1 —_ _—
( + Rl) 1+ ZsYp

3.03

34+sCR+

sCR
where R = 10 kQ and C = 16 nF
Thus,

L(s)= 3.03

1
s x 16 x 107°

The closed-loop poles are found by setting
L (s) = 1; that is, they are the values of s,
satistfying

34516 x 107 +

1
34sx16x10° 4 ——— =3.03
s x 16 x 107°

10°
=—(0.015+
=s=1c ( 7

(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

Doy =

15 1 1x07 2 1><1
x 15+ +3 ./3 3%3

=10.68V

Wl =3

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

Dop_p =2 x 10.68 = 2136 V

Ex: 15.6 (a) For oscillations to start, we need
from Eq. (15.10), R,/R, = 2; thus the
potentiometer should be set so that its resistance
to ground is 20 kQ.

(b) From Egq. (15.9),
1 1

Fo= 3 RC T 210 % 10° x 16 x 10°°
=1kHz

Ex: 15.7 Figure 1 shows the circuit together with
the analysis details. The current / can be found as

JELC I P Ry
TRy sCR) = sCRR; sCR

Finally, V, can be found from
V. = ! Vo2 + ! !
YT sCRy sCR) sC
1 1 V, 1
sCRy sCR sCRy sCR

v, 2 1
s2C2RR; sCR
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Exercise 15-2

This figure belongs to Exercise 15.7.

__1 _1Y 1
[ SsCR, VT 5C R, (1+ SCR )]
v,

_ VQ/_Rf Ry
/ SCRy v IR 3 VW
Lo | oo Iy
V,e— =l - L
c 0 v
+
R R
} boee
sCRR;
vV, (2 4+ 1 V, 1
0 - (1+
sCRR, sCR R, ( sCR
Figure 1
Ve 3 N 4 N 1 1 1
V,  sCR;  s2C2RR; s3C3R2R; Ex:15.9 wy = CR CR = 2100
Vo s’C?RR; For C = 16 nF, we have R = 10 kQ.
Vs 4+ $3CR + b The peak-to-peak amplitude of the square wave is
sCR 1.4 V, which has a fundamental-frequency com-
=7 4 x 1.
Fors = jo, ponent of = 1.8 V peak-to-peak. Since
T
\4 _ ®’C’RR¢ the output is twice as large as the voltage across
V, 1 . N . .
o4y j(3a) CR — CR) the resonator, its peak-to-peak amplitude is 3.6 V.
o

Ex: 15.8 From the loop-gain expression

Vo ©’C*RR;
V. 1
44 j30CR — ——
+J( “ wCR)
we see that the phase will be zero at
1
30)0CR =
CO()CR
N 1
Wy =
*” VACR

At this frequency, we have

Vo a)éC 2RRf
v, 4
1 Ry
T 12 R
Thus the minimum value that R ; must have for
oscillations to start is
Ry =12R
Using the values in Fig. 15.10, we obtain
1 1

- — 3.608 krad/
= 5316 x 107 x 10 x 10° ads
w0 3.608 x 10°
fO = — = = 574.3 Hz
2 2

R; > 12 x 10 = 120 kQ

Ex: 15.10 Refer to Fig. 15.14(a). The admittance
seen by the transistor between drain and source is
1
Y=s C1 +
sL+ —
N C2

s2LC +Q+1
e

1
L+ —
s +SC2
C G,
s2+1 [L j|
_ / C+ G
- 1 n 1
— e ——
C1 SLC1C2
C,C
_w2+1/[L - ] ZC}
Y(jw) = 1+ G

Lo | 1
J C1 szCQ

from which we see that at

CiCy .
wo=w)y=1/|L the numerator is zero
Ci+GC

and Y (jay) = 0. QED.

Ex: 15.11 Refer to the circuit in Fig. 15.15(a).
R = Rc()i] ” T ” RL

_ 9 || 100 x 10* || 100 x 10°

a)0C|

100

=———— | 10° | 10°
105 x 001 x 106 |
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