Solutions Manual Errata for
Electronics, 2nd ed. by Allan R. Hambley

Problem 1.17
In line two, change 3.135 W to 3.125 W.

Problem 1.29
In line one, inside the first integral, delete the exponent 2 on i.

zogﬁ ,, o/v2f

In line four, change 8

In line five, change Tiavg to Ilavg.

Problem 1.49
Toward the end of the solution, change "when Rg changes from 1 MQ to 10
kQ" to "when R/ changes from 1 MQ to 10 kQ".

Problem 1.50
Change "when Rs changes from 0 to 100 Q" to “when R changes from O to
100 Q".

Problem 1.62
: 1
In line two of Part (b), change 5(6'"1 + sz)QL to (Gm1 ‘sz)QL- Make the

same change in line two of Part (c).

Problem 2.12

In Part (d), change 1

7(99¢) T° jetoicy”
In the last paragraph, change 99-pF to 101-pF.

Problem 2.14
After the figure, change vg = 8vjs to vp = -8vjn and change the gain from 8
to -8.

Problem 2.16
At the end of the solution, after "For AQL = 109", change Ay = -9.998 to Ay
=-9.9989 and change -R2/R1 = 10 to -R2/R1 = -10.



Problem 2.33
The problem statement should have specified Wspace = 10 um instead of 5

Lm.

Problem 2.38
In the figure, change the upper 10-kQ resistor (connecting the inverting
input to the output of the first op amp) to 15 kQ.

Problem 2.43
In Part (b), Equation (4), change R1 o R2. InPart (c), in the first equation
after the figure, change v; to -v;,

Problem 2.53
In the first line, change f0cL to fBCL.

Problem 2.73
Before the figure, add the sentence: "The PSpice simulation is stored in the
file named P2_73."

Problem 2.75
Delete the sentence stating that the plot of vo(t) is on the next page.

Problem 3.10
In line three (an equation), change iy/R to v,y/R.

Problem 3.53
In the sentence beginning with "The dynamic resistance”, change nV1/Icq to

nV1/IpQ.

Problem 3.56
InPart (a), change nV1/Icq to nV1/Ipg.

Problem 3.57
The solution uses rq for the diode resistance rather than r; as specified in
the problem statement.



Problem 3.58
In Part (c), line two (an equation), change the minus sign inside the
parentheses to a plus sign.

Problem 3.70
In line one, change “electon” to "atom".

Problem 3.90
In Part (c), line one, change the denominator of the fraction in parentheses
from I, to -I,,.

Problem 3.92
At the end of the solution, add: "Larger capacitance produces less output
voltage ripple and higher peak diode current”.

Problem 4.10
In line five of the solution (an equation), change "10 — 0.6585" o0 "0.6585 -
10".

Problem 4.25
In the equation for Is(line seven of the solution), each of the two

denominators should end with ) — 1 instead of - 1).

Problem 4.34
In the line for part (d) with B =100, we should have I = 9.53 mA (instead of
10 mA) and V= 9.53 V (rather than 10 V).

Problem 4.45
Change Ayg = —BR,/r to Ayo = —BR/r

Problem 4.50
At the end of step one, add: "Set all other independent signal sources to
zero."

Problem 4.54
Next to the figure, change Veq to Vaeg .



Problem 4.60
In the first line after the figure, second equation, change Ipe, to I,

Problem 4.65
In the first line after the figure, insert an equals sign after I,

Problem 5.3
Calculation of the drain currents was omitted. The drain currents are:

(@) ip = K(vgs - Vi) = (W/LYKP/2)(vzs - V) = 2.25 mA
(b) iy = KI2(Vs = Vio)Vps = (Vps) ]
= (W/LXKP/2)[2(Vss - Vi )ps - (Vos) ]

=2mA
(c)ir=0

Problem 5.7
In the last sentence, change K= 25 to K= 25 uA/VZ.

Problems 5.23
The last line of part (a) should read: V5, =20 -2I,,=12 V.

Problem 5.25
Change the second equation from R Ijsq= 6 V to RgIp, 06 V.

Problem 5.46
Change “"greater than zero” to "greater than unity".

Problem 5.65
In the third-to-last sentence, change K(v g5 - V,,) To K(v g5 - Vm)z.

Problem 5.74

In the sentence after the opening equation, change "saturation” to “triode
region”. In part (c) before the table, insert "Using the value of C given in part (d)
of the problem, we have:"



Problem 6.16
At the beginning of the solution, insert "The following solution is for an
inverter operating at 400 MHz." At the end of the solution, add "For an inverter

operating at 400 Hz, P, . =3.6x 10 W."

lynamic

Problem 6.23
In the third line, change "I, = -1 mA" t0 "I, = 1 mA".

Problems 6.24

In the first line, change “P, ;. = If " 10 Py i = KF".
Problem 6.25

In the equation for Energy, change (4% - 1%) to (5% - 0%) and change 150 pJ to
250 pJ. In the equation for Py, change 150 to 250 and change 3.75 mW to
6.25 mW.

Problem 6.32
In the circuit diagram, the device should be an enhancement MOSFET
rather than a depletion MOSFET.

Problem 6.36
Change the middle of the fourth line fo read *Vzy=2.04 V, V7= 1.08 V“.

Problem 6.51

At the end of the first paragraph, just before the figure, insert the
following: [Note: The solution assumes (W/L), = 1. On the other hand for (W/L), =
2, we would need (W/L),= 16.]

Problem 7.1
Delete the comma after the phrase “high precision”.

Problem 7.11
In the first sentence, change "below” fo "on the next page”.

Problem 7.18
Toward the end of the main paragraph, in the equation for R,



insert a left-hand parenthesis the before 26mV.

Problem 7.20
Actually the current decreases when p decreases. Thus, the percentage
increase should be stated as -0.99%.

Problem 7.22
At the beginning of part (a), add the following: (Note: The problem should
have asked for proof that I, rather than I, is independent of Vze.)

Problem 7.25
In the first line, change V¢ in the fraction numerator to 10.

Problem 7.28
In the first sentence after the diagram, change P7_27 to P7_28.

Problem 7.37
In the third line, change (15 + Vst - Viss3) to (15 = Vst = Viss3).

Problem 7.38
At the beginning of the solution, add the following: "The problem statement
should refer to Figure P7.38, not P7.36."

Problems 7.60 and 7.61
In the next-to-last sentence of each solution, change Acm to Avem.

Problem 7.65
In the first paragraph, change the value found for A, from 64.6 to 36.23.
At the end of the solution, change the value found for the overall gain A, from

20.4 x 103 t0 11.5 x 103.

Problem 7.66
At the end of the solution, add the following sentence: "The pnp stage drops
the dc level down so it comes out zero after the last (Qe) stage.”

Problem 7.67
Throughout the solution, change all occurrences of 2000mt to 2007 t.



Problem 7.71

After the diagram, add the following: (Note: For the transistors to operate
in the active region, the emitters of the current sinks must be connected to - Vee
rather than to ground.)

In the third line of the main paragaph, change "Qs is a simple mirror”
to "Qg is a simple mirror".

Problem 7.74
In the the top line of page 327, change (10 pA)/p to (100 pA)/p.

Problem 7.75
At the very end, change the value found for Ai/A> from 0.953 to 0.926.

Problem 8.8

In part (a) of the solution, the components of the phase plot are incorrectly
added. The correct phase plot should show a phase of +90° for low £, 0° for high
f, and should decrease in a straight line between 3.18 MHz and 318 MHz.

Problem 8.14

In the first line of part (b), change "drain” to "source”. Notice that the
expression abbreviated as B simplifies to Cgs(Rsig +R;) + CgdRsig(gmR, + 1), and
the expression abbreviated as A simplifies to CgsCgdRsigR' .

Problem 8.18

In part (e), change “rq = o (because A = 0)" to “rqy 01/AIpq = 40 kQ".
Change the sentence about the break frequency to read simply: "The break
frequency is 251 kHz."

Problem 8.24
Change the table to appear thus:

R, 1kQ 10 kQ
R/ 995 Q 9.52 kQ
Ay -4 .99 -9.05

R/n,M///er 334 kQ 199 kQ
Ry 25.0 kQ 16.6 kQ




Problem 8.25
Change the second line after the first figure to read:
Rin = Ril[Rin Miller 00.1Q.

Problem 8.30
Change "Equations 8.41 and 8.42" to "Equations 8.42 and 8.43".

Problem 8.33

In the second line change "Problem 8.33" to "Problem 8.32". In the equation
for ic, change 50sin(2000tt) to 500sin(2000mt). Change the value found for

Iclrms to 354 HA.

Problem 8.36

is small, and has

Note that in the equation for hge, the current term P
m H
been ignored.

Problem 8.40

In the first line of part (a), in the equation for Izg, change 100" to
"(ImA)/100".

Problem 8.42
In the table, change the units of the right-column value of Re from mQ to
MQ.

Problem 8.43
In the middle of part (a), "Solving Equation (2) for v," should read

"Solving Equation (2) for vz". In part (b), Rer should be Rei.

Problem 8.56
In the second circuit diagram, change R, = Rsigl |Rp To R, = Rsigl | Re.

Problem 8.66
The derivation of Cishould read as follows:

Thus, the input resistance of the amplifier is
Rin = Rel|[rm + (B + 1)(Ratl |Rez| | re2)] = 1046 Q



The resistance in series with Ciis Rin + Rs = 1096 Q.
G = 1/(2n11096) = 1/(2m0 x 1096) = 14.5 pF

Also, in the equation for &, change "1/(21f21168)" to “1/(2nf,1020)".

Problem 9.7
In part (a) of the solution, the final equation should read
4 = X, - Al _ AA
X; 1+BAA, 1+BA+BAA

U

Also, in line four of part (b) change A2 o As and change “a a gain” to “a gain”.

Problem 9.10
Change > to >.

Problem 9.14
Part (a) uses | Vee | = 0.7 V in saturation, not 0.6 V as specified in the
problem.

Problem 9.35
In the first line, delete the second occurrence of i..

Problem 9.44
In the last line, change “parallel” to “voltage”.

Problem 9.45
The last sentence, should read: "Since we want AR to be very large in
magnitude, we choose small resistances for a current feedback network.”

Problem 9.47
At the very end of the solution, change the units of the value found for R.f
from Q to kQ.

Problem 9.49
The problem should have called for Rns = -5000 Q. In the solution, change
the units of the value found for Rir from MQ to Q.



Problem 9.51
In the third line of part (a), delete the second occurrence of v..

Problem 9.52
In part (a) change the equation that begins line four to
R
o/ ii= AR L = =417 MQ
vl 4 I " Ro +RL

In the last line of part (a), add a negative sign in front of the value found for B. In
the fourth line of part (b), change B = 1/R¢ to B = -1/Rx.

Problem 9.53
In the third line of part (a), add a negative sign in front of AypRj. At the

end of part (a), change the value found for (3 to -2.16 x 1072, In part (b), in the
first line after the diagram, add a negative sign after the = and before the
fraction.

Problem 9.59
In part (d), change both instances of "10001” to 100"

Problem 9.64
In the last line, change 3500 Hz to 350 Hz.

Problem 9.66
In the next-to-last line, change “imaginary” to “complex”.

Problem 9.72
In the next-to-last line, change 180° to -180°.

Problem 9.86

In part (c), the last two sentences should read: "Finally setting AB = 1 yields
A =-29and w=+/6/(RC). Thus an inverting amplifier is needed.”

In part (d), change the sign on the last ferm from - to + in the denominator
of the second equation.



Problem 10.11
Delete the closing parenthesis after 0.0025 in the middle of the first
equation. Change the value found for 674 to 150 °C/W.

Problem 10.23

The trigonometric identity should read 2sin(x) = 1 - cos(2x). In the integral
equation that follows, change 10sin(4000mt) to 10cos(4000mt).

Problem 10.27
In the fifth line, change the integrand to [1 - cos(2wt)].

Problem 10.35
In part (a), change (V,./v2)R, to (V,./\2)* /R .

Problem 10.37

In part (d), the final equation should read
Pleax = (VCC/Z) X VCC/(ZRL) = Vci /(4RL) =703 W.

Problem 10.45
In Equation 10.49 in the text, R should be replaced by M
R +R R
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Problem 10.50
In the second line of the solution, change “op amp” to “transistor".

Problem 10.63
In the second line, change “on the next page” to "below".

Problem 11.16
In the equation for C, insert a closing square bracket after the L.

Problem 11.21
In the third line of the solution, change w, = 3w, tof, = 3f,.



Problem 11.37
In the first line after the last set of diagrams, change

Q=R /R to@ =R /R, .

Also note that in the first diagram of the solution, Rs represents the
internal source resistance, while in the rest of the solution, Rs represents the
series equivalent of R.

Problem 11.38
Note that Rs represents the series equivalent of R;. In the second line, note
that Q¢ =10 and change the value found for Rs to 5 Q. In the third line, change

4.47 to 3.16, change 1423.5 to 1006.6, and change 409.77 to 465.2. Then the
simulation results closely match predictions.

Problem 11.39
Note that Rs represents the series equivalent of R,.. In the second line,
change the value found for R to 50 mQ. (Note that Q.= 100.)

Problem 11.45
In part (c), change 256.51 pF to 316.43 pF and change 20.21 nF to 1269 pF.

Problem 11.50
Note that in the solution rq has been taken fo be very large.

Problem 11.54
At the end of the solution sentence, change the period to a comma and add
“or approximately 20 MHz. The third overtone frequency is about 30 MHz."

Problem 11.57
Note that "antiresonant frequency” means the same thing as “parallel-
resonant frequency.”

Problem 12.11
Note that in the solution, "node 2" refers to the noninverting input.



Problem 12.12

After the first paragraph, change vo = VB+ 4.7 to vo = VB - 4.7. After the
second paragraph, change vp = VB - 4.7 to vo = VB + 4.7 and change vin > VB to vin <
VB. In the plot at the end of the solution, change  -1.3 on the y-axis to -1.7.

Problem 12.17
Note that in the problem statement, the v, referenced in the ninth line

should be v; .

Problem 12.40
At the end of the solution, change ipR/2 to -ipR/2 and change 9.96 V to -

9.96 V.



Chapter 1

Exercise 1.1

(a) For a noninverting amplifier Av = +50 and we have:
vo(t) = Avvi(t) = 50 x 0.1sin(2000nt) = S5sin(20007mt)
(b) For an inverting amplifier Av = =50 and we have:

Vo(t) = A v.(t) = -50 x 0.1sin(2000mt) = -5sin(2000mt)

Exercise 1.2

Rs
v ¥ Soo.n.‘j R
Q0aY - V; b
B By,
i .
AVS_RS+R1 XAVOXR.L+R°_
v
A = -‘-,3 =A__ x "L = 375

Exercise 1.3

For maximum power transfer to the load, we must have RL = R

=25 Q. Then as in Exercise 1.2 we find A, = 250, A; = 2 x 10%,

o

and G = 5 x 106.

Exercise 1.4




A = A A A = 5357
vo vol Rol + Ri2 vo2 Rﬁ2 + Ri3 vo3
Ri - R:Ll = 1000 Q Ro - R03 = 300 N
Exercise 1.5
R, R.
12 = i
A = A — A = A = 4348
voO vo3 R°3 + I-‘.i2 vo2 Rm2 + Ril vol
Ri = Ri3 = 3000 Q
Ro = Rol = 100 Q
Exercise 1.6
P_ = (1.5A) x (15 V) = 22.5 W
Pd=Ps+Pi-P°=20.5W
Po
n= 5 x 100% = 11.1%
s
Exercise 1.7|
Ko= /000
~NWA- o
+ R r R, =300
S
Vi okn SO ‘
A =v _J/v. = 2000 —RI'— = 1500
v i RL + Rs
Aygp = 20logla | = 63.5 dB
R,
¢ = (a,)? ii = 1.5 x 10’
Ggp = 10logG = 71.8 dB



Exercise 1.8

& A 5x107° | -
Pypw = 10log I W] = 10log e 23.0 dBW
(» 5x10 >
— — x = =
PdBm = 10log I—mﬁ] = 1010g(l—'0_'3—) . 10109(5) 6.99 dBm
\

Exercise 1.9

23/20

= 14.13 V

I

v
20log|__X_ 23 » V. =10
1V

J

Exercise 1.10

C)fcq-
Cc ircat

load.

x o
I n
o,
o o

o
=
-



Exercise 1.12

Ai
—
+ +
Rj Gmﬂ’i
?Jl EL 'LG.¢
I o.05V; Jox
v G V.R
ooc msc i o
R = — = =G R _ R. = 500 kQ
moc i, vlle msc o i
Exercise 1.13
(a) We have Rs << Ri and RL >> Ro' This is a nearly
voltage amplifier.
(b) We have Rs >> Ri and RL << Ro' This is a nearly
current amplifier.
(c) We have Rs << Ri and RL << Ro‘ This is a nearly
transconductance amplifier.
(d) We have R5 >> Ri and RL >> R_. This is a nearly

transresistance amplifier.

(e) We have R, ™ Ri and R, << Ro. This is not close

L
ideal amplifier.

Exercise 1.14

Aon ™ Voen/Vieg = 0+1/1 = 0.1
AcmdB = zologIA I = =20 dB

IA | 3

= 50 x 10

CMRR 3 = 2010g—1—— = 20log=—p——

= 114 dB

ideal

ideal

ideal

ideal

to any



Exercise 1.15

() « Vga " Vg Foely o @il 0V

=1 -x
Viem = 2(Vyy * Vi) =0V
A, + A
2 il [y 2
Vo = 8iViy = AgV4o = v
A./2 + A./2
= - 2°  _1
Ry = Vol¥ig ™= 1 (4 +3,)
(b) Vig = Vi3 " Vi, =0V
- A <
Viem = 2(Vig t Vi) =1V
Vo T BA1Vi1 T AVi, T A -2,
bem = Vo/Vien = A1 ~ A,
(e)
ALl A, + A
~ al £ 201 N
CMRR = 20109’@ = 20109 m— ¢.Olog m = 40 dB

Problem 1.1

Some examples of electronic systems are electronic brakes,
printers, cash registers, microwave ovens, CD players, airport
landing systems, electronic door locks, and so forth.

Problem 1.2

Electronic system blocks include amplifiers, filters, signal
sources, wave-shaping circuits, digital logic functions, digital
memories, power supplies, and converters.

Problem 1.3

Some electronic systems process information in electronic
form and some power (hopefully as little as possible) is
consumed. In power electronics, the power delivered to a load is
the main concern.



Problem 1.4

Conversion of analog signals to digital form is a two-step
process. First, the signal is sampled at periodic points in

time. Second, each sample is approximately represented by a
codeword.

Dl?l+4l
o I" oo Stgnel
xr -

Problem 1.5

Provided that it is not too large in amplitude, noise can be
completely removed from a digital signal. Noise tends to
accumulate in analog signals. Digital circuits tend to be easier
than analog circuits to implement with integrated techniques.
Thus extremely complex digital systems are feasible while equally
complex analog systems are not. Digital systems are more
adaptable than analog systems to a variety of uses.



Problem 1.6

Number of bits per second = 16 x 44.1 x 10° = 705.6 kbit/s (for
monaural) (1.411 Mbits/s are used for stereo.)

16

Number of amplitude zones = 27" = 65,536
- 2 = (=5) o

Problem 1.7

Minimum sampling rate = 2f, = 200 sample/s

N = 520 BV = 1000 which requires k = 10 at least (21° = 1024)

Number of bits per second = 200 x 10 2 kbit/s

Problem 1.8

See Figure 1.6 in the book.

Problem 1.9

Because we are limited to resistors, the only option is a
resistive voltage divider as shown below.

O-0.24 R =R 1IR
I i = =
+ L | L +
INYy — R)z Load = Vﬂ

_T ' T ‘

— - —

We denote the nominal values of the resistors as Ry and R,.
The highest load voltage (at most 6 V) occurs when IL = 0, when

the resistor in parallel with the load has its highest value
(which is 1.05R2), and when the resistor in series with the

source has its lowest value (which is 0.95R1). To achieve the
desired no-load voltage we need



1.05R
14 595r = f o5R. ~ ©
. 1 - 2

we have

R, = 0.6786 R, (1)

Solving for Rz,

The smallest load voltage (at least 4 V) occurs with IL -
0.3 and resistance values of 0.95R2 and 1.05R,. For these
values, the Thévenin voltage is

0.95 Rz
Ven = M 155r F 0.5k
1 2
and the load voltage is
VL = 4 = vth = RthIL
0.95 R 0.95(1.05) R.R
4 =14 : - 0.3 =2 (2)

1.05R1 + 0.95R2 i 1.05R1 + 0.95R2

Using Equation (1) to substitute for R2 in Equation (2) and
solving we obtain:

Rl = 11.06

Then from Equation (1) we obtain:

R2 = 7.507 Q

Thus we could use the standard nominal values of Rl = 11 Q and R
= 7.5 Q.
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Probl=am 1.10

System engineers design the block diagrams of systems
including specifications for each block. Circuit designers
design the circuits for each block. Process engineers design the
fabrication processes. Semiconductor physicists research
fundamental processes used in electronic devices.



Problem 1.11

The components of integrated circuits and their
interconnections are manufactured concurrently on a semiconductor
wafer by a sequence of photolithographic processing steps. The
components of a discrete circuit are manufactured separately and
then interconnected, usually on a circuit board. Often overall
cost can be reduced by integrating the system onto as few chips
as possible because chip cost is nearly independent of complexity
(within certain bounds).

Problem 1.12

The area consumed by each transistor is (10 um) x (10 pum) =

10710 2. The chip area is (2 ecm) x (2 ¢m) = 4 x 10~ 2 n®. Thus

the number of transistors that can be placed on the chip is

(4 x 107%) /(20729 = 4 x 10° transistors/chip

Problem 1.13

Gain is a negative number for an inverting amplifier, and
the output signal is an inverted version of the input signal.
Gain is a positive number for a noninverting amplifier, and the
output signal has the same polarity as the input signal at each
instant of time.

Problem 1.14

"Loading effects" refer to the fact that the input voltage
of an amplifier is less than the internal source voltage because
of the voltage drop across the internal source impedance. Also
the amplifier output voltage is less than the open-circuit
voltage gain times the input voltage because of the voltage drop
across the output impedance of the amplifier.



Problem 1.15

- ¢ 1?
Vs = e
L /0,
QR\VMQ— . o‘k'ﬂ'
-;1
A= ;9 = A i?r—-= 50
v i vo RL i
v R
Avszv_m=‘qvc> I:-LR R +1R = 33.3
s RL (o e
Ry
Ai = Av e 1.25 x 10
L
G = AVA1 = 6.25 x 10

Problem 1.16

Using the unity-gain amplifier we have:

1=fOCLEJL

2o i

= = &l = 2 =
v, =V Ry + R, R + e 1.52 V. rms  and P, Vo/R, = 45.9 mW

With the source connected directly to the load, we have:

10



3
sl V
Y - ¥
yms
By
V =V ————m- = 2.5 mV rms
o s RL + RS

= u2 ",
P, = VJ/R, = 125 nW

Thus the output power is much larger if the unity-gain amplifier
is used.

[Problem 1.15]

R
Piwi ™ Vg

/Rin = 0.333 pW
= v -
P, = Vo/R, = 3.135 W

_ X 12
G =P_/P, = 9.376 x 10

Problem 1. 131

Ko

+ ‘-+
V P *ANAve V.'a V K.

e i L

" A Y= IOOVJ 3 JOkJI.

L/ 104

A =90 = A = 100

v vO R° + RL RQ + 104

Solving we find that R, = 1.11 kQ

11



Problem 1.19

With the switch open we have:

R, R

2
Vo=50mV =V, —= _a __2_ (1)
(o] sRi+106 VORI+R°

With the switch closed we have:

VO = 100 mV = Vs AVO iL—T-ﬁ-o— (2)

Dividing the respective sides of Equation (1) by those of
Equation (2), we have:

50 mV Ri

100 mV Ri i 106

Solving we obtain R, = 1 MQ.

Proklem 1.20

If we_cascade two amplifiers A and B the equivalent circuit is:

A B

r —— 5

, v i il x
+ oA + o B
2);4 R.M ; &oa"&ﬁ K&a _A vop Vs

The open-circuit voltage gain of the cascaded amplifier is:

Problem 1.21

See the figure shown in the solution for Problem 1.20.
the amplifiers are cascaded in the order A-B, we have:

12

When



Ri = RiA = 3 kQ

R, = Rp

Il

20 Q

R.
1B 4
A = A A 5= = 4.998 x 10
vo VoA 'voB RDA o RiB

On the other hand for the B-A cascade we have:

Ri = RiB = 1 MQ
Ro = R°A = 400 O
R,

AVO = AVOAAVOB ﬁ;__:_ﬁf__ = 4.967 x 10

Problem 1.22]

E%ﬂ |*
<A

Ko
NW ~Mir—e
. + + + *
Vs F <<;:>l,;v' r’ ?%ﬁab <;E??ﬂ95153 11?’
L&ub

,12
2
L _ YoB _ L 5 R;g/m A
vo Via VOA R + R ’n2 vVoB
oA iB/
|A = | x sl x %ip"
vo| ~ VOA vo 2
RRa + Rig

13



2 2
dlag,| -0 I sel A K Rig = @ RoaRis
dn VOA VOB (nzn + R )2
oA iB
Solving for n we have:
_ |RiB
il
OA
Problem 1.23
The internal source impedance is:
- |

R_ = Open-circuit voltage _ 20 x 107> _ 20 kQ
s short-circuit current

If we cascade n stages, connect the source to the input, and
connect the load to the output, the voltage gain is given by:

= - n-1
Aoy * T TT— * R, +1R' R ‘iLE_ x Agy
1 s 1 o] RL o

Substituting values and reducing we obtain:

A, = 0.02381 x (0.9091)™"1 ; (10)"

By trial and err we determine that we must have n = 5 to achieve

Avs in excess of 500.

Problem 1.24

To avoid excessive loading effects at the input, we should
choose the first stage such that its input resistance is larger
than the source resistance. Therefore we choose type A as the
input stage. To avoid excessive loading effects at the output,

14



we should choose the last stage such that its output impedance is
much less than the load impedance. Therefore we choose type B as
the output stage.

To achieve output power of 1 W we need e Vi/RL.
Solving we determine that Vo = 4.472 V rms. Thus we require an

! s b -3
overall gain of Avs = VO/VS = 4.472/(20 x 10

minimum value.

) = 223.6 as a

To attain the required gain with the least number of stages
we use intermediate stages of type C. Thus the amplifier diagram
is:

Rs =aMa
v
20m
2 A C C B R.
rms
[ K0-n
The cascade has Ri = 10 MQ, Ro =1 Q, and Avo = 376.9. The
resulting loaded gain is
R R,
L 1
A = 299.1
vo RL E Ro Ri + R

which is in excess of the required minimum value.

Problem 1.25

The source impedance is lower than the input impedances of
any of the stage types. Therefore we choose type C as the input
stage to achieve the highest gain. To avoid excessive loading
effects at the output, we should choose the last stage such that
its output impedance in much less than the load impedance.
Therefore we choose type B as the output stage.

To achieve output power of 1 W we need ™ ) = Vi/RL.
Solving we determine that Vo, = 4.472 V rms. Thus we require an

=3

overall gain of A,g =V /V, = 4.472/(20 x 10 7) = 223.6 as a

minimum value.

15



To attain the required gain with the least number of stages
we use intermediate stages of type C. Thus the amplifier diagram
is:

RS=IOOJL

A0mV, " C c B8 R,

rms *0_n

The cascade has Ri = 20 kQ, Ro =10, and Avo = 452.2. The
resulting loaded gain is
RL R,
i

A = 428.6
vo RL + RD Ri + Rs

which is in excess of the required minimum value.

Problem 1.26

_ The efficiency 7 of an amplifier is the output power divided
by the supply power times 100%.

P
7 =—9o" . 1003

Psupply

Dissipated power is the power converted to heat.

Problem 1.27

) b 5 W
Py ™ Vi /R = (0.1)%/10 0.1 uwW

= y2 s 2,0 _

Pout = Vo/R = (10)%/8 = 12.5 w

Psupply = VCCICC =15 x 2 = 30 W

Paissipated ~ Peupply * Pin = Po = 17.5 W
Pout 12.5

n = - DT 100% = 36 x 100% = 41.67%
supply

16



Problem 1.28

Power is delivered to the amplifier by both of the 15-V
sources. Part of this power is returned to the 5-V source. The
net power supplied is

Psupply =15 x 1 4+ 15 x 2 =5 x 1= 40 W

Problem 1.29

0.005

.2 1 .
I =5 Jige) et = Lo I 2.5sin(200mt) dt =
0

1
lavg T

O— 3

250 0.005 _ 500 _
5001 [ cos{ZODHt)]O = 5pom = 0-7958 A
Similarly I2avg = 0.7958 A.
2
P = vo,rms 2 20/I§ = 25 W
out RL 8
Psupply = (25 V) «x Iiavg + (25 V) x I2avg = 39.79 W
P
n = ﬁ—iﬂﬂi— x 100% = 62.83%
supply

Problem 1.30

GdB = 10log(G)

AvdB = 20109IAVI
Problem 1.31
v,
in 10 mV

R. = = = 10 kQ

in Iin 1 uA
A « Jout . 5¥ _ 500 A, = 20log(A_ ) = 53.98 dB

vIV, T Tomww vdB I '

17
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R,
_ in _ 10 k2 _ = _ =
A; = A, ® " 500 S5 = 5 x 10 Ajgp = 20log(A;) = 113.98 dB
o = 6 o _
G =AA; =250 x 10 Ggqp = 10log(G) = 83.98 4B
Problem 1.32
R. 5
= in _ 100 = 3 = -
A, = A Wit 1x =5 12.5 x 10° Ao 20log(A;) = 81.94 dB
_ 3 - o
G=AA =12.5x 10 Ggqp = 10log(G) = 40.97 4B
Problem 1.33
A + A,
. = = _ vdB idB _
{’db - 1010g(AvAi) = .‘Lt}lcag.hv n lologAi = 5 = 50 dB
A, = 1039720 _ 37 62 A = 1079/20 _ 3165
Ry 100 kQ
B = 3162 = A R = 31.62 = i » R, =1 kQ
Problem 1.34
Va 0.5
(a) 10 dbV = 20logs; v, =10 = 3,162 V
Yy 1.5
(b) -30 dbV = 20logy—; - Vy =10 "7 = 31.62 mv
vc 0.5
(c) 10 dbmV = 20log7— = Vo= (1aV) x 10 = 3.162 mV
2
(d) 20 dBW = 10log—F- P i s V., =70.71V
9T w = 50 d ‘



Problem 1.35

p
(a) 20 dBm = 10logT—== = P_ = (1 mW) x 10° = 100 mW
Py -6
(b) -60 ABW = 10logy— » Py = (1L W) x 10°° = 1 uw
0 dBW = 101 e P = (1 W 10 = 10w
(C)ld —IOOgﬁ =» c—( )x =
Problem 1.36
2, L. <)%
—
DS
V; A, Vi
. v‘ -
i R, R; Ruvcdz
| -
Vo[+a7e awmp L Fier Trans resis +"~"‘e

O.Mf)hpleh

—%;Lz .

TN'\ Scono\ wce +ﬂ.hc e
Qhrlrpmh

C u.w-en'l" a.h\f IIPIQI'

A,, and R oc a@re measured with the output open circuited.

Gmsc and Aisc are measured with the output short circuited.

19



Problem 1.37

Rs= 200 To
— 3
- + \
\45 ;Zz ZF FL 300011 Rb
JoomY » 20 J[oX
Ting T
I R
o o 10
A, = =2 = 7. 1T+ — = 3000 —/—————— = 2000
i Ii isc Ro + RL 10 + 5
A =2 E=2|:>003=500
v Al Ri 20
= = 6
G = AvAl = 10
Ry
Vo, =¥ = 9,091 mV
i s Rs + R1
i 5
ZPO o GPi = 4.13 W
P_ = vsupplyIsupply =24 W
]?d - Psupply + Pi - PD = 19.9 W
Problem 1.38
The current amplifier model is:
.
.
. P
Lz R.= /o
100, 5004
= _ . B

20



(a) Voltage amplifier model:

+ Ri Sl

=)0
~; R,
= IOOJL _5501{3
(b) Transresistance amplifier model:
v 500i,R
_ ooc _ i |
Rruoc s 8 =5 ka
i 3
.._ly'll Pb - /OJL

Sood A,
/00N -~
e
(c) Transconductance amplifier model:
i 5001,
“nsc = 3?‘: R.i.l TP
= i 41
Ko
=) ¥
< [0

21



Problem 1.39

__,Jo_
— i
g Q,:
R
A, = A, =
1 isc Ro + RL
RO
8=10R°—+-50— - R, = 200 Q

Problem 1.40

Voltage amplifier model:

8,
1071,
3 1A
= = = 2 x 10
vo vy 1061
iA
Ri = RiA = 1 MQ Ro = ROB = 500 kQ

22



=5 oo.ie.n..

}
2 xlo"x'?)':
M ;

Transconductance amplifier model:

G = Yosc - AyoVi/Rg LB Avo

msc v, v - Tl 40, &

+ R, é = - y
F - ?‘{O‘U‘- 500k

Problem 1.41

AJB

4 —
% 1M
'Ui Son ?Joolq 500k

Voltage amplifier model:

8 500 kQ
L Vooc 0 TMX + 500 k@ 190 ijp M
= =t — . X
Vo vi SDliB
Ri = RiB = 50 Q Ro = ROA = 200 Q

23



Transconductance amplifier model:

G = 1osc _ Avovi/Ro L Avo = 333.3 x 103 S
msc Vs vi RO
4 R R
fvl 50, Ghs; i 200
Problem 1.42
Amplifier type Ri R
Voltage (0
Current 0 |
Transresistance |0 |0
Transconductance |« |w
IProbLLem 1.43
Ax
- - -
+ +
U-;( v;l GHScuﬁ
a g 258
-
v v
X in 1
R p— == = = - =10 0
% 1  ““nscVin Chsc

24



Problem 1.44]

s R, s20a
o= 1 f |
: R, .

A 4 iy .
b _?0 A = Rwoe A2

p1 O

4
From the circuit we can write:
Vx
i = 5= (1)
Ve = Ruoeli
1= il B R (2)
(e}
Then using Equation (1) to substitute for ii in Equation (2) and
solving, we obtain:
v
R, = <% = B = -2.23 Q
x i+_}__Rmoc
Rl Ro RiRo

Problem 1.45

We have Ri<< Rs and Ro << RL. Thersfore we have a nearly
ideal transresistance amplifier. Then as in Example 1.7, we have

v v
- . " !
Rmoc II Vi/Ri AvoRi 10 x (1 Q) 10 Q

Problem 1.46

Therefore we have a nearly

We have R; >> R, and R, >> R, -
ideal transconductance amplifier. Then as in Example 1.6, we

have:

25



Problem 1.47

We need Ri >> R5 and Ro >> RL. Therefore we must have an
approximately ideal transconductance amplifier.

R. R
20 3 o
=, = Ri + RS R+ RL Gmscvs

For a 1% change in iL when Rs increases from 1 kQ to 2 kQ,

we must have

0.99 x Ri = Ri
= Ri + 1000 Ri + 2000

Solving we find that Ri = 98 kQ.

For a 1% change in iL when RL increases from 100 Q to 300 Q,

we must have

0.99 x %o = %o
5 R_ + 100 ° R_+ 300
o o

Solving we find that R, = 19.7 kQ.

Problem 1.48

We need Ri < 10 Q, RO << 10 k2 and a transresistance gain of
Rmoc = (1 V)/(1 mA) = 1000 Q. Therefore we must have an
approximately ideal transresistance amplifier.

26



4

Wi P
4
— — I\

Tes'\‘ C‘.e.ll Al:rh ‘Fmr u{- v-es:s“‘ua
OE

recor dey

To achieve approximately 3% accuracy we will allow *1% each
for load resistance varlatlons, ampllfler gain variations, and
strip chart recorder gain variations.

Allowing for a 1% increase in v, as RL increases from 10 kQ
to an open circuit, we require

10 kQ _
T s o R
o
Solving we find that R, = 101 Q, therefore we specify an
amplifier with

Rmoc = 1000 Q * 1%

Ri < 10 0
RO = 101 @

Problem 1.49

We need an amplifier with high input resistance, low output
resistance, and a voltage gain of 10. Thus a nearly ideal
voltage amplifier is needed. Let us allow for #1% variations in
the output voltage due to changes in source resistance, in
amplifier gain, and in load resistance. The equivalent circuit
for the system is:

27



P_,‘= 10 to 10k 'Qn

—_—
+*-

Ve v R

—t

Ry R

A S —————

vo Ro “+ RL

Allowing a 1% change in ¥ when R_ changes from 10 Q to 10
kQ, we require:

V. =2V s—
. +
o s Rl Rs

R, R,
1 5 4 5
0.99 = > R. 9.89 x 10
Ri + 10 Ri + 104 &

I

Allowing a 1% change in Vo when Rs changes from 1 MQ to 10

kQ, we require:

6 4
0.99 10 — = 10 . » R_ = 102 0
R, + 10 R, + 10

Thus we specify an amplifier having A
kQ, and R0 < 102 Q.

vo = 10 % 1%, R, > 989

|Problem 1.50

We need an amplifier with high input resistance, high output

resistance, and a gain of G, = (1 mA) /(0.1 V) = 167* 18, The

sensitivity of the recorder varies by *1%. Therefore to achieve
an overall accuracy of #3%, let us allow *0.667% each for
variations in R., Ry, and amplifier gain. A nearly ideal

transconductance amplifier is needed. The system diagram is:

28



25 =0n 1o l0kR e

v '_ ,
y i %
FD}'_? Y; R: ¢ Cnsc Vs R, f‘

0 to 100 Q
o s Ri + R5 msc Ro + RL

Allowing for a 0.667% change in io when Rs changes from 10 Q
to 10 kQ, we require:

0.9933 = = R. = 1.49 MQ
Ri + 10 Ri + 104 1

Allowing for a 0.667% change in io when Rs changes from 0 to
100 Q, we require:

R, Ro
0.9933 p—Fb = p——s5 > R, = 14.9 k0
o (o]
Thus we need an amplifier with G___ = 1072 5 + 0.667%, R; >

1.49 MQ, and Ro > 14.9 kQ.

Problem 1.51

Any signal is the summation of sine waves of various
frequencies, amplitudes, and phases. The spectrum of a signal is
a plot of the amplitudes of these components versus frequency.

By knowing the range of frequencies with significant amplitudes,
we can specify the required frequency response for an amplifier
that can amplify the signal without significant distortion.

Problem 1.52

See Figure 1.36 in the book.

29



Problem 1.551

For a wideband amplifier the lower half-power frequency is
much less than the upper half-power frequency.

For a narrow band amplifier the lower half-power frequency
is comparable to the upper half-power frequency. 1In other words
the bandwidth is small compared to the center frequency.

Problem 1.54]

Various programs can be used. A MATLAB file that will
produce the plot for 25 terms (including the constant) is:

t = 0:3e-7:3e-3;

vt = 0.5;

for n = 1:24 %change to n = 1:4 for five terms
vt = vt - sin(2000*n*pi*t)/(n*pi);

end

plot(t,vt)

The resulting plots are:

12

08f

0.2} ]

_02 A L i L i

t (ms)
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“0 05 1 15 2 25
t (ms)

Problem 1.55

The phasor for the input signal is V, = 0.1/30°. The output
can be written as a cosine function:

v,(t) = 10 sin(2000mt + 15°) = 10 cos(2000mt - 75°)

Thus the phasor for the output is V= 10[-75“. The complex
voltage gain is the output phasor divided by the input phasor.

A, = 2 = —20L75  _ 100/-105°

. 0.10/30°

AvdB = ZOIOQIAVI = 201log(100) = 40 dB

Problem 1.56

The input signal has three components: one with a frequency
of 0 (dc), one with a frequency of 100 Hz, and one with a
frequency of 1000 Hz. From Figure P1.56 we have A, (0) = 4,

A,(100) = 4/-18", and A_(1000) = 2/180° = -2,
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For the dc component the output is:

v = V¥

A3 x A (0) = 0.5 x4 =2V

idc
For the 100-Hz component the output is

Vo100 = Vitoo X A,(100) = 1/0° x 4/-18° = 4/-18

Thus
Yor68 = 4cos (200t - 18 )

Similarly for the 1000-Hz component

(-]
Vo1000 = Yiio000 X A,(1000) = 1/0° x (-2) = =2

Thus

Vo100 = -2cos(2000nt)

The output voltage is the sum of its components:

Vo (t) = 2 + dcos(200mt - 18°) - 2cos(2000mt)

Problem 1.55]

,,
O De g

o

- =3
vo mscvs wC
T 5 Smsc _ NP i B 5 15.9 x 10°
v VS wC 2“f10—8 f
15.9 x 10°
A,4p = 20loglA | = 20log 15.9' % 107| = 84.0 - 201cg(f)

o



Aun

» Nes T4 48

éo 20 dB/decade

Yo -

20 . 15.9 kH2
. ¢

I Jo /oo jom Y\ F ot £
-

Problem 1.58

We ignore the dc source because the capacitor is an open
circuit at de.

A = Ri. x 100 x —RL———-
v Ri + Rm -1/ (wC) Ro + RL
jwR,C
A = v 1 % 100 x ._RL__
v L = jw(Ri + Rm)c Ro * RI.
- =3 B
Av—62.83x10 xl+j(f/531)
&OJ—‘?'A‘\'I
* 3005

i
: S'ZOJR/JeuAe
1

: 53] Hs
i

/03 /E)"' ! Fo Hz
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Problem 1.59

A differential amplifier has two inputs, one inverting and
the other noninverting. 1Ideally the output is proportional to
the difference between the input voltages.

Problem 1.60

The common-mode rejection ratio is defined as:

|agl
CMRR = 20109’ ]——]-

in which Ay is the gain for the differential component and A
the gain for the common-mode signal.

Problem 1.61

Vi (£)

+/0 .
V()= A (5 %) I js £
-0 L . ms

At fw Ly

S

ACm : ‘
T 3 g
ms
Problem 1.62
(a) Yo = SV ~ SpaVol¥y, (1)
For a pure differential input signal we have vy ==V, =

vidfz. Using this to substitute into Equation (1), we have

34
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Voa = (Gml"’id/2 5 szvid/z)RL

and the differential gain is

. .o X ’
Ba = v =3 (G + GpolRy
id
For a pure common mode input signal we have Vv, =V, =V,
Using this to substitute into Equation (1), we have
Voem = Cm1Viem = Sm2Viem'Rr
and the common-mode gain is
v
ocm
A = = (G, = G_.)
cm vicm ml m2 RL
(b) A, =2 (6. +6 )R =10
d 2 ml m2 RL
-t 5
Bem = 3 (Gpy * Gpp)Ry =0
|24
cm
(c) A. =21 (6. +G_)R =9.95
d 2 ml m2 RL :
o | fm
Aem =3 (G * Cp2)By, = 0.1
CMRR = 201 24l 40 aB
= og =
’Acml
Problem 1.63
Vo = AV, - AV, (1)
For a pure differential input signal we have Vy W BN =

Vig/2- Using this to substitute into Equation (1), we have

vod = RV f2 = sz

1°id id’z
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and the differential gain is

b
I
I

1
gy i)
For a pure common-mode input signal, we have v

1
Using this to substitute into Equation (1), we have

Voem = 21Viem ~ 22Vien

and the common-mode gain is

[Aq |A - Azl
CMRR = 20log T___T = 20 log — i
Acm 2|51 = Azl
- 1000 + 999 _
CMRR = 20 logz(looo —559) " 60 dB

Problem 1.64

With the input terminals connected together we have a pure

common-mode input signal. Thus the common-mode gain is

a 3 Vocm - 20 mv _ 2

cm vicm 10 mV
CMRR = 20log Ad = 20 log 3000, 48 dB
[Acml . 2
Problem 1.65
The differential output is
= = r
Vog = BgViq = Bg x (20 mv) (1)

The common-mode output is

36



Voem = PenViem = Pem X (3 V) (2)

The common-mode output is required to be 60 dB less than the
differential output:
v
60 dB = 20109y ad (3)
ocm
Esing Equations (1) and (2) to substitute into Equation (3), we
ave

Ad x (20 mV)
20 log
Acmx(SV)

60 =

|Ad|
= (20 mV)
B Wl T e

= CMRR - 48

CMRR = 108 dB
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'Chapter 2[

Exercise 2.1

—>
+ <A -
v —\\ +
.2 Bs g3k
Ag 8 (]
! Uy
v v v v

. A " B . A B
(a) 1, = =— i, = =— i, =1, +1_ = =— + —

A RA B Rg £ A B R, Ry

R R
. 4 5

Vv = -Rol1_. = =|=—/— v, + — v

o ) SIS - RA A RB B
(b) For the V, source:

v
A
R. = o— = R
1nA i A
(c) for the Vg source:
=VB=R
inB 1g B

(d) Because ¥, is independent of R;, the output of the amplifier

behaves as an ideal voltage source. Thus the output resistance
is zero.
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Exercise 2.2

42 R.=lokn
a
(a) /. v M
P:'m.ﬂ-\ °o Ao
——— Y -._\ - }
__, + 4 — w
1 o Ax 4 R
-U-l‘h'sy
W LA
Vin
11=R—1=5m 12=11=5mA
Vo = -Rzlz =
i, =1, =i,
(b)
'v;h=5
Vin
11=T1-=5m 12=11=5mA V3=R212=5V
Vi
—; = 5 mA i, =i, + i, = 10 mA
vo = ~R414 - v3 = =15 V
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Exercise 2.3

4 R, ~R0Rn
(—P 4
—Mar— r_f. ?5 =0k
E'I. & lg EJ-:}Oh ANW—
=
s 4+ -
A = . <
'._ O- +
-,
Ef Ly i ’E 81.
T /oka =
From the circuit we can write:
¥y
h TR g g | Vg Shels
. R,
The equations above yield: Va == ﬁ; Vs I -2v1
From the circuit we can write:
i = Y.E i = v_z 3 1 = i + i v ] —R .
3 R3 4 R4 5 3 4 o 575
The equations above yield:
R R.R
] 2 D
V. == —=—v_ + Vv, = 4v, - 2v
o] R4 2 R1R3 1 1 2
Exercise 2.4
A= s __ i :
- La
= MA— AN ) |
+ A __:-&/’/r_ + =
-D; 2._ + %-){1 "U: =
— ws —
v, = R212 + Vi ™ Vi (because 1, =0 by summing constraint)
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s mli= in S _ o
1 Rl
i, =1, = 0
Vi = —R313 ¥ Vg 0 + vy
Thus Vo = Vi and A, = vo/vin = +1
Bin ™ Yinltin =
(b)
Vi
v,
1 = —3 —Hl— — —
= S 7 Vo = “8313
R R
3 3
v = = = V. A = = =— = =]
o R1 in v R1
R = Vin - Vin
in . i, + i,
= Vin
Vin/Ry * Vin/R,
_ 1
1/R1 + 1/R2
= R
2

41



Exercise 2.5

Ry
R.i. = v
2 2 R1+R22
vl—v5=i
Rl ;
*R21f + v
vV, =V R
1 s 2
-R + V_ === v, +
2 Rl s Rl 1
. EE . = Rl + R2 Rz 5
R1 1 R1 Rl - R2 2
R
2
R_l(vz vl)
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Exercise 2.6

— _
W ‘ - 3R
" i L
(B ¥y = ¥in I
R
N 2
Vg = Vg =
1
o Vs Ry 7 Ry
i, =2 = v,
2 - R in 2
1 R
1
R. + R
= i = _.1_ 1 2
i3 = 1y 1, Vin & ¥ Vin 2
1 R
1
s 2R, + R,
3 in RZ
1
Ri + Rg + 3R.R,
Vo = Ry + vV, = Vs 3
R
1
R .|
s
o 2 2
X = =tml ¥ e
vV Vin R, |®Ry
(b) Av = 131
(e) Rin = vin/lin ™ vinfo ™

(d) v, is independent of RL' therefore Ro = 0.

43



Exercise 2.7

For a film resistor, we have

If W= 10 um, then we must have L = 200 um and the area is

A = LW = 2000 (um)2

Exercise 2.8

We have three rectangular sections with L/W = 5, 4, and 5
respectively. We count the corners as 0.56 square each and the
end pads as 0.65 square each. Thus we have

number of squares = 2(0.65) + 2(0.56) + 5 + 4 + 5 = 16.42

Then the resistance is the number of squares times the sheet
resistance.

R = 16.42 x Rn = 1642 Q

Exercise 2.9

Va Vg
i, = i === i, =1i, + 1
AT R, B~ R, £ A B
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Re Re
V. ==R i, == ——v. =-_—y
o £f RA A RB 2
v=RfR2v—E£v
o RARI 1 RB 2

Exercise 2.10

Use the circuit of Figure 2.11 with Rz = 3R;. Many

resistance values would work. One example is R2 = 30 kQ and R1

10 kQ. The gain of the noninverting amplifier is given by

WLJU

1

The minimum value of Av oceurs it Rz is 5% lower than its
nominal value and R, is 5% higher. Then the gain is

0.95 R
= 2 _ 0.95 3
A, =1+ TO5 R, - 1+ 752 x 3 = 3.714

which is lower than the nominal value by

4 = 3,714
_

2 100% = 7.14%

Similarly the maximum value of A, occurs if R, is 5% higher

than its nominal value and Ry is 5% lower. Then the gain is

1.05 R
. 2 _ 1.05 .
A, =1+ 095 R, " 1+ 552 x 3 = 4.316

which is higher than the nominal value by

4.316 - 4

7 x 100% = 7.89%
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Exercise 2.11

(a) From Equation (2.39) in the text we have:

¢ - toct’BeL _ 10 x 200 x 103 _ =,
BOL A 3
0oL 10
A £ 6
_ PoorfBorL _ 10% x 2 _
() fper = B | H0 Sfskus

Exercise 2.12

6
For AOOL 10~ we have

A 6
S 4 O0L __ - 13 = 99.9900

QCL 1+ PAgpr, 1 # 0.01x 10°

. 6
For AOOL = 0.9 x 10 we have

A 6

BocL = T pa— = £.3.% 20 = = 99.9889
00L 1+ 0.01 x 0.9 x 10
The percentage change in gain is
99.9889 - 99.9900 _ _ -3
99.9900 R G s [ o i
Exercise 2.13
For A = 106 we have
0oL
A 6
00L 10
A = = = 9.99990
OCL 1+ PBAgor 1 4 0.1 % 10°
For A... = 0.9 x 10° we have
00L }
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A 6
_ 0OL  _ 0.9 x 10 _
Agep, = = 9.99989

1+ Phoor, 1+ 0.1x 0.9 x 10°

The percentage change in gain is

9.99989 - 9.,99990

=3
5.55590 = =D.Y1% % 10 "%

Exercise 2.14

The circuit is shown in Figure 2.29 in the text. The op amp
limits at output voltages of #12 V and currents of #20 mA. The
gain of the circuit is 4. The output current of the op amp is

(1)

(o]

el

-

o
lo®

(a) For a load resistance RL = 1 kQ, clipping occurs for Vi * A2
V (or Vg = 3 V) because the current required for a 12-V output is
15 mA which is less than the current limit of the op amp.

(b) For a load resistance R, = 200 Q, clipping occurs for io =

20 mA. Using Equation (1), we find that this corresponds to an
output voltage of Vo = 3.81 V or an input voltage of 0.952 V.

Exercise 2.15

6
SR 5 % 10
(a) £ = = = 199 kHz
FP 2nVOmax 2m(4)

(b) Clipping occurs when the output voltage limit occurs which
is 24 V.

(c) The output current is given by

e T
o Rl + R2

i +

lo”

Substituting io = 10 mA and the resistor values, we find T
0.9995 V.
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(d) In this case the slew rate is the limitation.

_ S8R _ 5 x 10°

omax 2nf 2H106

= 0.796 V

(e) The output is limited by the slew rate and is a triangular

waveform. Its peak-to-peak amplitude is vp-p = SR x T/2 where T
= 1 us is the period of the waveform. Thus vpeak =V /2 = 1.25
V.
RV =/0 sim2wl0®t
A ¢ .
Sflp e =

—Sx:o"%/

i s el

b‘ Ve

Exercise 2.16

(a)
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Rz

(b) P AW
% | ]
“ﬁ'-\/\ R
o 4 *
'ji 'v% Qg RL
- R 0
2 g

The current equation at the inverting input is:

X X o
=+ I + —=0 (1)
Rl B R2
Note that Vy = “RI;. By the summing-point constraint we have v
= vy = -RIB. Substituting for Vi in Equation (1) we have
_EIB + I+ _RIBR_ oI
1 2
R1R2
Then substituting R = and solving for v_, we find v_ = 0.
1 + R2 o o
& A~
R; 100 RN
IOR
R K
=
I =
-
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The voltage across R is zero. For the input voff the circuit

acts as the standard noninverting amplifier. Thus
Rz'
v = |1 + —| V = 11VD

o,voff R,| "off

ff

Thus Vo,off ranges from -33 mV to +33 mV.

(d)

We have vy = RIfofz. Also because of the summing--point

constraint we have vy o A Writing a current equation at the

inverting input we have:

Vy - Ioff Y © Vo,:i.off
1 2
s g
Substituting vx = RIofffz as well as R = ﬁ;_:_ﬁg' and solving we

find:

VO,iOff = -RzIoff = (100 kQ) x (%40 nA) = #4 mV
Thus vo,ioff ranges from -4 mV to + 4 nmV.

(e) By superposition, the output ranges from -37 mV to +37 mvV.
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IExercise 2.17|
(a)

4+

U

Because of the summing-point. constraint, the voltage across R is
zero. Thus R does not affect the gain.

R1 vo RZ
V. SOV g et > Al W e B L e
iln 1 (o] Rl + Rz v Vin Rl
(b)
R o

W

L1

]

Note: With v 0, R, appears to be in parallel with R, -

o 2
R.R
12
v = =RI = ‘4 = =T
X B y B R, + R,
B K
Thus we want R = Rl||R2 = ﬁz_:—ﬁg

Exercise 2.18

The equivalent circuit is:
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©s
| +
OLE: : zg—T—c, Ak %

¥
L}
B

Ry and Cp act as a voltage divider and we have:

1/ (j2nfc,) V. V.
V =V B i = i

X i % Ry + 1/(j2nicy) il 5 J2AERGC, T T ¥ J(E/Epgy)

With an open-circuit load the output voltage is

et 2oorVi
o 00L"x 1 ¥ It tear)

Thus the transfer function for the circuit is

<

B AooL

vV, T TF3(E/E

lo

BoL

Exercise 2.19

See the solution of Exercise 2.18 for the circuit diagram in
which we must have Rin = 10 MQ and Ro = 100 Q. For an open-

circuit dc voltage gain of 90 dB we have:

= n 90/20 _ 3
90 = 20logA, . > Ajor, ™ 10 = 31.6 x 10
5 o 6
fooL _ Gain 2andw1dth - _15 x 10 ;= 474.7 Hz
00L 31.6 x 10
c. = 1 = 3 = 0.3353 uF

B~ 2uRf - 2m(1000)474.7
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Exercise 2.20

The circuit file can be downloaded from the website for the
text.

(a) From the SPICE results we find that A =1

0CL r Tpep = 4 MHZ,

and gain--bandwidth = 4 MHz.

(b) IAOCLI = 1y fBCL = 2 MHz, and gain--bandwidth = 2 MHz.

Notice that the noninverting circuit performs best with respect
to gain--bandwidth product.

Exercise 2.21

A
ek
Xx R
q -
A +
+ Uz
vlra_ R(1-T) f F
+ = i

RT

Yy = Vin R(@-T) ¥+ ’T ~ VinT
- Vy (summing-point constraint)
vV, =V Vg
P ..o An X . an =
i, = B e (1~-T)
L7 B -Ri_ + Vg = -vin(l-T) + vinT =z vin(zT - 1)
A, =V /Vi = 2T -1
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Exercise 2.22

o 4
ﬁ o
" > - “—“l
+ ov_ |
Din
o 4
[ 4
Ve S Rs
v Va VI
o in in
Ve = V, l, = =— = —— de (5L = age—a
f in f Rf Rf (o} f Rf
Vin Vin
Ben =T -9

‘Because io is independent of the load, we conclude that R, = .

Exercise 2.23

21 Q& R‘f
—— M f——— —
3 ‘A Lin
n
qﬂn Ol
* b
y Ry ©14
L7 ww—r),
[ < Rs 3
A3
! %714
V% & Vy iz vin - Rllln
R4 i
R4lin + R313 =0 > 13 = - ﬁ; lin
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Now if we have R4!R3 = R./R

152

Exercise 2.24

t t
] e a8 & S
(a) vg(t) = - & _[vin(t) at 1oooJ'vin(t) at
0 0
v
v (t) = -1000 _[5 dt = -5000 t 0<t<ilms
0
1073 t
= -1000 J' 5 dt - 1000 J (~5)dt 1ms <t<3ms
0 1073
= -10 + 5000 t 1ms <t < 3ms

etc.
The resulting waveform is shown in Figure 2.62 in the text.

o
R |
(b) v (t) = - == J'vin(t) at
0
Notice that a peak-to-peak amplitude of 2 V implies a peak

amplitude of 1 V. The negative peak amplitude occurs at t = 1 ms
so we have:

1073
1

v -] m e f 5 dt
peak 104c 4

10%c = 5 x 1073
C = 0.5 uF

55



Exercise 2.25

G
Iz
1€ —
R Rl T
-—_’ N
o = H
-
?);.:O IB g
. I; I
ip = 0/R =0 1, = I3
o + 1
1 | _ "B
VO=EJ‘lcdt_EJ‘IBdt-‘Tt
0 0
-9
100 x 10
(a) v (t) = —=— _ = 10t
(o] 10 8
(B) vo(t) = 200x 207,
o 10
Exercise 2.26
o e
—>
o N\~ —q ?ié—- i v
R =
b
Vi
Tg R
= Iﬁ
vy = Ve = --RIB = =1 mV 1z = —VY/R = IB
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t t
i =1I_-i_ =0 v=lji dt=lIOdt=o
c B R c c c e
0 0
M= vy = -1 mV
Exercise 2.25]
A R
o AN
c |
W
v aC = - -
4 —3 °¢ +
U, A
|u- 1&
‘ I
av, dv.
¥ in - PP =l in
1in = € & - Rlin RC —3%
Problem 2.1
Differential input voltage: Via = V1 ~ Y
2 . - i
Common-mode input voltage: vicm -5 (vl + v2)
Problem 2.2
Via = V1 =% = 0.2cos(20mt)
s ' :
Vice T 5 (vl + vz) = 20sin(120mt)

Problem 2.3

An ideal operational amplifier has the following
characteristics:

Infinite input impedance.
Infinite open-loop gain Ay, for the differential signal.

Zero gain for the common-mode signal.
Zero output impedance.
Infinite bandwidth.
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Problem 2.4

Three pins are needed for each op amp: two input pins and an
output pin. Thus we can have four op amps in a 14-pin package
allowing two pins for power-supply connections common to all four
op amps.

[Problem 2,5

The summing-point constraint states that if negative
feedback is present the op amp output will assume the value
required to zero the differential input voltage and input
currents. If positive feedback is present the summing-point
constraint does not apply.

Problem 2.6

The steps in analyzing linear op-amp circuits are:

1. Verify that negative feedback is present. Usually this
takes the form of a resistor network connected to the output
terminal and to the inverting input terminal.

2. Assume that the differential input voltage and the input
current of the op amp are forced to zero. (This is the summing-
point constraint.)

3. Apply standard circuit analysis principles, such as
Kirchhoff’s laws and Ohm’s law, to solve for the guantities of
interest.

Problem 2.7

In a shower we use negative feedback to adjust water
temperature. If it is too hot we increase the cold-water flow or
reduce the hot-water flow. We adjust until the difference
between actual temperature and desired temperature is driven to
zero.

In driving an automobile on a two-lane highway in the United
States we adjust the position of our vehicle to remain centered
in the right-hand lane. If we are too close to the edge of the
highway we steer toward the center, if we are too close to the
center we steer to the right.

58



Problem 2.8

Positive feedback is a problem when we have a fire in a
building. When a fire first starts heat is created which
vaporizes additional fuel increasing the size of the fire.
Usually positive feedback is self limiting. In the case of a
building fire, the fire dies out when the building is totally
consumed.

When our children behave well we give them positive feedback
encouraging them to continue their good behavior.

Problem 2.9

R‘ -%
R
A z = = R
S e s Sut' SRR B b
Vi
l-h - o Rin=R1
i 6 8. 0

Problem 2.10
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3kQ

U, =—3x2+5
" =1y
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Problem 2.11

= 12 V, we have Vign ™

= fam = my = - = - 4 = -
Vo/RAy = 12/(-10) = =1.2 V and v, = v_/(-Ay;) = 12/(-10%) 1.2

Notice that Av = -szRl = -10. For v, =

mV. Thus v is 1000 times less than vln, and vx can be assumed

to be zero wzth sufficient accuracy for most applications. Thus

we are justified in using the summing-point constraint for this
circuit.

Problem 2.12

(a)

Ay Vg,

n
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1 _— v in = 2 - _in _
in Zf in in 1 — AV
b4 4
B 3z =y _fA - 10 = =0.10 Q
v 1 - (-107)

The input impedance is very low. If an impedance were
placed in series with Vin (as in an inverter) the input voltage

to the op amp would be driven to zero as the Oop amp open-loop
gain approaches infinity (just as we assume when we use the
summing-point constraint).

Zg 104
(®F By =3 s X~ Ta=g]  vhe

The input impedance is a negative resistance. This is a
positive feedback situation.

1
(d) 2. = it . I -
in 1 -A 1 - (-100) Jw(99C)

v

The input impedance is that of a 99-pF capacitance. This
situation often occurs in amplifiers because of device
capacitances and is a significant problem when extended high-
frequency response is needed.

Problem 2.13

The equivalent circuit is:

Re L
L R VW~
= oL L—.
5
Vi M TADJUR
% 1 —
Vin = (Ry + Ry)I; = A5V, (2
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V.=V._ =-R1I, (2)

Using Equation (2) to substitute for ¥ in Equation (1) and
solving for the input impedance, we find

in Iin 1 1 + AOL

Evaluating for R, = 1 k@, R, = 10 kQ, and Ay = 10%, we find

zin = 1001 Q

The input impedance assuming infinite Agr, is

Zin = Rl = 1000 N

The percentage difference between the two answers is 0.1%

Problem 2.14

Starting from the input and working toward the output we can
determine the voltages and currents shown below:

R %&2 5_3‘:“2

8v. s
o in SO we have a closed

I

Eventually we determine that v
loop voltage gain of 8.
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Problem 2.15

The circuit diagram for the inverting amplifier is shown in
Figure 2.5 in the text. The gain of an inverting amplifier is A,

= -R2/R1. The largest gain magnitude occurs if R, is 1% high and
R, is 1% low in which case we have

2

A, = = 1-9%Rnom _ 1.020 A
v 0.99Rlnom vnom
in which Rlnom is the nominal value of Rl, R2nom 1s the nominal
value of R2 and Avnom is the nominal gain.

Similarly, for the opposite extreme we obtain A
o.9aoavn°m. Thus the tolerance of the closed-loop gain is #2%.

Problem 2.16

The equivalent circuit is:

RZ -tm
—
; - R‘ AN\
I — VO
7
b &
L) (5 oYX
V. - V. v, - Vv
xR1n+xRo___0 (1)
1 2
V=RV, (2)

Solving Equation (2) for Yy substituting into Equation (1),
and applying algebra yields

x e Rt
v ™ R ¥R, + AR,
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- = L} 4 - _
For Rl = 1 kQQ, R, = 10 kO and AO = 10 we obtain Av 9.989.
5

2 L

For A, = 107, we obtain A, = -9.998. BAs A, approaches

infinity, Av approaches -RZ/Rl = 10.

Problem 2.17

Kirchhoff’s current law may not seem to be satisfied for the op-
amp terminals if we do not consider the power-supply terminals.
However if we considered the power-supply currents, the equation

I, + 11 mA = I_

would be satisfied. Not enough information is given in the
problem to determine the power-supply currents.

Problem 2.18

—>
l 0 JM Y
4 K. S
v, |
Vin ;
Yor =tV Lin T T® 1y = 13 =V, /R
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- ; ol o2
Voa = V3 T V4 = V4, HA T IR Tag *©
v v 2V v
in ol ol = S0l -3
FEr*Iwrtm =% * &me—=-s
in
o3 . *Vop _ 8
Az B oe—= T—- = 2Al = = 5
in in
Problem 2.19
+ +
n 5 TU;
- [4 -
R, :
I - L3
Av R R2/R1 Rin R Ro ~9
Problem 2.20
ﬂ +
* q
Vi) - v

Problem 2.21

The voltage follower has a very large input impedance
(ideally infinite) and a very low output impedance (ideally 0).
If the source impedance is much larger than the load impedance
and the load is connected directly to the source, the load
voltage is much less than the open-circuit source voltage. By
using the voltage follower, the load voltage can be nearly equal
to the open-circuit source voltage.
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Problem 2.22

Ra
-
- Rg o R
P +
A , R
3 -:lﬁé '?): Ei 2 i;

g = % g v, = VaRs * VBRa
R, Rp 1 R TR
v =Nk R o = S
5 * “% Ry 1
¢ % R, + Ry
v =

R. + R
1 2 RB
where A, = n
A Rl RA T RB
R, + R R

p I 2 A

and = X
A'B Rl RA T RB
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Problem 2.23

(a)
2 +
-+
v
|- OT. Load
[ 5 Lo
(o]0} EE; !
~ -
A
V. =0+ Ri_+0+ v + i o= 21—:—33
1 o 2 o R

Because io is independent of the load we conclude that the
output impedance is infinite.

(b) A
4
V() ™
-
Loop 1: vin = Rli
Loop 2: Rlin + Rflo + Rlin =0
Solving: i ™ -vin/Rf

Because io is independent of the load, we conclude that the
output impedance is infinite.
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Problem 2.24

v R v2 V> Reve
(a) A =.__°= - _2 P. =-ﬁ-§ P =_°= 2 s
v Vln R1 in 1 o RL RiRL
2
Pln RIRL
(b) Pin = 0 because Iin = 0. Therefore G = Po/Pin = w. Thus

the noninverting amplifier has the higher power gain.

Problem 2.25

(@) Vo = =Relgp

(b) Because Vo is independent of RL' the output behaves as an
ideal voltage source and the output resistance is zero.

(c) The input voltage is zero because of the summing-point
constraint. Therefore R, = 0.

(d) This is an ideal transresistance amplifier.

Problem 2.26]

e‘ .__JVVVir___
t
+ NVM 1 -—-—1
Vin V;
t t

Because Av = -R2/R1, we select the nominal resistances such

that R = 2R Given 5%-tolerances we have

2nom lnom”
lein 2 0'95R1nom leax T 1'05R1nom
Rzmin - 0'95R2nom Rzmax o 1'°5R2nom
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Then the minimum gain magnitude is

LA e Rzmin - 0'95R2nom = 1.81
vV min leax 1.05Rlnom
Similarly
A | = R2max - 1'OSRZnom & aL5q
vV max lein 0.95R1nom

The tolerances of the gain magnitude are -9.5% and +10.5%.

Problem 2.27

1

- E\ Ez

W
.
'H‘

Because Av =1 + R2/R1, we select the nominal resistances

such that Rznom = Rlnom' Given 5%-tolerances we have
lein - 0'95R1nom leax = 1'OSRlnom
RZmin = 0'95R2nom Rzmax y l‘05R2nom

Then the maximum gain magnitude is

i L S 0.95R
1Al . =1+ g’- =1+ — 05R2“°m = 1.905
1max i 1nom
Similarly
R 1.05R
IAv'max =4 'Iﬁ =i 0 95R2nom = 2.105
1min Y lnom

The tolerances of the gain magnitude are -4.75% and +5.25%.

70



Problem 2.28

(a) This circuit has negative feedback. For an ideal op amp we
have v, (t) =V (t)

v, Ou.'l‘P-d' of l‘n‘!‘-1
) f,\\[ ﬁf"d‘"P

o 8

” AC."I.&L N\

— e - - — qb-,b au-+ u \__ e

C_\IFPQA d.+ —SV

(b) This circuit has positive feedback. The summing-point

constraint does not apply. Instead either Vg = +5 V. or W -5
V.
v —
) : v,
" ).. =°
Notice that v = Vs = Ve If v>o0, Vg% +5 V. On the other
hand if v < 0, Vo, ™ -5 V.
-3
Ve Fiy
5 s
A
/ .
= T ’ ! X 3
er 4 >
4 .
e \
s
/ e
’ A
------ - l N - ——
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Problem 2.29

(a) This circuit has negative feedback. For an ideal op amp we
have vo(t) = —vin(t).

B Aetu ou.'\‘fu’(‘ JETTTE
\ C\tﬂ:ecl o *5V 7

=) R A

+
v,

This circuit has positive feedback and the summing-point
constraint does not apply. Writing a current equation at the
nonirverting input of the op amp yields

= W - + v,
v vll‘l + v VO = 0 = v = VO vll"l
R R 2
If v > 0 then Vo = *5 V. On the other hand if v < 0, Vo ™ =6
/0 ¢ ~ ésszg"
7/ N S'-u;
) S
o Y, ™
r d 5
..| N
[ ’ == \z ?
T L "
/7 | N x
~
'd ~
7 S
’ N
- - ——', \-. ———
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Problem 2.30

The sheet resistances of the various layers are commonly
optimized for purposes, such as the base regions of BJTs, other
than fabricating resistors. Adding more steps to the process to
create layers optimized for resistors would reduce yield and
increase cost.

Problem 2.31

Very small resistances imply large currents and high power
dissipation. Very large resistances are subject to stray
coupling of undesired signals. Furthermore, resistances of
either extreme are likely to require excessive chip area because
R = RDL/W and we need to have L = W for minimum area.

Problam 2.32

Doubling the thickness of the layer creates a second
identical resistor above or below the original resistor. The
resistors are electrically in parallel. Thus the resistance is
reduced by a factor of 2. If we double the thickness of a 200-0Q
layer, the sheet resistance Ru is reduced to 100 Q.

Problem 2.33

We should choose the width of the conductors to be W = 10 um
to minimize the area consumed. For a resistor composed of a

single straight conductor, we would have L = WR/RD = 10(104/200)
= 500 um. Including the guard strips the area consumed is (20

pum) x I = 104 umz.

Because we want the resistor to occupy an approximately
square area, we need WR = LR = {a = 100 um. Thus, we need
wR/(zo um) = 5 or 6 conductors. We propose the layout composed
of 5 conductors:
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EBQﬂhn | r-

1 2] 3 5 LR “—‘108.4/‘-.

L |
le—— Wpg = nop =

For this layout, the resistance is the sum of:

two end pads: 2 x 0.65 x 200 = 260 Q

eight corners: 8 x 0.56 x 200 = 896 Q

four ends: 4 x 200 = 800 Q
Condu«:tors 1 and 5: 2 x [(LR - 40)/10] x 200 = 4OLR - 1600
Conductors 2, 3, and 4: 3 x [(Lgr - 20)/10] x 200 = 60LR = 1200
Total 100LR - B44

Thus ve need 10% Q = 100L, - 844 which yields L, = 108.4 unm

Prob. em 2.34

Here :s one solution:

WJ; RI
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Problem 2. 35]

A simple answer is the standard inverter shown in Figure 2.5
in the text with R. = 1 kQ and R, = 100 kQ for a total resistance

1
of 101 k.

A better answer is the circuit shown in Figure 2.6 in the

text with Rl = R3 = 1 k@ and R2 = R4 = 9,05 kQQ for a total

resistance of 20.1 kQ. (See the analysis of this circuit in
Example 2.1 in the text.)

Very likely still better answers exist.

Problem 2.36

A good answer is to cascade two noninverting amplifiers like
the one shown in Figure 2.11 in the text. Each amplifier should

have Rl = 1 kQ and R2 = 9 k). The total resistance is 20 kQ and

two op amps are used. The total area consumed is that of 4 op
amps. (We assume that area is proportional to resistance.)

‘Another good answer is the circuit of Figure 2.15 analyzed

in Exercise 2.6 with R1 = 1 kN and Rz = 8.56 kil for a total area

equal to nearly 3 op amps.

Problem 2.37

Here are two answers:

oo e n
/1O | _
; el S
o AN .
2 iy |1Z R S
T " |]O R Z_
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Jookn

10Rn, i
T e

A‘M 3 . +
Vzd? LAl s 2
"2 Y [0) X% g

Proklem 2.38

Two possibilities are to place unity-gain voltage followers
between the sources and the inputs of the circuits designed for

Problem 2.37. A better answer that uses fewer op amps is:

1 ko
> ]
3 2, -
£ _N/:_T
- |10%n +
= 10k s RS
Proklem 2,39
Here is one answer:
o RN
v lkn |
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Problem 2.40

Op amp imperfections in the linear range of operation
include:

finite input impedance
nonzero output impedance
finite open-loop gain
finite bandwidth

nonzero common-mode gain

Problem 2.41

For the noninverting amplifier with a given op amp, the
product of dc gain and closed-loop bandwidth is constant as the
dc gain is changed.

Problem 2.42

(a) Refer to Figure P2.42 in the text.

vs - Rinls 2. Rols * AOL(Rinls)
vo 3 Rols + A L(Rln s)
5 J 29 ! R + AOLRln
vs vs Rin + R -+ AOLRln
5 6
X 25 + 10° x 10 ~
AVS = 3 3 = - 0.99999

10 + 25 + 10 % 10

The gain would be 1.00000 for an ideal op amp.

11

= R:.. +R_+ A R. =10 Q

(b) Z;, = in (o] OL'in

in

ar

s
In comparison, we would have zin = o for an ideal op amp.
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Ax
U
) | K T | Qi +~NN
5O . " +

Evalvating we find Z, = 2.5 x 10074 g compared to 2, =0 for an
ideal op amp.

Proklem 2.43

(a) Refer to Figure P2.43 in the text. Writing current
equations at the input terminal of the op amp and at the output
terminal we have:

vs + vi vo + vi vi
R + B + B =0 {3)
1 2 in
vo 4 vl vo - AOLVL
R + R =0 (2)
2 o

Now w2 solve Equation (1) for Vis substitute into Egquation (2),
and use algebra to obtain:

A =§= _RZ
Vs Vs 2
i : inffopFs = K,

Evaluating we find A, e = —9.9989 compared to A,, = -10 for an
ideal op amp.
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(b) Frcm the circuit we can write:

V™ Rlls - vy (3)
41
vy + {R1 + ROJ ﬁ;; + ig + AOLvi =0 (4)

Now we solve Equation (3) for Vi substitute into Equation (4),
and use algebra to obtain:

Evaluating we find Z;, = 1.0001 kQ compared to Z;, = 1.0000 kQ
for an ideal op amp.

(c) M’\(

s =0 R = R
Gy r t Ko +
(R v Y
+ L] - & -
[}
SR RinIIRl v
i R2 - RinllR1 »
g b o b BorVi
X R2 * Rin“Rl Ro
g o Vx _ 1-
o I;
1 oA T Aop(Rin!IRy)
Ry + Ry lIR; R, R, + Ry, lIRy
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Evaluating we find Z, = 2.75 mQ compared to Z, = 0 for an ideal
op amp.

Proklem 2.44

Equation 2.39 states:

f_. =A £ A £

t ocL*BcL ~ “oorL'BoL

Solving for fBCL we have

f =.—.f_t__

BCL AOCL
For A)CL = 10 we find fBCL = 1.5 MHz. For AOCL = 100, we have
fBCL = 150 kHz.

Problem 2.45

AVOI. @8

I’ -
i (\201.9 (50,000) =F44B
!_'o <+
(¢ +
L'o ES
2d +
o.;:l o:l
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Problem 2.46

Bl 2ooL _ 2 x10°
OL 1 + ](f/fBOL) 177 LE7S)
Evaluating we find:
Frequency IAOLI Phase
100 9988 [-87.14°
1 kHz 1000 |-89.71°
1 MHz 1 -90.00°
Problem 2.47
Alternative 1:
“
v 4
'U:s R ?'l v;
\ -

L R"‘/e =99

1f= 1 1 = = 6 =
The half-power bandwidth is fBCL = ft/AOCL 107 /100 10 kHz

Alternative 2:
+
1

B

g

Rafg = 1

. - - 6 -
For each stage we have fBCL = ft/AOCL = 10 /10 100 kHz
A (f) = Rocr L 10
o0 1+ 3(f/tgep) 1 + j(£/10°)
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The cverall gain is

2
A(f) = 10
1 + j(£/10°)
At the half-power frequency fH we have:
100 _ 100
I R T (ijlos)z
Solving we find f = 64.4 kHz compared with 10 kHz for the single

H
stage amplifier.

Problem 2.48

T ZCZ? o © pen loop
| -3

Slope =-20 J'B/Jeaie

/06

g0 +

€0 ¢
: Aocr, =
0 \ .Pt= /06
‘M) AOCL = 10
c
0 . + + 1
I 1o oo lo* oY o5 Jo¢ L

Prob.em 2.49

The slew-rate limitation is the maximum rate at which the
op-amp output can increase or decrease.

Full-power bandwidth is the maximum frequency for which a
full-zmplitude sine wave output does not experience slew-rate
limiting.
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Problem 2.50

SR _ 10’

(a) £, = r
FP  2mV__ =~ 2mi0

Il

159 kHz
(b) 10 V (Amplitude limitation of the op amp.)

(c) Vom = 20 mA x 100 Q = 2 V (Limited by current capability of

the op amp.)

(@) v, = = = 1.59 V

lo L e : Sos ; 1ol eal ou{'Pu..i'
;R o e Sedng
/ \\l ¥ | ot \

- 1/ \ b \ actuel au.‘rr «t
Y e i e e
¥ o\ N\ .

J \ /’ ]p.s

-Fec.k‘-fo-f-axk a.hfl\‘}‘u.c&e = 0.5}4;'\'/07V5

= 5Y
Problem 2.51
SR = anvom
= 2n105 x 5
6
= 3.14 x 10" = 3,14 V/us
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Proklem 2.52

U, &)

2 4

\ /\

{ V
-7 + ' _‘\\

]

- 1-— O.S',us
o S
SR = == us—BV/us
Proklem 2.53

£ 6

t 5 x 10
f - = = 50 KHz

0OCL AOCL 100
25y Boct, J 100
CL T+ s/(2nfy) ¢l - -
10°m
v
=~ L. 100 m
Vo(s) = AL (S)V; (8) = ———— x —
5 + 1
10°m

& _ B 2
vo(t) = 100V, - 100V _exp(-m10°t)

€3.2Vn

1‘;=3.15)ss ,-»
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dv_(t)
Q = 100V_(m10°) exp (-m10°t)

—a
dv_(t
_Ba.(_)_ = n107vm (at t = 0)
t max
mo'v. =srR=10° s Vv =31.8 mv
m m

Problem 2.54

The circuit shown in Figure P2.54 is an inverting amplifier
with a closed loop dc gain of =10.

sR _ 10°

() fpp = anv__ ~ 2mio 159 kHz

(b) Notice that the output of the op amp must supply current to
R, as well as to RL' Thus we have:

v

(25 mA) x R IIR, = 2.498 V

om
(c) A =10V (limited by maximum range of output voltage)
SR 10°
(d) V__ = —"=-—_=1,59V (limited by slew rate)
om 2nf 2n105

Problsm 2.55

(a) Refer to the circuit shown in Figure P2.55 in the text.
Notice that the upper op amp is configured as a noninverting
amplifier with a gain of 2. The lower op amp is configured as an
inverting amplifier with a gain of -2. Thus we have

v, () = -2v_(t)
v, (€) = 2v (t)
vo
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(b)

12 4%

T

i g

(c) 7,() is clipped when it reaches amplitudes of #28 V.

Prob'!em 2.56

3ee Figure 2.33 in the text.

Prob .em 2.57

L,ower bias and offset currents are the main advantages of a
FET-input op amp compared to a BJT-input op amp.

Prob..em 2.58

Following the approach of Example 2.10 in the text, we obtain:

Offset voltage: VO = (1 + R2/R1) x (¥4 mV)

= %44 mV

Iilas current: Vo - Rle = 20 mV

(Offset current: Vo

RyI ge/2 = $2.5 mV

T'otal: V_ ranges from -26.5 mV to +66.5 mV

86



Problem 2.59

The problem with the circuit shown in Figure P2.59 is that
the bias current of the op amp must flow through the coupling
capacitor. The voltage across the capacitor ramps up (or down)
until the op amp reaches its maximum output. A solution is to
connect. a large resistance from the noninverting input to ground
to provide a path for the bias current. To minimize the effect
of the bias current, the resistance should be 50 kf. However,
this mey make the input impedance too small, depending on the
applicetion.

Problem 2.60

(a) Vc = voff(l + R2/R1) = 100 mV = voff o i | =
Vi ep = $9.09 mV
(b) V, =IgR, = Ip = (¥100 mV)/(100kQ) = I, = *1 ua
(c)
Ra
R, M
+
+
U () 7
A Rg ..
RB = RII|R2 = 9.09 kO
(d) V=TI ¢R, =» I_..= (100 mV)/R, = 1 uA
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Proklem 2.61

- y
(D) Fud g i i
- = = -;?

Prokblem 2.62

A macromodel is a relatively simple circuit that models the
external behavior of an op amp. A macromodel usually does not
resemole the actual internal circuit of the op amp. The
advantage of a macromodel is that simulations run faster and
require less memory than if the actual internal circuit was used

in th2 simulation.

Problem 2.63

_ i 80/20 _ _ 4
30 = 2010glA;, | = Ay, = 10 = 10

‘BoL = ft/AOOL = 100 Hz

1/ (2nf

We arbitrarily select C_, = 1000 pF. Then Ry BoL B/

= 1'5) Mn.




Problem 2.64

The schematic is stored in the file named P2_64. The low-
frequency gain magnitude for AA is 10 (20 dB), and the low-
frequency gain magnitude for Ag is 100 (40 dB). The upper half-
power frequency for both gains is approximately 36 kHz. Thus the
gain-bandwidth product for AA is 10 x 36 kHz = 360 kHz. For Ay
it is 100 x 36 kHz = 3.6 MHz. Notice that the gain-bandwidth
product is not the same for both gains. (The concept of constant
gain-bandwidth product applies to the noninverting amplifier
only.) The Bode plots for the gains are shown below.

1.9KHz 3.0KHz 10KHZ J0KH2z 100KHZ J0OKHZ 1.0MH2
e UDB(Ab) + UDB{Ra)

Problem 2.65

The schematic is stored in file P2_65. The magnitude and
phase plots of the output impedance are shown on the next page.
Because the phase angle of the output impedance is positive, we
say that the output impedance is inductive. Notice that at
higher frequencies the output impedance of the circuit approaches

that of the op amp alone which is 50 Q.
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|Prob. em 2.66

“he schematic is stored in file P2_66. Plots of the gains
versusi frequency are:

3.ﬂuT---........---------.....-------......----------..--__--._..__'
Gain i ' ] ’ i
Magn: tude ' '
" '
] ]
2.0U04 =
1 [}
] ]
] I
1) 1
] I
] ]
(] 1
] ]
1.BU{ ;
I 1
] I
] 1
] I
] ]
] ]
’ i
OY —====cT"C A e Fem——— e 4
1.0Hz 10Hz 180Hz 1.0KHz 10KHZz

o U(Ab) - U(Aa)

Usually a gain curve that displays a high peak such as the
curve for part b is not desirable. For example if these were
amplifiers for audio signals, amplifier b would amplify the low
notes out of proportion to higher notes.
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Problem 2.67

The simulation is stored in file P2_67. Plots of ZOIOg(Avs)

- 2oloq(vout) and 2°1°q(vsum-point) are:

201og (A )

i '

| I

i "

1 1}

| ]

I |}
8 .
[} (]

: |

I ]

i ]

] ]

: : i

' v :
404 ~ 20109 (Veun-point) £
i |

] ]

] ]

] (]

" "
A 5052 e o 5 e S Mmoo T gt s i
1. OKHz 16KHz 180KHz 1.0MHz  10MHz

Because the source voltage is 1 V (0 dB) the voltage at the
summing point must be -40 dB or less to be less than 1% of v ¢

This is true for frequencies less than about 4 kHz.

Plots of the input impedance magnitude and phase are:

1 120K - 2 68!!-',— -------------------------------------------- :
| I
i 1
I
I 1
I i
: |
80K - 40d- il
| |
' |
1 '
] ]
] I
| |
40K 4 20d+ iy
: !
I 1
I 1
| ]
1 1
J 2d :
] L o e b LS e I
1.8KHz 10KHz 1BBI{H2 1. ﬂiﬂiz 10HHz

(O] o 1/71(R1) [Z] = -IP(R1)
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At low frequencies the input impedance is 10 kQ resistive as
predicted by the theory for an ideal op amp. However at higher
frequancies the input impedance becomes capacitive and larger in
magnicude.

?lots of the output impedance magnitude and phase are:
100

----------------------------------------------------

Phase (Degrees)

Magnitude (Q)

v
-]
B e TP |

S T o [ e

1.8KHz 10KHz 100KHz 1.6HHz 10hHz

“he ideal-op amp analysis predicts zero output impedance.
The actual output impedance is very low at low frequencies but
approiches 50 Q) resistive at high frequencies.

Problem 2. ss]

(a) 1. dc-coupled inverting amplifier is shown in Figure 2.47 in
the text.

(b) Ar ac-coupled inverting amplifier is shown in Figure 2.48 in
the text.

(c) A two-input summing amplifier is shown in Figure 2.49 in the
text.

(d) A dc-coupled noninverting amplifier is shown in Figure 2.50
in the text.

(e) Ar ac-coupled noninverting amplifier is shown in Figure 2.51
in the text.

(f) A single-op-amp differential amplifier is shown in Figure
2.53 in the text.

(g) A voltage-to-current converter with floating load is shown in
Figure 2.55 in the text.
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(h) A current-to-voltage converter is shown in Figure 2.57 in the
text.

(i) A current amplifier is shown in Figure 2.58 in the text.

Problem 2.69

Many correct answers exist. Here are two solutions:

Solution 1

+
. U
1 . 1

In this circuit use 1%-tolerance resistors. We need R2 = 10
Rl' RB - Rz, If we choose the capacitance such that C >

1/(2m100R,) we will find in the simulation that the gain is

within 5% of the desired value at 1 kHz. One suitable choice of

component values is R1 = 20 kQ, R2 = RB = 200 k2, C = 0.1 uF, and

the LF411 op amp.

Solution 2

In this circuit use 5%~tolerance resistors and adjust the
gain to within 5% by use of the potentiometer. Use the LF411 op

amp, R, = 20 kQ * 5%, R, = 180 kQ * 5%, C = 0.1 uF, R, = 50 kQ

potentiometer, and Ry = 200 kQ %5%.
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Proklem 2.70

Many correct answers exist. Here is one of them:

l'o achieve the desired specifications, we need R, = 9R1, Ry
= Rll R,, and C = 1/(2n100RB). Any value of Rl between 1 kQ and
100 k2 is suitable. Either use 1%-tolerance resistors or use 5%-
tolerance resistors with a potentiometer to adjust the gain

magnictude.

Problem 2.71

Resistors of 20 MQ or more are usually impractical. Thus we
need o select a circuit that makes a smaller resistance appear
large. One approach is tc use a circuit similar to Figure 2.52
in the text:

X1
Cci
= Ié 1- = o LF411LIN
AU R3 Out Out
1\:: 806k —a-in
c2 R2
0 e —\\———
908k
Rt 0O1u
100k
0
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To attain a gain magnitude of 10 we need R, = 9R,. To

minimize the effect of bias current, we should choose R1 - R3 =
Rz.
resistors are used. A suitable set of component values is shown

To attain the desired gain-magnitude accuracy, l%-tolerance

on the circuit diagram. (C1 and C. were selected mainly by trial

2
and err-.

The simulation for the circuit is stored in the file named
P2 _71. Plots of the input impedance magnitude and gain magnitude
versus frequency are shown below:

|

I

I

Gain Magnitude -__ﬁ“\\\i
(dB)

Input Impedance
Magnitude

({]
1.0Hz
o 1/i(c1)

Problem 2.72

Here is the circuit and a suitable set of component values:

95



vi

0.5v Ba
-VccC
-:iv 100k
0 ; 1%
0 0

“he schematic capture version of the simulation for 40 Monte
Carlo runs is stored in the file named P2 72.

P'lots of the differential and common-mode gains versus
frequency are shown below:

CB

S o s e oy [, o, _____'

Problem 2.73

The circuit diagram is shown below. Choose R, in the range

from 1 kQ to 200 kQ. To attain a gain of 10 we need Rz - R3 -

4.5 x 21. Then choose R4 - R5 =R, = R7 in the range from about

1 kQQ to 1 MQ.
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LF411LIN

b+in
[g w2 Out
‘in 05 n

—a— S AN—e— ¢
R
10k § ;;ﬁ'%

AM .
453k 1%

in INLF4T1LIN

w1
05
Analysis of differential gain

Plots of the differential and common-mode gains versus
frequency are shown below:

100Hz 1.0KHZz 10KHz 100KHZ 1.0MHz

Problem 2.74

The circuit is shown below. The current gain is A, = -(1 +
R]_IRz) . Thus for a current gain magnitude of 3 we need to choose
R, = ZR:!. A good choice of values is Rl = 2 kQ * 1% and R, =1
kQ * 1%. Another alternative would be tc use 5%-tolerance
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resistors and a potentiometer to adjust the gain. The PSpice
simulation is stored in the file named P2_74.

-VCC VCC
UAT41 I
i 4 k .
2" » i = vcC
e | T 15V
v X © '
. 5 .
3 ‘ 3 > R3 i R
— -VCC
’\') 0 vce 500 0

1 15V
R1
0 —&—'\M . - -VCC

2K
1%

Problem 2.75

t t
V() = - & va(t) dt = -50 J'vp(t) at
0 0

The pl.ot of vo(t) versus t is shown on the next page.

‘U,‘rt)
2 4 (, 8 o 4
+ + - + ‘ o
....0-5 L
-0 %

Each input pulse reduces vo(t) by 0.5 V. Thus 20 pulses will
result in vo(t] = =10 V.
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Problem 2.76

dv. dv.
= N _ =3 in

vo(t) = -RC —gz— = -10 I

RPNV +10
1 3 & >
]
£(ms)
-5
Problem 2.77
Let x(t) = displacement in meters. Then Vil gy 4 10x(t),

we need vltt)

dx/dt = 0.1dv, /dt and v, (t) = a’x/at? = av, /at.

R\ R-‘
C
\ Ci
- |
SALY ; | .
k
IH[)- L L Q{(t)
E -
El
-élff—1_,? ﬁ% . 1
+
oA
X !
We need Rlcl = 0.1, R2C2 = 1 and R3 = R4. Suitable values are Rl
=R, =1MQ, C; =0.1uF, C, =1.0uF, and Ry = R, = 10 kQ.

LF411 op amps are a good choice because they have relatively

small bias currents.
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Chapter 3

Exercise 3.1

R
f MW
oy e + Load-line equation:
Vs;--':F_ ' Ao % VSS = RiD + VD
L
i{mA)
oLy
2) {
i ©
15 prme———
- "'--..____‘ (b
10 :
C (@)
(-IIJ—J—"‘-lltltrlljllljlll J Syl

At the intersections of the respective load lines with the diode
characteristic, we have

(a) vy =1.08V iy =9.2 mA
(b) vy =1.18 V iy = 13.8 mA
() vp=0.91V iy = 4.5 mA

Exercise 3.2

The equivalent circuit is shown on the next page. Solving
for the voltages across the diodes we obtain Vpp = 10 V and Vpo =
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3 V. Fowever le > 0 and sz > 0 are not consistent with the

assumption that the diodes are off.

Aka > 2J5' - "IZEE +

—WVYy —
. u e

/oY -E-l_-- Chn _?T..

+
SV

Exercise 3.3

Assuming that the diodes are on, the equivalent circuit is:

‘49l .‘pz
— <
-&__L. 4kn +
lov — :-E'BV

PR 30

Solving for the currents, we determine that iDl = (10 - 3)/4000

-1.25 mA. However :i.D2 < 0 s

1.75 m2 and iD2 = 3/6000 - iDl
inconsistent with the assumption that D2 is on.

Exercise 3.4]

(a) Dl Ap ASSHMC So'rt 'Fav-
1 - pl QJé_or Ap

Q+ it n- | on Ap = dmhA

o £ ¥ Vp = +2V

Vp = +2 is inconsistent with the assumption that D,

the other hand, iD = 2 mA is consistent with the assumption that

Thus we conclude that D1 is on and iD = 2 mA.

is off. On

D1 is on.

101



(b) _',lp Assume Selve for

| - D2 Vb or Ap
v .J. 2 W |
R on = —=|.5
3 +_____ 7):.‘ Da /‘D n)"
of? V= ~3V

In this case the results are consistent with 02 off.

lRn
(e) | A
2ka -—‘[—'--;ov
SmA L " —
S ASVAD l
3 Upy
Ps - - *‘e)
' -1
Dy Aoy
A-‘Suhc Salvc. civewr +
]2§ D;f for Vo's an.ﬂxo’s
off off anos.ﬂ“e —ho closed path Ffor SmA
off on Aog =SmA  Vps =-S5V
on off Aoz =SmA  Vpy = JoV
on Idh

Thus wve conclude that r:.'3 is off and D4 is on.

Exer:ise 3.5

F
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VLavg 5 =15 V > Vimax = 15-2 V
3 i
_ "L  _ 0.1(1/60) _
C=3v-="3x0.4 =~ 2083 uF
Vimax “ vm,secondary = 2V4i0de

Vm,secondary = 15.2 + 2(0.7) = 16.6 V

Vo prinaty 110{2 = 155.6 V

_Yp,primary = 155.6 _ 4 44

n - 16.6

vm secondary

Exerc..se 3.6

We determine the capacitance as in Exercise 3.5 resulting in

C = 2083 uF. In this case we have vm,sacondary = VLmax + vdiode

= 15.2 + 0.7 = 15.9 V. Then the required turns ratio is

= vm,primary
vm,secondary
L 155.6
15.9
= 9.78
Exercise 3.7
| Ren
(a) W e
v b ¥k
h 5 P, v,
F4 !% e
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D en

Da M reverse breaksdown
Ve p.i pq 1 DS 9;:

D, o ¥F
D, iLpz =0 Vp,=0
Py Dy and Ds en

la
(b ’ MA £

+ “ . Ey
=0k

K 1- =
—_ 4-*”
%lka

Original circuit Equivalent circuit with D, on

E
and D2 in breakdown.

From the equivalent circuit we have

vo - 5 " vo - vin i ] R vin + 5
1 kQ 1 kQ o 2

Similarly with D, in breakdown and D, on, we determine that

o 2
Finally with both diodes off Vo = V4,- These results are plotted

on the next page.
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o 4
" ‘;h_{?a en
9 Dz = Luok.\ouh

)

DI in hmka’omn

P, on

Exercise 3.8

See the answers shown in Figure 3.18 in the book.

Exercise 3.9

£y A
(a) /
L -
+ g; A i
U s ol
n k- v
L P, = IS
¥ £
With v. = 0, D, is in breakdown and D, is on. Thus the output

in 1 2
voltage Vig, 2 =5 V in steady-state conditions.

(b) For Vi = 2sin(wt) under steady-state conditions, the output
is shown on the next page.
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LS at +"ns Ius+¢.q+ +he Jloﬂcs
‘-‘-a't&u.c.-“‘ 'rol"dlur 1;2 w -3V

(c) With the resistor connected to ground as shown, the diodes
never conduct and Vs =0, Thus we have v_ = v,

ya
N .
QD;‘ X El QJ'
=;Lﬁ~uo*- i

Exer:ise 3.10

A solution is shown in Figure 3.21 in the book.

Exercise 3.11

/A solution is shown in Figure 3.22 in the book.

Exercise 3.12

Vle follow the procedure used in Example 3.5 in the book.

For part (a) with R; = 1200 Q, we have

_ B n 1200 -
Vp = vss R + ﬁ; =24 1200 + 1200 ~ 2V
RRy _ 1200 x 1200

- - = 600 Q
Rp = R 7 R, ~ 1200 + 1200
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Similarly for part (b) with RL = 400 Q we obtain VT = 6 V and RT

= 300 £.. Now we construct the load lines.

ip(mA)

-0 18 16 -14 12 -10 -08 -06 -04 -02 J Vo (V)

\\\ < d 3 s
R i @ \S? =

\ H-10

\\\\ \_ o
/ | A%

; +—S 2

-30

At the intersections of the load lines with the diode
characteristics we find the answers:

n

9.4V
6.0V

(a) vy, = “Vp

(b) VL = —vD

([}

Exercise 3.13

The lozd line equation is

15 = 100(i; - ip) - v,
Substituting the values of iL for the various parts, we have

(a) 15 = —1001D - vy
(b) 13 = —1001D - Vp
(¢) 5 = -100iy - v,

We use these equations to plot the load lines as shown on the
next pzge.
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-15

L=5OmA

t =100 mA

- ~|SomA

At the intersections of the load lines with the diode
characteristics we find:

a) Vo = =¥ 10 Vv
D 10 V

c) Vo, = =W 5V

n

b) Vo %

n

Exercise 3.14

nv
Iquation 3.21 states: r, = ; L. Furthermore at a

DQ
temperature of 300 K, we have Vp ® 26 mV. Substituting values

and evaluating, we obtain (a) ry = 260 Q, (b) ry = 26 Q, (c) ry =
2-6 nl

Exercise 3.15

(a) First we compute the Q-point diode current. Refer to the dc
circuit shown in Figure 3.34 in the book.

SR Tl i B T T T
b ¥ T R Z K ;

Then ve can determine the small-signal resistance of the diode:
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o e b
d~ T, ~05m

Assuminag that the input signal is ac and that the impedance of
the capnacitor is negligible for the signal frequencies, the
small-signal equivalent circuit is:

M
R=/00n +
‘2§Q“° R‘ Ya Q{ RL=:2$&«
2ka i
Yy R
B, =iy = gk where Rp = RolIR Ilry = 49.4 Q
in P
Evalua:ing we find that A, =0.331
(b) Using the same approach as in part (a) we find IDQ = 5 mA,

rd = 5.2 Q, Rp = 5.17 2 and Av = 0.0492

Exerci.se 3.16

Because v, > 0.1 V, we have i_ = Isexp(vD/nVT). Solving for

D D
3 - =3 =

Is' we have Is = 1D/exp(vD/nVT) = (0.1 x 10 ") /exp(0.6/0.026)
9.50 x 10"*° A. Then for v, = 0.65, we have

i, = I_exp(vy/nV,) = 9.50 x 10"15exp(0.65/o.026) = 0.684 mA
and for- Vi = 0.7 we have

i, = I_exp(vp/nV,) = 9.50 x 107 '“exp(0.70/0.026) = 4.68 mA

Exerc.se 3.17

Suppose that for Vpy Ve have a current of ipq and at Vps =

Vb1 + hvp the current is ip, = 21D1 then we can write:

‘pz = Isexp((vD1 + AvD)/nVT] = 2101 = 2lsexp(v01/nVT)

Isexp(vnl/an)exp(nvD/an) = 2Isexp(v01/nVT)

exp(ﬂvD/nVT) 2
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va = nVTln(z) = 18 mV

Similarly for iy, = 101Dl we find AvD = anln(lo) = 59.9 mV

Exercise 3.18

We hzve n-type material with

n = ND = 1016 free electrons/cm3
oo
pn = ny
p = ni/n = (1.45 x 1010)2/1016 = 2.1 x 104 holes/cm3

Exercise 3.19

€ =66, =11.9 x 8.85 x 1072 = 1.05 x 10°:° F/m
g A _1.05 x 1079 « (20 x 207 x 30 x 1075
c S0 2
d=6.32 x 10" m
Exercise 3.20
B €50 & 5 pF

D - (/1™ [ - (Vp,/0.8)10+°

(a) ¢C. = > pF = 1.86 pF

I 1 - (-5/0.8)7°"°

5 pF

(b) c, = = 0.627 pF
I [1 - (-50/0.8)1°"°
Exerzise 3.21
nv
_ O 1(0.026)
L - - 5.2

DQ 5 x 10
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9 3

x 5 x 10
3

_Tripg _ 10 x 10~

c
Vep 26 x 10~

A = 1920 pF

Exerc..se 3.22

The simulation is stored in the file named Exer3 22. The
result:.ng diode characteristic is:

N
(-]
2

g

T S PR ) N 7 Rl

i
X |
-k

v -8.5V a.8v

Exercise 3.23

The simulation is stored in the file named Exer3 23.
Results may vary from those shown in Figure 3.53 depending on the
model used for the diode.

[Problem 3.1

See Figure 3.1a in the book.

Problem 3.2

See Figures 3.1b and 3.2 in the book.
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Proklem 3.3

A Zener diode is a diode that is intended to be operated in
reverse breakdown. It is used as a voltage reference. They are
also called breakdown diodes or avalanche diodes (although
strictly speaking avalanche diodes and zener diodes are distinct
because breakdown is due to different physical mechanisms). A

sketca of the volt-ampere characteristic for a 5.6-V Zener diode
is:

4p t/on&
-5.b ke
+ > Up
r 0.6
' L-lomA

Problem 3.4

Vi = 0.6 = 2 % 1073 x (175 - 25)
= 0.3 V
Prob..em 3.5
3
(a)
mh

-OI‘OV

oy VvV
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(5) mA
: v
O.b+68=7.4Y
(c) A
mA
-G.2Vv
~ s
5¢+0.6= 6.2V

Problem 3.6

= 0.5/10° =

At. 70° the reverse diode current is iR = vo/R

500 nA.

At. 50° the current is 500 nA/4 = 125 nA and v, = 0.125 V.
2 =4 V.

At. 100° the current is (500 nA) x 2° = 4 pA and Vo

Problem 3.7

As the diode heats up, its forward voltage decreases by

approximately 2 mV/ C. Thus the increase in temperature is

AT = (.65 V - 0.45 V)/(2 mV) = 100°. The final diode

temper: ture 1is Tfinal = Tstart + AT = 125 C.

Problem 3.8

Assuming a forward drop of 0.6 V for each diode, five diodes
must be: placed in series to obtain a reference voltage of 3 V.
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The voltage drops by approximately (2 mV/°C) x 5 diodes = 10

mvV/ °c. For a 10° increase in temperature the reference voltage
decreases by 100 mV for a percentage change of 0.1/3 = 3.33%.

E’rok lem 3.9

/.s
@ i
+ +
4y T m T v
4= [|.854 &2 (x- halll¢~r¢u53
i i Load |ine Vw 0.8V
2{'?2 S )J.ﬁ-?-l.’mﬂ
WEssnvos=onalos
|
1.0 :
I
I
-:{3 i 0s I lfﬂ )
+_~o b

Ve= U= 0.8V Ta=4 % A.13mA

) =T Il

+

S=A A

000

|1V = 400,1, + Dy (Lx 'n &Hf!-"&)
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. [).lﬁ l.eSmA
lﬂ:_
Ax% |.15mA A~ Load lie
Vix 0.21V =3 S Part(e)
RS, ' SRSES (SRS, VESPRRSTRRNS . RSN )
-0.5 ! (- 05
10;: Load line
B I Part &)
-0

-

e

L= Agx 1.5mA V, = Vi + 2001, % O.bbV

= o8 ASo.a

© + Y

+_L ;oo.n T P ::W\'___ X
o.sf-'T'- §E'_o X :i_osﬂ vy 08

12 T
\—VT]'IC"vemn dfl.l\hlld'_f
O-S = 2SS0 Ay +'v§ See Load line above,

V. = 0O.5-V; % 0.21
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Proklem 3. 1ﬂ

Writing a voltage equation for the circuit of Figure 3.4, we

obtain VSS = Ri_. + Vv

D D which can be put in the form

i

o VSS/R -1

D/R

Thus the slope of the load line is -1/R.

A mf

IwmA

Vp
Proklem 3.11
For the circuit of Figure P3.1la we have Vp = 0.65 V and the
load line is vertical. For Figure P3.11b, iD = 5 mA and the load
line is horizontal as shown below.
()
4ll° -s-
5 (k)
SnhA
> Up
oLsY
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Problem 3.12

l{‘_-‘ /L’I(x

s MmN

&
JLQ. x 1& F‘pr- e-.¢L| -pd.ld‘& 0‘ Lo
- - ‘_Jd pp“*‘t?fﬁ.
Ao
3.R t
2mA ¢
‘"“ -
. , L
1.0 .0
(b)
-4
U, X AL = A+ Ay
b b
- .ll 'lnh

Far- ﬂ-.c,k Vd-'ut OF 'z,;

i a xR currents
t 4

4ah

24

" . N " 'U;
o2 ed4 oL OB Lo
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Proklem 3.13

The ideal diode model has Vp =0 if iD = 0, and iD = 0 if vp

= 0. The volt-ampere characteristic is shown in Figqure 3.8 in
the kook.

Proklem 3.14

After solving a circuit using the ideal diode model, we must
check to see that iD is greater than zero for diodes assumed to
be on. We must check to see that v is less than zero for diodes
assum=d to be off.

Prokblem 3.15

(a) The diode is on. V = 0 and I = (10 volts)/(2.7 kQ) = 3.70
mA.

(b) The diode is off. I =0 and V = 10 volts.

(c) The diode is on. V 0 and I = 0.

(d) The diode is on. I = 5 mA and V = 5 volts.

Lgrohlem 3.16

(a) N is on and D, is off. V 10 volts and I = 0.

I

(b) )1 is on and D2 is off. V = 6 volts and I = 6 mA.

(c) 3oth diodes are on. V = 30 volts and I = 33.6 mA.

Problem 3.17

(a) ), is on, D

1 is on, and D, is off. V = 7.5 volts and I = 0.

2 3

(b)

<
o
o
o
o

in|P1 2 [Ps V (volts) |I (mA)
on |on|on|on
on |on|on|on
off |on|on|off
0 |off|on|on|off

HoNO
nmuw o
oo o
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Plotting V versus vin' we have

4

L +5

+s v"l

Problem 3.18

2ssuming ideal diodes we have:

-—H—- = oOpen cnrcm'l‘.

0——-} P— = SLOF"‘ CINU-I.'-.

Problem 3.19

Cireurt
'pucj |+:l

i
2 i

If the polarity of Vg is reversed, the diode is forward
biase¢ and draws a large current. Then the fuse blows protecting

the circuit from a reverse polarity supply voltage.
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Problem 3.20

(a) Y4 Vo
4V

»?

/ons

&
[
i

(b)

Problem 3.21

(a) Yor a half-wave rectified sine wave, we have:

T T/2

v T/2 2V v
_ 1 _ 3 ’ _ m[_ _-m_ m
Vavg * T fv(t) dt = 2 Ivm51n(wt) dt = GT[ cos(ut)]o =52 =
0 0
(We have used the fact that wT = 2n.)
(b) For a full-wave rectified sine wave, we have:
T T/2 T
_ 1 =1 ' -V_si
Vivg = T Iv(t) at = % IVESIn(wt) at + I v sin(wt) at
0 0 T/2

Integrating evaluating and using the fact that wT = 2m, we obtain
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Problem 3.22

The current through the meter is a half-wave rectified sine

wave with a peak amplitude of (10I§)/R. As shown in Problem
3.21, the average of a half-wave rectified sine wave is its peak
value divided by m. Thus we have

}_@=5m
Rn
Solvirg we find R = 900 Q.
Problem 3.23
Half-wave -

circuit:

Vac

L ]

Full-wave circuits are shown in Figure 3.13 and 3.14 in the book
except that capacitors need to be added in parallel with the
loads.

Problem 3.24

Vi [ v(r)

l'eak current flows at the instant for which vs(t) attains

its miximum value. The maximum current is
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_'m B _ 20 - 14 _
Thax = R - 10 0.6 A

As a function of time, the current is

V_sin(wt) - V
: m B
i(t) = R

provided that this expression yields a positive result.
Otherwvise i(t) = 0. To determine the interval for which the
diode is in the on state we must solve this equation:

VpSin(wt) = Vg oosin(wt) - 14

i(t) =0 = B = 10

Solving we find two roots: t1 = 0.775/w and t2 = 2.37/w radian.

t1 and t2 are indicated on the waveforms shown on the preceding
page. The period of the sine wave is T = 2n/w. Thus the
percentage of the time that the diode is on is

2.37/w = 0.775/w
2N/

diode on = x 100% = 25.3%

Prob..em 3.25

n:1 100 mA

Vac C To Load

0

I'or an average load voltage of 9 V with 2-V peak-to-peak
ripple:;, the maximum load voltage is 10 V and the minimum is 8 V.
Becausie we assume an ideal diode, the peak secondary voltage of
the transformer must be 10 V. Thus the turns ratio needed for
the transformer is

110{2 _

0 15.6

n =
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The cajacitance is given by Equation 3.4 in the book.

LT _ 0.1(1/60)

Vr 2

C = = 833 uF

Problam 3.26

The circuit diagram is shown in Figure 3.14 in the book
except for the filter capacitor which should be added in parallel
with the load. For an average load voltage of 9 V with 2-V peak-
to-peat ripple, the maximum load voltage is 10 V and the minimum
is 8 V. Because we assume ideal diodes, the peak secondary
voltag: of the transformer must be 10 V. Thus the turns ratio
needed for the transformer is

. JIE T o
10 s

The capacitance is given by Equation 3.6 in the book.

T 0.1(2760)

2V | 2(2)

C =

= 417 uF

Problem 3.27

The circuit diagram is shown in Figure 3.13 in the book
except for the filter capacitor which should be added in parallel
with tlhe load. For an average load voltage of 9 V with 2-V peak-
to-peal. ripple, the maximum load voltage is Vp = 10 V and the

minimun is 8 V. Because we assume ideal diodes, the peak voltage
betweel the ends of the secondary winding of the transformer must
be 20 V. Thus the turns ratio needed for the transformer is

11042

50 - 7.78

The capacitance is given by Equation 3.6 in the book.

I.T
_ L _ 0.1(1/60) _
C - T 2(9) = 417 uF

l?roblcm 3.28

See the solution to Problem 3.25. For an average load
voltage of 9 V with 2-V peak-to-peak ripple, the maximum load
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voltage is 10 V and the minimum is 8 V. Because we assume a
diode having a forward drop of 0.8 V, the peak secondary voltage
of the transformer must be 10.8 V. Thus the turns ratio needed
for ‘he transformer is

_110d2

= 0.6 -~ 144

The capacitance is given by Equation 3.4 in the book.

T
g _ 0.1(1/60) _
c= > 833 uUF

r

Prolbllem 3.29

The capacitance is given by Equation 3.6 in the book.

C=E‘E
2vr
(a) For a source frequency of 400 Hz, we have

= 1(1/400) _

(b) For a source frequency of 60 Hz, we have

1(1/60) _
Z—(OT-S-'}- = 16,700 uF

C =
Smaller capacitances are needed for higher frequencies.
Furthermore the transformers are smaller and lighter when
designed for higher frequencies. Thus power supplies designed
for higher frequency operation can be smaller and lighter.

Proklem 3.30

A clipper circuit removes a portion of an input signal. A
typical circuit with waveforms is shown in Figure 3.15 in the
book. (Many correct circuits exist for this problen. )

Problem 3.31

A clamp circuit adds a dc component to the input waveform
such that the resulting output has a positive (or negative) peak
of a specified value. Circuit examples are shown in Figures
3.19, 3.20 and 3.21 in the book.
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Problem 3.32

Cl VA(*’) Dz
| e——>4
-\, * 4

i;
)
Vm S nwt b G ?i: R

Valst
2%t A )

Va(® = Vi +V S infw?)

v x>

Notice that C1 and D1 form a clamp circuit. Furthermore, 02 and
c, forn a peak rectifier so the load voltage is approximately
equal o 2V, which is why this circuit is called a voltage

double:-.

Problem 3.33

R

- _ﬁM & — -
+ +

'vi-n (*)- E]Z 4,3y e (8)
2.3V ZIT j

Suitab.e nominal resistor values are 4.7, 5.1, 5.6, 6.2, or 6.8
kQQ. Ot:her correct answers exist for this problem.

Problem 3.34

O1e solution is shown on the next page. Other resistor
values will work, but make sure that the 2.7 V Zener is in the
breakdown region for Vig = T100V.
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1R R

AV - .
$ +|5Y +
D;J*J V()
5 2.7V 6.8k 4.3y )
Problem 3.35
A Vs
V¢
: : >
-3 v U
1+-3V
Problem 3.36
(a) "
+ i E: +
'Ul.n(t) ?‘Z‘ LS
= 24\ 2.4y 3.4y 3
el TANRE
3 R I + RQ
Choose
RI ;- | 2 Q;_
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(®) /o ko

t Q‘W\; JS +15Y okt
U, (1) i i3
F o P, Smjz, 4y & _p

Other 1esistor values will work, but verify that D, remains

forwarc biased for Vil =10 V. To achieve the desired slope for
the trensfer characteristic, we must have Rl = R

2*

Problem 3.37

c
| - .
y 1€ )
x) :

U
‘L"’Vl— ...|5v

We musi. choose R and C so that RC >> T where T is the period of
the input signal. Here are example waveforms:

'U;n(f)‘ %&ZI'\'/\ LN
34 M T TR i

/
1-3 \/ =S

ﬁ’robli m 3.38

O1ie solution is shown on the next page. Choose RC >> T
where "' is the period of the input signal.
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Prol'lem 3.39

(a)

Vo
D; 40; on
=5 =25 o,
i L;;_g 5 Vin
All diedes on U, =,
Dy 4D, off
D‘ t Dq. ©h
o Ve, =-5 Vep=+5
Vo
N disdes of F
V=0
—= = .5 -:S o

In
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Problem 3.40

+5V

O—H_ﬂ

R
g———— g

1

ﬂr-Qlec"i-
(

0 %
7
uk——4l§{4-

(a) ARND

Problem 3.41

Two problems for diode logic are (1) an inverter is not
possikle and (2) the logic levels become closer together as
signals propagate through cascaded gates.

Problem 3.42

+5 V

i
LA

-ng,J

IoR

Any value of R from about 100 Q to 100 kQ is suitable.
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Proklem 3.43

The output of each diode OR gate is lower than the input by
0.6 V. Starting with an input of 5 V, the output of the first
gate is 4.4 V, the output of the second gate is 3.8 V and the
output of the third gate is 3.2 V. Therefore we can cascade only
two CR gates if we require the output in the high state to be at
least 3.5 V.

Proklem 3.44

See Figure 3.25 for the circuit diagram of a simple voltage
regulator circuit.

Avload
Source regulation = v X
s

S

100%

v = ¥
Load regulation = —no-load full-load 1008

Veull-1oad

Problem 3.45

Refer to the circuit diagram shown in Figure 3.25 in the
book. Highest power dissipation for the Zener occurs for the
highest source voltage and minimum load current. Then the
current through the Zener is

Vss * VD _ 14 - 6

1p =~ R = ~Jpo  ~ "80 mA

(Notice that iD and v, assume negative values in this circuit.)
The worst-case power dissipation for the Zener is:

i, = (-6)(-0.08) = 0.48 W

P, =V D

Problem 3.46

the circuit diagram is shown on the next page.
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R f nA /0mh

Vss
= Load
/0-14V T 5__" s , g

Minimum Zener diode current occurs with maximum load current and

minimum Vgg- Thus we compute the required resistance.
\'4 k]
_ 'ss _ 10 - 5 _
Re=Bw "1 m ~ P4l

Problen 3.47]

ITe R ‘
—> A FI,_‘-‘ O o /00xA

+

+
v T \L%S' !
g-loV - '|' Iz T
N S-V Zenevr cﬂleﬁa

we must have Iz > 0. Minimum Iz

For all values of Vs and IL

occurs Zor Vs = 8 V and IL = 100 mA. Thus

& 2= et Sl - R < 30 Q

Izmin R

We select the standard nominal value R = 24 Q to allow for
resisto:- tolerance and to allow some design margin. Then we can
compute the maximum power dissipation for each element as
follows.

v - 5
_ ‘smax X -
Ipmax = R 208 =N I max
e 2 L
PRmax = RIRmax =1.04 W
zmax 5Izmax = 108 W

To allov some design margin, we should specify power dissipations
of 2 W Zor the resistor and for the Zener.
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Proklem 3.48

R R< /IO
\, N TR Choose R=3.2.n.
L ISV = I9M5&=I%hu= Glo “A
3 T PR)nu." Qm“=3.05w

Proklem 3.49

R R<3.0n
v 4___\: N Choose R=2.4n
IE*«.“ =Ia--u= 903A
S P a P!Mu= 0. YW

Rhﬁ[

8- oV -T

Proklem 3.50]

Dynamic resistance is defined as

4 -
D
r = ——
d (dvDIQ

For a vertical characteristic, we have

iD
a?’-[-jq=mandrd=0.

1

Proklem 3.51

Diode current is given by the Shockley equation:
v

o 5 foofs) - 3

Under forward bias the exponential is much greater than unity.
Thus we can write
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., ~dme _ -3 -0.6) _ =15
(a) For n = 1: Is = 10 exp[o.ozs] = 95.0 x 10 A
e - =3 -0.6 = -9
(b) For n = 2: IS 10 exp{§1:TK3§EJ 9.75 x 10 A

Problem 3.52

2 VD _ lD -+ Is
XE nv, L
T s
i, + I
) D s
VD = nVTln T

Problem 3.53

The large-signal (dc) equivalent circuit is:

The diode is forward biased with VDQ £ 0.6 V and IDQ = (15 -
0.6)/(:. kXQ) = 14.4 mA.

The dynamic resistance of the diode is Iy = nVg/I = 1.81

Q. The small-signal (ac) equivalent circuit is:
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+
O.lews (W) | Y w4

The cutput voltage is

fa
vd(t) = O'lcos(“t)iﬁﬁﬁ____‘

P -6
¥ 1, = (181 x 10 ")cos(wt)

Finally the total output voltage is the sum of the dc and ac
terms:

vo(t) = 0.6 + (181 x 10 °)cos(wt)
D

Problem 3.54

YD Vb
lD =1 o [exp [__nVT] - 1] = Isexp [——an]
For the first diode we have
“Vp -3 ~0.6 -15

ESl = lDlexp[n—vT] = 10 exp[o—.-ﬁ-z—g} = 95.0 x 10 A

or the second diode we have Isz = 1OIsl = 950 x 10-15 A.
Solving for the diode voltage and substituting values, we have

= . » -3 -15 5

Vpa = Vpln(i /I_,) = 0.0261n[10 ~/(950 x 10 )] = 0.540 V.

Prob .em 3.55

(a) '""he source voltage changes from 10 to 12 V. We compute the
Q-point for the middle of this range as IDQ = (11 - 2.4)/(1 kQ) =
8.6 mi.. Then the dynamic resistance of each diode is rg =

nVT/IIlQ = (26 mV) /(8.6 mA) = 3.02 Q. The small-signal equivalent

circu:t is
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1k

i T
Vg —=—
_gvss ":["' 4r AViad

The chaige in the load voltage is

4r

= d L 4(3.02) 5
8| 0ada = V51000 ¥ AT, 2 7600 + 4(3.02) _ 23-9 wV
AV
Source regulation = 20 x 100% = gsex33 x 100% = 1.2%
AV 2
SS
(b) For vss = 12 V, we have IDQ = 9.6 mA and Ty = (26 mV) /(9.6

mA) = 2.71 Q. When the load is connected, it draws approximately
(2.4 V) /(10 kXQ) = 0.24 mA. Thus the change in the diode current
is id = -0.24 mA and the change in the load voltage is A4 0ag =

4rdid = 2.6 mV. The load regulation is

Vho-10ad ~ Vfull-load

7 x 100%
full-load

Load regulation

AV
= 1oad g 450 %

Veull-1oad

%f%TEE x 100% = 0.108%

- v

Problen 3.56

(a) rg =nVy/I,, = (26 mV)/(2mA) = 13 Q

(b) Wi:h two diodes in parallel, the dynamic resistance of each
of them is (26 mV)/(1 mA) = 26 Q. However the dynamic resistance
of the parallel combination is 13 Q.
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Thus placing diodes in parallel does not reduce the dynamic
resistance. Dynamic resistance is independent of diode area if
the current remains constant.

Problem 3.57

The small-signal equivalent circuit for changes in the
source voltage is:
R ;

BV NE RS AV

The change in the load voltage is given by

rdIIRL

AV = AV
load SS'R + rglIR,
AV
Source regulation = — Joad x 100%
AVSS

rdIIRL
R + rdllRL

The small-signal eqguivalent circuit for changes in the load
current is:

x 100%

A : AT o o
n dvm loa.d R,

The change in load voltage due to the change in load current is

v

no-load ~ Vfull-load - A

vload

(rqlIRp )AL, g

vfull—load

o

(rdllRL)
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Vv -V
Load regulation = no—loif full-load ., ;00%
full-load
(r,lIR;)
= ——QﬁE?E— x 100%
r
d
= — ——— x 100%
Tq * Ry
Problem 3.58
(a) ry = nVT/IDQ = 26 Q
(b) Avy = Airy = (0.1 mA) x (26 Q) = 2.6 mV
YD
(c) lD = Is[exp{ﬁv—J - 1]
T
i
L B
VD - nVTln S 1
s
For iD = 1 mA we find Vp, = 0.65854 V and for iD = 1.1 mA we find

Vp = 0.66102 V for a difference of AvD = 2.48 mV which is 4.8%

lower than the result using the dynamic resistance.

Problem 3.59|

: -1 4
i
_ D 1 6 Vbo
rd b [ZTD]Q o 1.67 x 10 X 1 + 5
For IDC = =1 mA, VDQ = =-4.5 V and Iy = 167 Q
For IDc = =10 mA, VDQ = -4.77 V and ry = 7.48 Q
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+ -
Vb
= 4 |40 Uy | 4o
' Vo O | ~IpA
=3 | =/5.6uh
-4 =125k
1t -l10omA -4 | -/omA
+o —co ..fs -
Problem 3.60
I, = Vi /R, = 5/100 = 50 mA
Ieource = (8 = 5)/20 = 150 mA
Tozenner = Isource ~ Ip = 100 mA
Small-signal equivalent circuit:
Vnpph. P,_=)00Jz..
\V V
g:-‘ft::i: ""lfplc, ou’

Let Ri = Rthrd, then we can write:
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’

v =10mV = (1 V) x

ripple,out R£ + R
Solving we find R; = 0.202 Q. Thus we have Ri = 0.202 =

which yields rq = 0.202 Q.

1
1/t + /R,

Problen 3.61

See Figures 3.36 and 3.37 in the book.

Problen 3.62

In an intrinsic semiconductor, the free electron and hole
concentrations are equal.

Problem 3.63

Free electrons and holes are generated by thermal energy
that causes covalent bonds to break. The higher the temperature,
the higher the rate of generation. When a free electron
encounters a hole, recombination can occur in which the hole and
free electron combine to form a filled covalent bond. As the
concentration of holes and electrons builds up, recombination
occurs mnore frequently. At a given temperature, an equilibrium
exists for which the rate of recombination equals the rate of
generation of charge carriers. As temperature increases, this
equilibrium occurs for larger concentrations of charge carriers.

Problemn 3.64

The: conductivity of intrinsic silicon increases with
temperature because the free-electron and hole concentrations
increase: with temperature.

Problem 3.65

See Figures 3.39 and 3.40 in the book.

Problemn 3.66
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Problem 3.67

The mass-action law states that pn = PNy in which Py and n;

are the hole and free-electron concentrations in intrinsic
silicon. Thus as we increase p (n) by adding acceptors (donors)
the free-electron (hole) concentration decreases.

Problem 3.68

The average motion of the charge carriers due to an applied
electric field is called drift. The average drift velocity is
proportional to the electric field vector €. We denote the drift
velocity vector of electrons as vn and the hole velocity vector

as vp‘ Thus, we can write vn = —ung in which the constant of
proportionality Mo is called the mobility of the free electrons.
Similarly, for holes we have V_ = u_& in which “p is the hole

o P p
mobility.

Problem 3.69

Diffusion is caused by the random thermal motion of charge
carriers. Diffusion causes a concentration of charge carriers to
spread out with time.

Problem 3.70

The volume occupied by a single electon is

vol = 5% g ——— = 3 % 10729 3
(5 % 10 atoms/cm™) x (10 cm™/m”)

We can get a crude estimate of atomic spacing by assuming that
each atom is at the center of a cube.

atomic spacing = “dvol = 2.71 x 10 % m = 2.71 Angstroms

Problem 3.71

16 =3
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2 2

pn = nf = (1.45 x 1019 = n=2.10 x 10* em™>

Problem 3.72

(a) We have n >> p, thus n + N

p + Ny = N, and we have n = N

A D D
- N, = 0.99 x 1017 cn™3. Then p = ni/n = 2.12 x 10° cm .
(b) We have N, = N_, thus n = p = n, = 1.45 x 10%° en™>.

A D’ i

Problem 3.73

Se2 Figure 3.43 in the book.

Problem 3.74

Thermal energy creates minority carriers on each side of the
junction. When these minority carriers enter the depletion
regién “hey are swept across to the opposite side. This results
in current flow from the n-side to the p-side.

High-energy majority carriers can cross the junction in
opposition to the barrier field. This diffusion current is equal
and opposite to the minority carrier current.

Problem 3.75

I, is the minority carrier current. It increases with
temperature because the concentration of minority carriers
increases with temperature.

I, is proportional to junction area, because the number of
minority carriers that diffuse into the depletion region is
proportional to junction area.

As the doping is increased on both sides of the junction the
minority concentration decreases resulting in a decrease in Is'
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Problem 3.76

P-type wie n-type

F-—-—--_

\
r,f Y & n

Problem 3.77

With the switch open, we have
Vb 0.600
i1py = 1 mA = Is[expﬁﬁv;] - 1] = L, Is[exP[ﬁTﬁiﬁJ - 1]

solving, we find I_ = 9.5 x 1074 a.

With the switch closed, the current splits equally between
the two diodes, and we have

VD1
J.Dl = 0.5 mA = lD = Is[exp[n_%] — 1]

Solving for vy, We have

VDl = anln --i-— +1 = 582 mV.

-9 .
9.75 x 10 A and Vp1 =

I
m

Repeating with n
564 mV.

2, we find Is
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Problem 3.78

Under forward bias with Vp >> nVT we have

v v
. D1 : D2
iy, = Isexp[ﬁv;J and 1., = IsexP[EV;J

Dividing the respective sides of these equations we obtain:

v
D2
i ISEXp[nV ] Ve, = V
D2 _ L D2 D1
1. = &P nv
D1 . [VD 1] T
exp |——
s nVT
Solving for va = Vpy ~ Vp; Ve have
1
AVD = nVTln 723
D1

Computing the desired results we have:

n 1DZIlD1 nvD (mV)
3 2 18
1 10 60
2 2 36
2 10 120

Problem 3.79

(a) By symmetry, I, = I = 100 mA.

(b) Solving the Shockley equation for Is we have
it

ig ™ exp (Vp/nVy) -1

Substituting values for diode A at 300 K:
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_ kT

T . = 100 ma
sA exp(0.7/0.026) = 1
=1.75 x 10713 a

Similarly for diode B at 305 K we have

- i =13
VTB = 26.29 mV and IsB = 3.5 x 10 A

Now we must have

0.20 = IA 5 IB

0.20 = [1.75exp(v/25.86) + 3.5exp(v/26.29)] x 10~ 13

in which we have assumed that v is expressed in mV. We solve
this equation by trial and err resulting in v = 696.6 mV. Then

we can compute the currents as IA = 87 mA and IB = 113 mA.

Problem 3.80

First we compute I, assuming that the series resistance is

zZero.
s D
s exp(vD/nVT) -1

X 1073
exp(650/26) - 1

= 1.39 x 10 14

Then the diode voltage is given by

The plots are shown on the next page.
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/ T - —
oOnA -
-
. ~
R=02s| / b
/OHA 1§ R5=lo_u.
Imh $
O l 2.0
0.5 1.0 [+5 Vp
Problem 3.81
For the first diode we have:
v
i . D1) _
iy, = Isl [exp [——-V ] 1]
T
Substituting values and solving for I s1 yields
B -14
Isl = 9,50 x 10 A
o _ -14
Ty, =T.,/2 = 4.75 x 10
i
A D
sz = VTln T + 1
s2
-3
= 0.0261n 20 —z + 1
4.75 x 10
= 618 mV
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Problem 3.82|

Dcf':."'lm\ n-side

r¢1l°h

F—s 1de

nm=0'S

)f‘a 10'%

nuﬁJH&%

—

n:
rft flg.ll}os

Distance =

Problem 3.83

The two capacitances are the depletion capacitance which is
most important under reverse bias and the diffusion capacitance
which is most important under forward bias.

Problem 3.84

See Figure 3.50 in the book.

Problem 3.85

ALp '
————--I.',_- ‘tr&nsl?n miter val
Dl SR
I
/;-v
s !
o =01

Stevege /

Interval

The reverse recovery time is the sum of the storage interval and
the transition interval.
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Problem 3.86

e = €&, = 3.97 x 8.85 x 1073% = 35.1 x 10722
-12 -7
T %% E " %g _ 30 x 10 >iff S
35,1 10
3 = JB = dases % a5 = go2 pn
Problem 3.87
50 m [Vpy = -1 V[Vpy = =10 V
¢ = m 1/2| 70.7 pF 30.2 pF
[1 (VDQ/¢0)] 1/3| 79.4 pF 45.0 pF
Problem 3.88
Tl
_ Tripg Ik
aif T TV, Ing * I8%P(Vpo/Vy)
Coie = 3.94 x 10" x exp(V../0.026)
aif : pg/ %-
c:hF
Yol i Whem IDQSO"{1ZA
18.9 uF
# ot +his anﬁ
Problem 3.89

(a)

Under reverse bias, Caif is negligible.

The depletion

capacitance is given by:
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5o 5 pF

Cj = - 5333 - 175 pF
[1 - (VDQ/¢0)] [1 - (-20/0.9)]
'_Wv f -
Rs Cy= 175pF
0.0
.3
= _I'DQ _
(b) Cqi¢ = Ty - 231 pF
nv
rd = I_Z = 26 0
DQ
Vpo = nVTln(IDQ/Is) = 0,718 V
e,
= J0 - 5 pF —
¢y = m - 0,333 — B-51 pF
[1 - (vDQ/¢0)] [1 - (0.713/0.9)]
__462q_.
—W\ gw -
Ry
202 =
CAfe
(c) Similarly for IDQ = 10 mA, we have
Cqif = 2310 pF Vpg = 0.778 V ¢y = 9.7 pPF Ty = 2.6
Problem 3.90
(a) i,(0-) = (5 - 0.67)/(5 kQ) = 0.866 mA
ip(0+) = =(5 + 0.62)/(5 kQ) = -1.124 mA

148



Yp(0m) = V5[0%) (0.67 - 0.62) V

R, = I, (0-) = i,(0F) ~ (0.866 ¥ 1.124) mA _ 25 0
b) C 28 7 pF
() jo_ dVD P

V. =0

DQ

(We must subtract the input capacitance of the oscilloscope.)

Cipn = ag/gr - 7 pF
jo [dvD/dt]
V.~=0
DQ
From Figure P3.90 we see that VDQ =0 at t =1 us. Also
dQ/dt = iy = -1 mA when VDQ = 0.
=3
=10
Cijn = ———— = 7 pF
30 _30 x 10°
= 26.3 pF
5 L AT |
F R| .
(c) t, = Tyln = = 1 us
Ip = iy(0-) = 0.866 mA Ip = ip(0+) = -1.124 mA
Substituting values and solving we obtain T, = 1.75 us.

T

Problem 3.91

The diagram of one design is shown on the next page. Diodes

D, and D, form the temperature probe. R, is adjusted to obtain

zero output voltage when the temperature is zero. Rlo is
adjusted to obtain an output voltage of 5 V for a temperature of

50°C. The schematic is stored in the file named P3_91.

149



o

NETbbpd |

s

EX

304

A9p18'SZ 8M
.
n|§ > za
4 Br LPNLQ
_. 1a
XL u 8rivNLaO
—e—AAN no P
sy o
0z N T
— A\\WW——

)Y X {
0 ¥9s Wv
ﬂ. 9

0SZNLd

- N0Z ca

EY
" 0L
M
N bp4T =V

by b4 W ASL
X (2} 20A

i

150



Problem 3.92

The schematic is stored in the file named P3_92.
circuit diagram is:

D1N4002

Vs C

The output voltage and diode current versus time for C

-
I
]
I
i
]
I
|
|
I
|
I
|
I
]
1
1
1
]
]
!
1
I
I
I
I
|
I
I
I
]
]
I
I
I

R lD(t) A | h L
B T T T __'{
s 20ms 40ms 6 Bms 80ms
1000 uF|2000 uF

vL,avg 8.7 V 8.9V

ID,peak 1.5 A 2.0 A

v 12"V 0.6 V

r,p-p
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The output voltage and diode current versus time for C = 2000 uF
are shown below:

heal %

0s 20ms 40ms 68ms 80ms

[Problem 3.93]

The simulation is stored in the file named P3_93. The
circuit diagram is:

+

Vi =L D1
oV —{ D1N4148

I

0

Plots of the diode characteristics are shown on the next page.
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8.8V 1.8 VD

Plots of the dynamic resistance are:

[E TR
.

-

L e
0.6V

0.4U

o 1/D(1(D1))
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Chapter 4

Exercise 4.1

ig = Igglexp(vpp/Vq) = 1]

B ! - -2, =14
Ve = Vplnl[(ig/Igg) + 1] = 0.026 1n[(10 /10 %) + 1]
VBE = 0.718 V
VBC = VBE - VCE = 0.718 - 5 = -4.,28 V
o= 3 /i = c c = BlB = B — 50
R 1c + 1B BlB + lB B + 1 50 + 1
o = 0.980
i, = aip = 9.8 mA
ig = i,/B = 0.196 mA
Exercise 4.2
a B
g =% 0.900(9
l -« 0.990|99
0.999|999
Exercise 4.3
lB = lE - lC = 0.5 mA

o = 1C/1E = 0.95

Il

B a/(l - a) = 19

Exercise 4.4]

The output characteristics are identical to Figure 4.4b in
the book except that the values on the ic axis must be doubled.
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Exercise 4.5

The load lines for vin

= -0.8 V and 0.8 V are shown below.

ig (RA)
50 {
40
Ipoax = 35
Inp =25
20
Lomia = 15
10
’ul"Ot S
4 W0 o -0.4 \ :
0 0.5 10 12 1516 20 =M
L omm? SpA (2 Input
ic (mA)
¥£=s r\L?....'&M?Y {y= 0 pA
c v | 45 pA
A RN i 40 pA
| ‘Q_E=3SM
3 N\ 30 pA
i Q-point Iyo=25 pA
- % __0pA
|l Lipia = 15 MA
1 10 pA
|
3 |4 ™
0 2 | 4 | 6 | 8§ Ve=lOV 12 '
| VCEQ-SV ]
Veemia =3V Verma =TV Vegsman® 1Y
(b) Output
The results are vCEmax & 9.9 'V, VCEQ £ 5,0V, VCEmin %.7.0 V.

155



Exercise 4.6

The load lines are shown below.

ip (UA)

::__ﬂ ) ‘Q;x<::r=*118

54 "’ e
/" o B\\

0 05 10 12 1516 20 2™
Vin = -0.8 V IBhu"'-’}"A (a) Input
ic (mA)
J I
"F's i iy = 50 pA
c ' 45 pA
| 40 pA
| J’.__._!-35M
5 ; i 30pA
i s =25 A
2 1 20 pA
15 A
i . 10 pA
i
i
% ) 3 5 g Vokiov 12 M
ng-SV Vaq =7V vtinut'qnev
(b) Output
From the load lines we find vCEmax % 9.8 V, VCEQ = 7.0 V, and
VCEmin & 3.0V,
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Exercise 4.7

ic (mA)
30 ¥
2sf . =30pA
[ , |
40 A
20} :
: 30 pA
15— N _
1 :
1o} \\ 20pA
= N 10pA
0.5
[ ; ¥
i : \\
0 5
0 -2 % -6 =) \-10 vz (V)

(b) Ouput

Pick a point in the active region such as the one indicated
by the arrow. Then g = i, /ij = (1.5 mA)/(30 pA) = 50. a = B/(B

+ 1) = 0.98. Slightly different answers will result from
different points in the active region depending on the
transistor.

Exercise 4.8

The equation for the input circuit is
Vin(E) + Roiy = v =9 +8.2=0

Substituting values and rearranging we have

Vag ~ 80001B = -0.8 + 0.2sin(2000mt)
The corresponding load line is plotted on the next page. From
the load line we determine that I = 48 pA, I = 24 pA and
Bmax BQ
IBmin =5

The equation for the output circuit is

Veg ~ Rclc +9 =0

Substituting values and rearranging we have
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v = 30001c = =9

CE

which is plotted as the load line on the output characteristics

as shown. From the output load line we find vCEmax = -1.8 V,
VCEQ = =-5.4 V and VCEmin = =8.25 V. Then we have Vo = Veg #+ 9,
which yields vOmax g 7.2 V, VOQ g 3.6V, Vomin = 0-75 V.
ip(HA)
. I
1J;L—o.:\
40
30 i
‘\ ¢ Q \\
: \ \
B ' < \ / \ \
0 5__._
0 02 04 206 —038 Cio M
(a) Input
ip= S0 A
ZDT, \\\ 40 pA
1.5 HA
f- ) . Q@ _
-
20 uA
10} T&
ok NG 10 pA
- S
of"
0 =) 4 i 3 =T A



Exercise 4.9

(a) VBE = =-0.2 V and Vc

transistor is in cutoff.

= 5 V, because we have v < 0.5, the

E BE
(b) IB = 50 pA and Ic = 2 mA, because we have Ic < QIB the
transistor is in saturation.

(c) VCE = 5 V and IB = 50 pA, because we have Vc

0, the transistor is in the active region.

E> 0.2 and IB >

Exercise 4.10

+VQ’+I5V
R
Rs lkx
20080
PIPSb

=

(a) Let us assume operation in the active region. Then we have
IB = (VCC_- 0.7){RB = 71.5 pA, Ic = BIB = 3.575 mA, and VCE = VCC

- R.I, = 11.4 V. Because we found Vop > 0.2 V, the active-region
assumption is valid and the results are correct.

(b) Again let us assume operation in the active region. Then we

have IB = (Vcc - 0.7)/RB = 71.5 UA, Ic = BIB = 17.9 mA, and VCE =

VCC - RCIC = -2.9 V. Because we found VCE < 0.2 V, the active-

region assumption is invalid, and the results are not correct.

Therefore let us assume operation in saturation. Then we
have I = (Voo - 0.7)/Rg = 71.5 WA, I, = (Voo - 0.2) /R, = 14.8
mA. Because we have BIB > I the saturation-region assumption is
valid.

Exercise 4.11

The load-line equation is

v =RI,.+V or 20 = SODDIC + V

cC cTC CE CE
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A plot of the load line is:

Ae
4mA

2 A /— h;&alt o‘p lod Ilne

s e =

(a) Iy =1I./B = (2 mA)/100 = 20 uA

-
I

v - V
Ry = cc BE _ 20 oiz = 965 X&)
RB 20 3¢ 10
(b) Iy =1I,/B = (2 mA)/300 = 6.67 pA
v -V
Ry = cc BE _ _ 20 0.16 SRR
RB 6.67 % 10
Exercise 4.12
B
lLE — V=20V

uﬂ‘—

i
]

\Y + V
_ e BE _ 20 - 0.7 _
(a) Iy = Ry = Fwn— = 19-3 uA
We assume operation in the active region. Then we have
IC = BIB = 0.965 mA
Vog = =20 + RJI, = - 10.35 V

Because Veg < =0.2 V, the transistor is in fact operating in the
active region and the problem is solved.
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(b) As in part (a) we have I; = 19.3 uA. We start by assuming
operation in the active region resulting in
IC = BIB = 2.90 mA

VCE = =20 + RCIC =9V

Because V > -0.2 V, the active region assumption is not valid.

CE
Therefore assume operation in saturation, in which case we have
: o Jee® VBR800 =107 _ seo5iin
B RB 1 MQ 3
VCE = = 0.2V
v - 0.2
1. =-S5 _ ___ 1.98 mA
C RC

Then because 318 - IC the transistor is operating in saturation,
and the problem is solved.

Exercise 4.13

R, = 100 ko R, = 50 kO
R, = 2 = 33.3 kQ

B~ I/R. + I/R '

1 2
Ry

Vo iV et i Y

B~ Vcc R, + K,

v e BT RBCL o 5 - 0.7

B~ R, + (B + 1)K,  33.3k ¥ (B+1)IK
Ic = Rlp

1, = I, + Iy
Voo & Wiy = BT = RT

CE cc c'C E'E

B [Ig (MA)[I, (ma)[Ip (mA)[Veg (V)

100|32.0 3.20 3.23 8.57
300(12.9 3.86 3.87 727

In Example 4.7 the ratio of the collector currents is
4.24/4.12 = 1.029. For the higher resistor values in this
exercise the ratio is 3.86/3.20 = 1.21. In general higher
resistance values in the four-resistor bias circuit lead to

le61l



greater changes in the bias point with changes in B. The SPICE
simulation is stored in the file named Exer4_ 13.

Exercise 4.14

For the four-resistor bias circuit we have:

b 1
Rg /R, + 1/K,

R,
V. =v
B cc R1+R2
s Va.~ Vag o
B~ R, * (B + 1R, c B

Veg = Vee ~ Rele - Rplg

(a) An increase in RC has no effect on I, (provided that

Cc
operation remains in the active region).
(b) An increase in Ry decreases I, and I..
(¢) An increase in R, decreases Vp I, and In-
(d) An increase in R2 increases VB IB and IC‘
(e) An increase in B increases I

Co

Exercise 4.15

(a) An increase in Rc reduces VCE’
(b) An increase in Rl increases VCE'

(c) An increase in R2 decreases VCE’

(d) An increase in B decreases Vope

Exercise 4.16

Because VBE =z 0.7 V for Q1 and Q2 and because the bases are

grounded, the voltage at the top node of the 2-mA current source
iS _O.7 V.
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Exercise 4.17

Assuming that the area of Q, is twice that of Ql' we have

2
IEz = 2IE1. Also we must have IEl + IE2 = 2 mA. These facts
yield IEl = 0.667 mA and IEZ = 1.333 mA.
Then we have I = ol = 0.99(1.333) = 1.320 mA. I. =1

c2 E2 1 c2
- IB3 = 1.32 - (1 - 0.99)5 = 1.27 mA. Finally Vo = 0.7 - 500011

+ 15 = 9.35 V.

Exercise 4.18

a=B/(B + 1) = 0.990

Ic1 = aIEl = 0.99 mA
SOOO(IC1 - IBZ) = 0.7 + 20001Ez
_.3 1
5000(0.99 x 10 - IBZ) = 0.7 + 2000(B + 1)132
IB2 = 20.53 uA Ic2 = BIBZ = 2.053 mA
Vo = GOOOIC2 - 15
= =-2.68 V
Exercise 4.19
BVT
g I ./V r = =—
m cQ’ T n ICQ
ICQ (mA) S (mS) r, ()
5 4 38.5 2600
10 385 260

Exercise 4.20

We analyzed the bias circuit in Example 4.7. For B = 300 we

determined that IcQ = 4.24 mA.
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BV

r =— = 1839 N
e
: = z = 667 Q
Ry I/R. + 1/R,
RB = R:I'IIR2 = (3533 k0
v ERL
(o]
(a) A = — == —— = =109
¥ Vin Tn
v BR
o c
A w e = <163
vo vil'l I'_"
Zyp = T, = 1839
z 3 1185 Q

in © R, + 1724, =

o C
Z.
in
(b) Vi, =V =0 = 0,703
in s Zin + RS 8
Vo = AV, = -76.6V,

vo(t) = -76.6 sin(wt) nv
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Exercise 4.21

R, = R,|IR, = 50 kQ
By
S e SRR (o
B~ Vcc R, + R,

Vg = Rglpg * Vg * Rg(1 * B)Ipg

Substituting values, we find IBQ = 14.26 pA. Then we have

Igg = Blgg = 428 mA
8V
r, = T‘E = 1823 Q
cQ
" - 1 = 667 Q
Ry, /R, + 1/R;
(1 + B)R;
Ko i’ _ = 0.991
v ¥ ¥ (17 AR

Vi
in ¥
= r. + (1 + B)Rj = 202.5 kO

{

. ! -

1

R, = = 8.33 kO

s - T/R_ + 1/R, + 1/K,
v

7 = X = i - 33.2 0
O e 1+8 ., 1
Rs + rn RE

&
Ai = AV q = 39.7



Exercise 4.22

A
—

R= Pk;‘}ﬁq‘

From the equivalent circuit we can write: Vg = 'rnib and v_ =

o
-BibRi' Dividing the respective sides of these equations we

obtain:
B !
y =k

v r
m

Writing a current equation at the input terminal we have:
tin | Via/Bg = (B T 1)y,

Then we substitute ib = _vin/rn and rearrange to obtain:

s Ia ?in » 1
in lin 1/RE + (B + 1)/rn

The equivalent circuit for determining the output impedance
is:

From the circuit we can write:

vlfns + VI/RE = (B + 1]1b and v, =



Using the second equation to substitute into the first,we obtain
ib = 0. Thus the controlled source Bib is an open circuit, and

we have

Exercise 4.23

The dc circuit is:

VC¢,=+)SV
R R=5kn
I Ps}OO
/ooka
5—0&_& RE'-'SkJ'L
Rp = R,IIR, = 33.3 kQ Vy = VocRo/(R, + R,) =5V
Vi = 'V
= B BEQ = = =
IBQ = RB e l)RE 7.99 uA ICQ BIBQ 0.799 mA
r, = BVT/ICQ = 3254 Q Ri = RCIIRL = 833 Q
A, = BRy /T = 25.6 Ry, = Rpll[r, /(B + 1)] = 32.0 Q
Ro = Rc = 5 kQ Ai = AvRi/RL = 0.819 G = AvAi = 21.0

Exercise 4.24

From the equivalent circuit shown in Figure 4.40 in the book
we can write:
o (o} in 2o

Then using ib = v, /T, to substitute for ib and rearranging the

resulting equation we obtain:

A = Yo oy Ri(rn = BRy)

S Vin | rn(Ri = RB)
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Exercise 4.25

To determine the input resistance, we use this equivalent
circuit:

Avn
- ==

From the circuit we can write:

§, =284 (1)

Yo | ¥ vy v
= + + B =0 (2)
! - n
Now we solve Equation (2) for Vo use the resulting expression to
substitute for Vo in Equation (1), and rearrange the resulting
equation to obtain:
Vin (RB *RT,

R, = -—8 = )
in "I TT FR;F (B * LR,

To determine the output resistance, we use the equivalent
circuit shown on the next page, from which we can write:

v
X

y Ry FR_r/(R, ) Al (3

i
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v R
b~ Ry ¥R /(R ¥r,) Rt )

i

Now we use Equation(4) to substitute for ib in Equation (3)
and rearrange to obtain:

R_R_+ RB:'TI - Rsrn

Rot = B(§+ T)R_ ¥ T
s n
Finally, we have
Rc = RCIIRot
Exercise 4.26
Vo = vCC =3V for Vin o 0T N

V, = Voo = RGBL(V; = 0.7)/Ry]

3 - 0.4S(Vin - 0.7) for vin > 0.7 and Vo > 0.2
Vo = 0.2 otherwise

The plots are shown in Figure 4.44 in the book.
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Exercise 4.27

1P\E;= +/D

R.=2kn

‘mﬂn

For the BJT to be in saturation, we must have:

BIB > Ic

B(Vin = 0.7)/Rg > (Voo = 0.2) /R,
Substituting values and rearranging, we find

RB < 8.16 kO

Problem 4.1

See Figure 4.1b in the book.

Problem 4.2

To forward bias a pn junction, the p-side of the junction
should be connected to the positive voltage. In the active
region, forward bias is applied to the emitter--base junction,

and reverse bias is applied to the collector--base junction.
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Problem 4.3

o (e S DN
3p4 2.5 - SoEh
204 s J 20pp
R -5 Joph

0.6V > Vae o ! 2 v;i )
Problem 4.4
At 180°C the base-to-emitter voltage is
VB = 0.7 - 0.002(180 - 30) = 0.4 V
Sketches of the input characteristics are shown below.
A Ag (ﬁﬁ)
150 180°
/00
S50
(o) " F— ~ i@ > 1J§H-(v)

0.l ©.2 03 pN oS 0.6 O.7
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Problem 4.5

Jgfhﬁb

{'B

300

30

J(fhﬁav

/0

Problem 4.6

See Figure 4.5b in the book.

is the breakdown voltage.

Problem 4.7

Ae

_20---1

4&"' mA
‘h+¢'¢¢f+3

Ve Hc, 2. ax\s
at -v-ct -y OOV

f

5 g (V)

VA is the Early voltage and V

5

/0
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Problem 4.8

B = ig/ig = (9 mA)/(0.3 mA) = 30

a =B/(B + 1) = 30/31 = 0.9677
iE = ic + iB = 9.3 mA
Problem 4.9
« =B/(B + 1) = 50/51 = 0.9804

Problem 4.10

Equation 4.1 in the book states

Vv
- BE) _
A
Solving for Vg Ve obtain
- y _ -2 ,..-13 y,.
Vg = Vpln(ig/Igg + 1) = 0.0261n(10 °/10 + 1) = 0.6585 V
VBC = VBE = VCE = 10 - 0.6585 = =9.34 V
ig = ip/(B + 1) = 99.01 uA
1C = lE = 1g = 9.901 mA

a = B/(B + 1) = 0.9901

Problem 4.11

IB2 ) ICl + IBl = 1 mA

Because the transistors are identical and have equal VBE, we

conclude that IB2 = IBl and Ic2 = Icl' Furthermore Icl = 3131.
IBl + IODIB1 + IBl =1 mA > IBl = 9,804 uA
I =1 = 0.9804 mA

c1 c2 = Blg
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Ip, = (B + 1)Iy, = 0.9902 mA

Solving Equation 4.1 for Vag we have

Yon T Vodli(To/Toe + 1)

14

0.0261n[(0.9902 x 10 °)/10 % + 13

0.6583 V

Problem 4.12

Vee1 = VBE2

VTln(IEllIESl + 1) = VTln(IEZIIEsz S

Ig1/Tgs = Iggy/Iggy; = 0-1

Therefore we can write

Ig1/Ipgy = Igy/Igy = 01

IB2 + ICl g IBl = 1 mA

10IBl + IOOIB1 + IBl = 1 mA

IBl = 9.009 uA

I, = BIg, = 0.9009 mA

Icz = 101c1 = 9.009 mA

IEl = (B + 1)131 = 0.9099 mA

Vo, =V = Vpln(Ig, /T

BE2 BE1 + 1)

ES1

14

0.0261n(0.9099 x 10 37104 + 1)

0.6561 V

174



Problem 4.13

[ e Gk

s

l VA

Because the transistors are identical and v is the same

BE
for both transistors, we conclude that ic1 = icz and iBl = i82'
Thus we have
PO i - $der, 5 = 6D
eq Iz ip *ip, 2ig &
ig =i * g

lE = IESlexp(vBE/VT - J) ¥ IESzexp(vBE/VT =iy

lg =(Iggy * Iggy)®XP(Vgp/Vqp = 1) = Igpgeq®XP(Vgp/Vp = 1)
Thus we conclude that
13

Tpseq = Tes1 * Tpsz = 2 % 10T A
Problem 4.14
(a) +ISV L +15V
ok

680ka +
"V

+ -

o7V
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Iz = (15 - 0.7)/(680 kQ) = 21.0 uA

I, = (15 - 7)/(10 kQ) = 0.800 mA

B = I./Iy = 38.1
(b)

I

IC = 5/(1 kQ) = 5 mA

B =I./Iy=19.6

Problem 4.15

Solving Equation 4.1 for I we have

B (15 - 0.7)/(56 kQ) = 0.255 mA

ES
- Ig 1 10 x 1072
Tes = V" - 0.700
[exp [g] - ] [exp [0.02 5] T l]
T
Then for I_ = 1 mA we have:

E

Vag = Vpln(Ig/Ige + 1)

= 2.03 x 10

= 0.0261n[(107°/2.03 x 10 %%) + 1]

= 0.640 V

Similarly for IE = 0.1 mA we obtain VaE
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Problem 4.16

3.3)?.& ‘5- ISOn
ImA fullscee
—®

2.3k  36ka 10kn.
V04 Fh Iotea '

leo

3.6Mn IMa oo

H
Eo.uye select

S wth
2w meter reading x B
1 mA full-scale
Adjust the potentiometers for IB = 1 pA with the 1000 scale,
IB = 10 pA with the 100 scale, and IB = 100 pA with the 10 scale.

All fixed resistors are *5% tolerance. The 3.3-kf) resistor
limits current if the test terminals are accidentally shorted
together.

The 2.2 kQ resistor and Zener diode form a voltage regulator
that ensures that the base current is nearly independent of
battery voltage.

Problem 4.17

The schematic is stored in the file named P4_17. The output

characteristics are shown on the next page.

1 1ty 7



: :

20604 4 i

; i

: A + —— e e 4

au 5u 100 U 400aU 806nU
[Problem 4.18

The schematic is stored in the file named P4_18. The input

characteristic is shown above.

.|Problem 4.19

Distortion occurs in BJT amplifiers mainly because of the

curvature of the input characteristic. Nonuniform spacing and

curvature of the output characteristics also contributes to
distortion. If the BJT is driven into cutoff or saturation,

clipping (which is a severe form of distortion) occurs.

Problem 4.20

The equation for the input load line is
VBB + vin(t) = RBls(t) + VBE(t)
Substituting values we have:

0.8 + 0.2sin(2000mt) = 40 x 10°i_ + v

B BE

Load lines are shown on the input characteristic:
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D.5U 0.6V 0.8V

e.2v

25uR
28un
1Bun -

BA

The equation for the output load line is

Role * Veg

Vee

20 = 20001C + Ver

This is plotted below

1R=25u_A
20 pA
15 upuA
10 ua
SuA
N

[ = (i

’

15U

16V
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From these load lines we find:

Vin = 40.2 V in = Vin = =0,2 V
ig (ua) 10 5.5 1.25
iy (mA) 4 2.2 0.5
Veg (V) 12 15.6 18.9

The voltage gain is

A, = ~(Vopnax

Problem 4.21

-17.

The input load line is the same as in Problem 4.20.

output load line is

e e ———

g

I e R e ——
= ——— e —

/

0A 4
ou 5V 160 150
From these load lines we find:
iB (LA) 10 5.5 Le2D
iy (ma) 2 2 0.5
Vop (V) 0.2 0.2 15
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Because V v the waveform is severely distorted.

CEmin ~ 'CEQ
The circuit schematic is stored in the file named P4_21. A plot
of vcE(t) is:

Problem 4.22

The equation for the input load line is

— 3 L3
0.3 + vin(t) = 40 x 10 ig + Vg
Plotting load lines for Vigl™® -0.2, 0 and +0.2 V results in
25uR~ T ]
- |
I“J_ l.‘ZII L .'ll.l l.lﬁl.l l: W 1. I:

We have I so there is virtually no signal at

Veemin ¥ Vero ® Veemax = 20 V-

Bmax - IBQ - IBmin’
the output. Furthermore,
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Problem 4.23

See Figure 4.16 in the book.

Problem 4.24

Le(mB)
£=300
30 £
B=/oo
/0 £
“% T8 e (V)

Problem 4.25

Assuming that current is constant at 2 mA we have

Veer2 = Vgprp * (2 @) (T, = T

1)
= -0.7 + 0.002(180 - 30)

== 0.4V

1.38 x 102> (273 + 180)

= 39.1 mv.
1.60 x 10" 1°

At 180° we have Vo = kT/q =

Now we compute the value of IS for a temperature of 180°.

1 -3
= C _ 2 % 10 -
I = eXp(Vpp/Vgp - 1) eXp(0.4/0.0391 = 1) 736 DA

Finally we compute V . for a current of 0.1 mA at 180°cC.

0.03911n[10"4/(71.6 x 1072 + 1))

Vpg = Vpln(Io/I  + 1)

0.283 V
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Problem 4.26

See Figure 4.19 in the book.

Problem 4.27

See Figure 4.19 in the book.

Problem 4.28

(a) Active.
(b) Cutoff.
(c) Cutoff.
(d) Saturation.

Problem 4.29

(a) Cutoff.
(b) Saturation.
(c) Active.

Problem 4.30

Step 1: Assume an operating region for the BJT.

Step 2: Solve the circuit to find Ic' IB and VCE'

Step 3: Check to see if the values found in step 2 are
consistent with the assumed operating state. If so
the solution is complete, otherwise return to step
1.

Problem 4.31
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The main problem with this fixed-base bias circuit is that
IB is constant with changes in B. Typically B varies by three to

one between units of the same type. Thus some transistors may be
biased near cutoff and others in saturation.

Problem 4.32

Design so that Vg = Cchf(Rl + R,) is much greater than
changes in VsE from unit to unit and with temperature. Select
component values so I2 is much greater than IB. A commonly used
design rule is to pick 12 ten to twenty times the nominal value
of IB' Another common design rule is to choose components so
that VCE and the voltages across Rc and RE are each approximately

one-third of VCC'

Problem 4.33

Circuit| B Region I, (ma) |V (V)

CE
(a) 100 active 1.93 10.9
(a) 300 (saturation| 4.21 0.2
(b) 100 active 1.47 5.00
(b) 300|saturation| 2.18 0.2
(c) 100 cutoff 0 15
(c) 300| cutoff 0 15
(4a) 100 active 6.5 8.5
(d) 300 |saturation| 14.8 0.2
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Problem 4.34

Circuit| B Region I (mA)| V (V)
(a) [100 active 2.38 5.25
(a) 300| saturation 4.45 9.80
(b) 100 cutoff 0 10
(b) 300 cutoff 0 10
(c) 100 active 4.26 |-10.74
(c) 300 active 4.29 |=-10.71
(d) 100 Ql active 10 10

Q2 active
(d) 300 Ql active 14.8 14.8
Qz saturation

Problem 4.35

From the circuit we can write:
5 = RBIB + REIE + 0.7

Using IE = IC(B + 1) /B and IB = IC/B to substitute and

rearranging:

4.3 = RgI./B + R I.(B + 1)/B

Now we want Ic = 4 mA when B = 100 and Ic = 5 mA when B =
300. Thus we have the following two equations.

0.O4RB + 4.04RE

0.01667RB + 5.017R

4.3

I

4.3

E

Solving we find Ry = 31.5 kQ and R = 753 Q.

Problem 4.36]

For the four-resistor bias circuit we have:

Rg = R, IR,
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vV, =V
B 0 6 Rl + R2
Bt E Vs ~ VpE
- B RB + (B + l)R'E

Maximum Ic occurs for B = 200, RE = O'QSREnom = 4f465 kQ, R1
= 0.95R1n°m = 95 k1, and R2 = 1.0."’:1221":,lu = 49.35 kfl. With these
values, we determine that ICmax = 0.952 mA.

Minimum IC occurs for B = 50, RE = 1.05REnom = 4.935 KQ, Rl
= 1.05Rlnom = 105 kQ}, and R2 = 0.95R2nom = 44.65 k(1. With these
values, we determine that ICmin = 0.667 mA.

Problem 4.37
+I5Y
T2k
R
1 -
_ 53
VBE = 0.7 V Il ¢ c‘
B = 100 —
L s, T Bl
| Iobka  F
™ISy
19 QST L 5 L
I, = S50k = 157 uA I = I./R = (2 mA)/100 = 20 pA
I, =I,+ I =177 pA R, = (VCE—VBE)/11=24.3}:Q
I= IC + I1 = 2.177 mA RC = (VCC - VCE)/I = 4,59 kD
The closest nominal values are R1 = 24 kQ and RC = 4.7 kQ.
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Problem 4.38

=I5y

I2 = (15 + 0.7) /(150 kQ) = 104 uA

15 = (4.7 kﬂ)(Ic + I, + IB) + (47 kn)(12 + IB) + 0.7

2

Substituting IC = BIB and solving we find IB = 8.96 uA.
Then we have Ic = BIB = 1.79 mA. Finally we have

v - Ro(Io + I, + I5) =6.04V

ce = Vee

Problem 4.39

Many answers exist for this problem. Here is one of them:

We use B = 100 (which is the average value) in the design
calculations. We design so VCE = 20/3 = 6.67 V, REIE = 6.67 V
and R.I, = 6.67 V. Then we have R, = 6.67/Ic = 1.333 kQ and RE =
6.67{IE & 6.67/Ic = 1.333 k. We select the closest nominal
values of 1.3 kQ.

We have V2 = VBE + IERE = 0.7 + 6.67 = 7.37 V. IB = ICIB =
50 puA. We design so that I, =20Ip=1 mA. Then we have R, =
v2/12 = 7.37 kQ and R1 - (VCC - Vz)/(I2 + IB) = 12.03 kQ.

Finally we select the nominal values R, = 7.5 kQ and R, = 12 kQ.
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Problem 4.40

See Figure 4.33 in the book.

Problem 4.41

BVT /
r, = =— g I_../V
n ICQ m cel T
Problem 4.42
Tco T Im

1 A 2.6 MQ|38.5 us
0.1 mA|26 kQ2 |3.85 mS
1 mA 2.6 kQ2|38.5 mS

Problem 4.43

Coupling capacitors are often used in discrete amplifiers so
the source and load do not have dc currents flowing through them
and so the bias points in the amplifier are independent of the
source and the load. We must not use coupling capacitors if it
is necessary to amplify dc signals because the coupling
capacitors act as open circuits for dc.

Problem 4.44

See Figure 4.34(a) in the book.

Problem 4.45

Dc circuit: +15
E = 100 K, %&
Vg = 07V mh 8

478 A | B
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I

Vg = VooR,/(R; + R)) = 4.80 V Ry = R, IIR, = 3.20 kO

Vv, -V
_ B BEQ  _ 4 _
Tog ™ R+ (B DR 0.0393 mA Iog = BIg = 3.93 mA
r, = BVqp/Igy = 662 Q R; = R |IR, = 500 Q
A, = -BR;/r = =75.5 A, = -BR /r = -151
Z,, = RIIRIIx = 548 Q A; = AZ, /R = -41.4
G = AA; = 3124 Z,=R,= 1k

Problem 4.46

High-impedance | Low-impedance
amplifier amplifier
(Problem 4.45)
ICQ 39.3 uA 3.93 mA
rn 66.2 kQ 662 0
Av ~7555 ~T5+5
Avo =151 =151
zin 54.8 kN 548 0
Ai -41.4 -41.4
G 3124 3124
ZO 100 kQ 1 kQ

Problem 4.47

See Figure 4.36a in the book.

Problem 4.48

In a small-signal midband analysis of an amplifier we
replace coupling capacitors and dc voltage sources by short
circuits. We replace dc current sources and large inductances by

open circuits.
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Problem 4.49

(a)
Es JlM Jb g /‘O
AN o — —
+
,';I' +
'z{ 15" Rg B4, Rc. Rl. 7,
L ‘T-E . E i
Ry iy o
(b) R‘ -—;{..‘ T
o ‘;!gy
+ Ay
(c) s
1,, +
7 5 u,, E"_ ?J:

Problem 4.50

To determine the output resistance of an amplifier:

1. Replace the load with a test voltage (or current)
source.
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2. Write circuit equations involving the current ix

voltage , A8 of the test source.

3. Eliminate current and voltage variables until one

equation remains that relates ix and Voo

4. The output impedance is Zo = vx/ix.

Problem 4.51

Dc circuit: +\5y
B
VBEQ = 0.7 V IOM
B = 100
Ra
k.

VB = VCCR2/(R1 o Rz) = 735 ¥ RB = Rll
Ve =V
r B~ 'BEQ  _ 3
e TRy F B ¥ DRy T HE e
r, = BVT/ICQ = 405 Q Ri = RLIIRE =

Ri (B + 1)

333 Q

Rp(B + 1)

A

Z,, = Rglllr, + R{ (B + 1)] = 4.36 kQ

Ai = szin/RL = B.61 G = AvAi =
R; = RBIIRs = 833 Q
Zo = REII[(Rs + rn)/(B +1)] = 12.1 Q

191

= = 0.988 A =
v T+ R (B +1) Vo r, *+ Rp(B + 1)

8.51

and

= 0.996



Problem 4.52
High~-impedance Low-impedance
emitter follower |emitter follower
(Problem 4.51)
ICQ 64.1 ua 6.41 mA
rﬁ 40.5 kQ 405 Q
Av 0.988 0.988
Avo 0.996 0.996
Zin 436 kQ 4.36 kQ
Ai 8.61 8.61
G 8.51 851
Zo 1210 Q 12.1 Q
Problem 4.53
J‘.ll\ l{
Rs = .;} Ao
+

Vo A5,

v Vin rn + (B +1)RE

where Ri = RcliRL

Zin = Rglllr, + (B + 1)Ry)

Problem 4.54

The dc equivalent circuit is shown on the next page. We
have:
__Vec = VBrg . o
BQ - Ry + (B + )Ry

I = BRI
CcQ BQ m ICQ
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Dc circuit:

RE = 0 RE = 100 Q
ICQ 5.30 mA|(5.12 mA
T 451 Q 509 Q
Av =102 -4.76
Zin 420 Q 10.1 kQ

Notice the dramatic effect of the 100-02 emitter resistance
on voltage gain and input impedance.

Problem 4.55

13
Rs Rs a B, <—F

E

< < EE 4

! 'l/ +DA

Rélb il 2 D (B + l)RElb =0 P i, =0
Therefore we conclude that the Bib acts as an open circuit

and we have Ro = Rc.
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Problem 4.56

A

gy
L
+

Y

n

!

p— 4 < = -
vo RL lb * ﬁlb * RB vln rnlh S vo
:
1]
RII1 + B + —
L
v, g
A, = =
in r
/1
’ + e
rn kS RL 1 B + RB
i Vin = Yo _Yin [ AVin - Vin L Rpllr,
in R.Bllr1T RBIIrn in in 1 - Av

Problem 4.57

See the next page for the dc equivalent circuit from which
we have:

IBQ ol (% VBEQ)/[Ré + (B + 1)RE] = 3.21 uA

=

co = Blgy = 0.643 ma r, = BVp/Io, = 8.09 ka
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+\5
A
loka Re
g = 200
v = 0.7V look

Then using the formulas from Problem 4.56, we have:

Ry = Rlilel[REIIRL = 1.95 kQ

Av = 0.9798 Zin = 370 k
Problem 4.58
With Ve 0, both circuits have the same small-signal
equivalent:
| ot ¢
+ B .
Y,
In Y
it Kg 'm g1, % Re

From this equivalent circuit we find:

Ay = Vo/Vin = “BR/T,

With Vg = 0 the circuit of Figure P4.58a has the small-

signal equivalent shown on the next page, from which we find that

Ahum,a 2 vo/vhum = BRC/rn'
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With Vip = 0 the circuit of Figure P4.58b has the small-
signal equivalent:

Q}L‘s _IL :_ +
(:) Yh- Pdh’ ?f; 1&;h
L --

Notice that ib = 0, thus Bib = 0, and there is zero voltage
across RC. Consequently Yo ™ Vi and Ahum,b = 1.

The dc circuits and Q-points are the same for both circuits

(except for dc voltage polarities). Thus for both circuits we

have:

Igo = (¥

X = BVT/ICQ = 1820 0

- 0.7)/Ry = 14.3 yA I, = BI_. = 1.43 mA

ccC cQ BQ

Calculating the gains of the two circuits we have:

Circuit (a) [Circuit (b)

Av =258 -258

Ahum 258 1

Circuit (b) is preferable because it is much less sensitive to
power-supply hum.
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Problem 4.59

(a) Aw

- E
- +
;v-huh
IR . R BRc
hum vhum —rnlb rn

(b) B &
:7 +
+ b
e R A R
- 3 * E =
—Lhmn
Because Vg ™ 0 we have ib = 0 and Ya. ™ 0. Thus Ahum = 0.

Because of lower sensitivity to power-supply hum, the
circuit of Figure P4.59b is preferable to that of Figure P4.59%9a.
In other words, the emitter bypass capacitor should be connected
from emitter to ground.
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Problem 4.60

R=(3ka
T Wy

= Vers
N l P,_=70i:° h]‘ ]

I, = Vggo/R, = 1 mA I. =1 +1

5mA =1 + I, =1I,+(B+1)I

Using the first two equations to substitute for I, and I, and

solving, we find IBQ = 39.6 pA. Then we have

VCEQ = Rlll + VBEQ = 7.25 V

2

Furthermore we have IC

g = Blpg = 3.96 mA and r; = BV,/I,, =
657 Q.

The small signal equivalent circuit used to find the output
impedance is:

Q, Ag + %lh
— AW~ ——

' Atesr
—r o
—>

-

4 +

'Rz' b Y;r F;Ab - '2£;Sf
ti!}l' Eo -
V&

vtest = R1(1b ® rnlbIRz) £ rnlb
1test T Blb ” 1b i rnlblaz
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_ vtest o rn X Rl(l 3 ru/Rz)
(] 1test 1+ B + rn/R2

= 126 Q

R

This circuit is sometimes used as a voltage reference
(similar to a Zener diode regulator).

Problem 4.61

= 5.1 V. The small-signal

(a) For this circuit we have Yo

equivalent circuit is:

R
e ry <2.=Klp=%a
100

- E

(b) For this circuit we have Vo= 566 = VBEQ = 4.9 V.
Furthermore, we have ICQ = IEQ = VO/RE = 4.9 mA and T . BVT/ICQ
= 1060 Q. The small-signal eguivalent circuit is:

Ax

Let rb = rDIlR = 99.0 Q, then we have:

iy = -v /(xr, + 1p)

i ™= =B + 1)1b + v /Rg
Using the first equation to substitute into the second and
solving we find:

= 1 P
R, v (BT D/, vy 4R

&3
|
xS
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Circuit (b) is a better voltage reference because ZD is much
smaller.

Problem 4.62

See Figure 4.41 in the book. The transistor operates in
saturation if the input is high and in cutoff if the input is
low.

Problem 4.63

See Figure 4.45 in the book.

Problem 4.64

When the transistor is in the active region we have:

= 14.1 - 3Vin

IV 443 V>

(a) Vo 12V

Ims o
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(b) Vo

Ims -

(c)

Ims

(d) In part (b) the circuit acts as a linear amplifier.

Problem 4.65

+12V
l Rc= A2k Bs Tp
et Vo —
Rs :
‘fic==C)
For VO = 6 V we have IRC = (12 - 6)/RC = 2.73 mA and IB (6 —

0.7)/(22 kQ) = 0.241 mA. Thus the maximum fanout is the largest
integer that does not exceed IRC/IB = 11.33. Thus the maximum
fanout is 11.
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Problem 4.66

I = (Vin = O.?)/RB = 0.241 mA

I.=(V = 0.2)/RC = 5,37 mA

C cc

For the circuit to remain in saturation we must have BIB >

I, which implies that g > 22.3.

Problem 4.67

+\Z
Ip
—ip
AW 4,,1
4 i
P =
For Vo = 0.5 V, we have IB = 0. Therefore there is no limit on

fanout imposed by the conditions of this problem.
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Chapter 5

Exercise 5.1

(a) Vg = 1 vV and Vb

is in cutoff.

- 5 V: Because we have VGS < vto the FET

(b) Ves = 3 V and Vps = 0.5 V: Because Ves 2 vto and Vep = Veg T
Vps = 2D vto the FET is in the triode region.
(c) Vas = 3 V and Vps = 6 V: Because Ves > Vto and VGD =Vag ~

Vpg = =3 V< Vg the FET is in the saturation region.

(d) Ves = 5 V and Vpg = 6 V: Because Ves Vto and Vep = Ves ~
Vps = 1 V which is less than vto the FET is in the saturation
region.

Exercise 5.2

The simulation is stored in the file named Exer5_2. The
plots are:

B 0
) :
Vs =4V !
i
8.8mA :
i
3V E
|
0.4mA E
]
]
2V :
1V B
§u i Vv

DS

Exercise 5.3

The characteristics and the load line are shown on the next
page. The simulation is stored in the file named Exer5_3.
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i < RS - A L ]
] L}
! Yas = O
i !
1 L}
[} 1
i |
i '
16nA 4 A s !
i i
i i
[} (]
: ' ' ]
: 2 3
1 [}
1 ]
1 (]
: 3 ‘\\\\p' 2 !
o~ :
ml L) L] L L v
o 5u 100 15U 20y DS
For v, = +1 we have Veg = 4 and the instantaneous operating
point is A. Similarly for Vin = -1 we have v, = 2 V and the
instantaneous operating point is at B. We find VDSQ £ 11V,
Vpsmin = © V¢ Vpgpmax = 14 V-
Exercise 5.4
R1 RD
1.5Meg 2.4k
‘_0
<} M1 —=
*—1"9 Mmodel VDD
20V -
R2 RS
1Meg 2.4k
0 0 0

The analysis is similar to Example 5.3 in the book.

¥

=

2

| 5

]KP - 1 ma/v?

204



2 3
Ve = Vop R, + R, ol - T e
v2 P L # :Ei =
esg * [RSK - toJ asg ¥ Veo) ~ RK ¥

After values are substituted, we have

2 -
VGSQ 3.583VGS + 0.6667 = 0

Q

Solving we find VGSQ = 3.39 V. (The second root is extraneous
and should be discarded.) Then we have

-v. )% =1.92 ma

I = K( to)

DO Veso

vDSQ = vDD - (RD + RS)IDQ = 10.8 V

Exercise 5.5

We should choose RD = 0 for a source follower. Many values

will work for the other resistors. A reasonable set of values is

RS = 3.9 k@2 , Rl = 1 MQ, and R2 = 2 MQ. These values yield IDQ =

1.98 mA and VDSQ = 7.26 V. Use SPICE to check that your design

provides a Q-point close to the desired value.

Exercise 5.6

From Figure 5.24 at an operating point defined by VGSQ = 2.5

VvV and VDSQ = 6 V, we have
Al (4.4 - 1.1) mA
gm = A - 1V = 3.3 mS
Ves
Aln (2.9 - 2.3) mA -3
1jrd = & = 0.05 x 10
Avpo (14 -2) V

Taking the reciprocal, we find r, = 20 kQ
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Exercise 5.7

BlD

g =
M 8Vgg|o-point

2
= —— K(Vne = V)

= 2K(Vggo “Vio!

Exercise 5.8

= 4.7 kn

1
LT g v Ry v R, %D

Av = -ngi = =(1.77 mS) x (4.7 kQ) = =-8.32

Exercise 5.9

G D

- + ] "
U R3S R U -V3s 3 Yy T rsn
5 o L o
! = S .

For simplicity we treat ry as an open circuit. Let RL = RDIIRL.

ul}—o \

Vin = vgs > ngqus
Vo = Rp9nVgs

e Vo _ “RiIn

v Vi 2RO,
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Exercise 5.10

Ry = RDIIRL = 3.197 kQ

= = Yo “Ri9n  -(3.197 kQ) (1.77 mS)

v Vv.. 1+ Rig -1 + (3.197 kQ) (1.77 mS)

= =0.849

Exercise 5.11

The equivalent circuit is shown in Figure 5.35 in the book.

Vin 9
Vas. =~ TV
v v v v
! X x X X
i =2+ 2 =gV, _==—4+—"+g.vV
x Rg T4 mgs R T, m x
Vx 1
L ke it
b4 " 1 2 1
g — —
m
s . Ta

Exercise 5.12

Refer to the small-signal equivalent circuit shown in Figure
5.37 in the book. Let Ri = Ryl IR, .

Vin © "vgs
Vo < -Rigmvgs
Ay = Vo/Vin = Rp9n
in = Vin/Rs gmvgs = vin,Rs * 9pVin
R . oin L
in iin I 4 1/Rs



If we set v(t) = 0, then we have vgs = 0. Removing the load

and looking back into the amplifier we see the resistance Rj.
Thus we have

Exercise 5.13

The characteristics are:

el e e e o 5 Lt e e e i o e e s

1w DS
Exercise 5.14
See Figure 5.45 in the book.

Exercise 5.15

(a) Vas = -5 V and Vpg = 5 V: Because V.o < vto the device is in
cutoff.
b) Vas = -2 V and Vps = 1 V: Because Vgs > Vto and Vep = Ves ~
Vpg = =3 > Vto the device is operating in the linear (triode)
region.
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(c) Vag = -1 V and Vps = 5 V: Because Ves > vto and Vep Vas ~
V.

ps = =6 < V., the device is operating in the saturation region.

(d) Veg = 0 V and Vpg = 2 V: Because Veg > VtD and Vep = Ves ~

Vps = "2 > Vi, the device is operating in the linear (triode)
region.

Exercise 5.16

For voo = =3V and Vpg =5V the device is operating in the

saturation region for which we have

= n 2
ip = K(Vgg = Vio)
ip 1 mA 2
K = 2= 2=1mA/V
(Ves = Veo) (-3 + 4)
I =RKV2 = (1 mA/VZ) x (-4 V)2 = 16 mA
DSS to

Problem 5.1

See Figures 5.1 and 5.2 in the book.

Problem 5.2

Cutoff: 1. = 0 for v =V

D GS to

. b _ 2
p = K[2(Vgg = Vio)Vps = Vps!

for Vps = Vgs T Vto (or Vep

Triode: i

= Vio) and Veg = Ve,

: . 2
Saturation: i, = K(VGS - Vto)
for Veg = Vs and Vps = Vas ~ Vto (or Vep = Vto)
Problem 5.3
(a) Saturation because we have Ves vto and Vps * Vgs ~ Vto'
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(b) Triode because we have v < Vv -V and v 2V

DS GS to GS to’
(c) Cutoff because we have Vag = vto'
Problem 5.4
The device is in saturation for v z v -V = 2 V. The

DS GS to

device is in the triode region for Vps = 2 V. The plot of i

Versus v.. in the saturation region is:

D

-
e
g

TN 1y OB Ny: SISt

o

- N

Problem 5.5

D VGS_4V_E
i
i
E
<\
f
2V |
_ OV or Vi
] 100 DS

Problem 5.6

(a) Cutoff because we have Veg = Vto'
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(b) Triode because we have v__ < Vv = Vo and Vo =V

DS GS t GS tod
(c) Saturation because we have Vas = vto and Vps = Ves ~ Vto.
(d) Saturation because we have Ve = Vto and Vps = Veg T vto‘
Problem 5.7
With Ves = Vpg = 5 V the transistor operates in the

saturation region for which we have i v o)2(1 + AV

p = K(Vgg = V¢ ps’*
Solving for K and substituting values we obtain K = 31.25 uA/VZ.
However we have K = (W/L) (KP/2). Solving for W/L and
substituting values we obtain W/L = 1.25. Thus for L = 2 um, we
need W = 2.5 um.

Repeating the calculations with A = 0.05, we obtain K = 25,
W/L=1and W = 2 um.

Problem 5.8

To obtain the least drain current choose minimum W and
maximum L (i.e., W, = 0.5 um and L, =2 mum). To obtain the
greatest drain current choose maximum W and minimum L (i.e., W2 =
2 um and L2 = 0.5 um). The ratio between the greatest and least

drain current is (WZILZ)/(Wlle) = 16.

Problem 5.9

For minimum chip area choose the minimum values of L and W
which are 0.5 um. Plots of the drain characteristics are:

1. BOBUA--——-- e e e e it bt
D i VGS 5V
i
; 4 v
400un-
! 3V




Problem 5.10

In the saturation region, we have iD = K(Vgg ~ Vto)z.
Substituting values we obtain two eguations:

2

0.5 mA = K(2 = V

to)

2

2 MA to)

R3s —~0V

Dividing each side of the second equation by the respective
side of the first, we obtain

2
(3 =N, )
P to

(2 -V

2
to)

Solving we determine that Vio = 1 V. Then using either of the

two equations we find K = 0.5 mA/Vz.

Problem 5.11

Both points given are in the saturation region, so we have
i, = K(VGS -
equations:

Vto)z(l + AVDS). Substituting values we obtain two

1 mA=K(3 - 1)2(1 + 51)

1.25 mA = K(3 - 1)2(1 + 102a)

Dividing each side of the second equation by the respective side
of the first, we obtain

1+ 10a
s == 7

Solving we find A = 0.0667 V *

-

Problem 5.12

Gate protection can take the form of back-to-back Zener
diodes connected between the gate terminal and the substrate as
shown in Figure 5.12 in the book. An alternative is two diodes
(that are reverse biased in normal operation) connected from the
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gate to the power supply and from gate to ground. Gate
protection is needed so static electric charge does not cause
breakdown of the oxide layer in normal handling of the devices.
Gate protection is not needed for devices that do not have
external terminals.

Problem 5.13

For a device operating in the triode region with A = 0, we

have
i = Ki2(ag = Vo) ¥5s = Vogl
Assuming that Vps<< Vgg Vto this becomes
iD = K2(Vgg - vto)vDS

Then the resistance between drain and source is given by

2 1
r,=v../i. =
d DS’ 7D KZ(VGS v

to’

With the device in cutoff (i.e., Vas = Vio)r the drain
current is zero and Ty is infinite.

Evaluating we have:

Ves () [Ty (k)

0.5 @
1.0 ©
1.5 4
2.0 2

Problem 5.14

Distortion occurs in FET amplifiers because of curvature and
nonuniform spacing of the characteristic curves.

Problem 5.15

The load-line equation is VDD = Rnln + Vpgr and the plots
are shown on the next page.
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A=A
o
7%

lo

5’ b
Gh_n.

© Vs

oy !'OV RV

Notice that the load line rotates around the point (VDD' 0)

as the resistance changes.

Problem 5.16

Lo (=) T
Is

/0

5 Jo Is <o

Notice that the load lines are parallel as long as RD is
constant.

Problem 5.17

For VGG = 0, the FET remains in cutoff so VDSmax = VDSQ =

Vosmin = 29 V. Thus the output signal is zero and the gain is

zero. For amplification to take place, the FET must be biased in
the saturation or triode regions.
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Problem 5.18

(a) The 1.7 MQ and 300 kR resistors act as a voltage divider
that establishes a dc voltage VGSQ = 3 V. Then if the capacitor

is treated as a short for the signal frequency, we have
VGS(t) = 3 + sin(2000nt)
(b) (c) and (4)

: D R o e e e =
i, \\ E
Q—poinﬂ
3V 5
gug - ' i
. . . DNy
sU 10 150 200 DS
From the load line we find vDSQ = 16 V, vDSmax = 19 V and VDSmin
= 11 V.
Problem 5.19
For Vi +1 V we have Vag = 4 V. For the FET to remain in

saturation, we must have Vpsmin = 3 V at which point the drain
current is 4.5 mA. Thus the maximum value of RD is

R i ™ (20 - 3)/4.5 mA = 3.778 kQ.

Problem 5.20

We are given

VDS(t) = VDC + V1m31n(2000nt) + Vzmcos(4000nt)

Evaluating at t = 0.25 ms and observing that the plot gives Vps =
4 V at that instant we have

4=V * Vin = Vom

Similarly at t = 0 we have
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11 =V + V

DC 2m
and at t = 0.75 ms we have:
16 = Vpc " Vim " Von
Solving the previous three equations we have VDC = 10.5 V,
V2m = 0.5 V and Vlm = =6 V. Thus the percentage second-harmonic

distortion is Ivzm/vlml x 100% = 8.33%.

Problem 5.21

First, we use Equation 5.16 to compute
R

2
Vs = ¥ — =51V
G DD
R1 + R2
As in Example 5.3, we need to solve:
2 o oo by qu 2 :Ei -
Veso [RSK f to] esog ¥ Vo)™ - RK 9

-Substituting values, we have

vZ__ -1.1489V = 3.2553 = 0

GSQ GSQ
The roots are VGSQ = 2.4679 V and =-1.319 V. The correct root is
= : : i _ 2 _
VGSQ = 2.4679 V which yields IDQ K(VGSQ Vto) = 0.5387 mA.

Finally we have VDSQ = VDD - RDIDQ - RSIDQ = 9.936 V.

Problem 5.22

For this circuit we can write

VGSQ = 15 = IDQRS

Assuming operation in saturation, we have

I_. = K(V 2

DO v

cso ~ Vto!

using the first equation to substitute into the second equation
we have

_ s _ 2 _ L o 2
IDQ = K(15 IDQRS Vto) 0.25(14 3IDQ)
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where we have assumed that IDQ is in mA. Rearranging we have

2 =
IDQ 9.777IDQ + 21.777 = 0O

The correct root is the smaller one which is I

Then we have VDSQ = 30 - RDIDQ - RSIDQ = 16.27 V.

DO 3.432 mA.

Problem 5.23

Assuming that the MOSFET is in saturation, we have

VGSQ = 10 = ID

] A 2
Ing = K(Vggo = Vio!

where we have assumed that IDQ and K are in mA and mA/V2
respectively.

Q
v

(a) Using the second equation to substitute in the first,
substituting values and rearranging, we have

2 =
VGSQ - 7VGSQ + 6 =0
which yields
VGSQ =6V
(The other root, VGSQ = 1 V, is extraneous.)
IDQ = 4 mA

VDSQ = 10 - 2IDQ =12 V

(b) Similarly we have

2 =
VGSQ = 3.5VGSQ 1=0
VGSQ = 3.765 V
IDQ = 6.234 mA
vDSQ = 20 - ZIDQ = 7.53
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Problem 5.24

Many resistor values will work. In general we want to pick
values such that

RDIDQ - VDD/4

Vbsg = Vpp/?

RSIDQ = VDD/4
Thus we select RD - RS = 3 k. Then we have K = (KP/2) (W/L)

- 2 =I— -
= 0.2 mA/V" and VGSQ IDQ/K + vto = 3.236 V. Next we compute
VG - VGSQ + RSIDQ = 6.236 V = VDD/(l + Rlle). Solving we find

that we need R,/R, = 0.924. Using nominal 5% tolerance values we

could select R1 = 910 kQ and R2 = 1 MQ.

We check the design with a simulation which is stored in the
file named P5_24.

Problem 5.25

For a source follower we do not need a drain resistor. Thus
we design for

Vpp/2 = 6 V
6 V

Vpsg =

Relpsg =

Thus we select RS = 6.2 k2 which is a standard 5% tolerance

value. Then we have K = (KP/2) (W/L) = 0.2 mA/V2 and VGSQ B

|IDQ/K + vto = 3.236 V. Next we compute VG = VGSQ + RSIDQ =
9.236 V = VDD/(l + RIIRZ). Solving we find that we need RI/R2 -

0.29%6. Using nominal 5% tolerance values we could select Rl =
300 kQ and R2 = 1 MQ.

We check the design with a simulation which is stored in the
file named P5_25.
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Problem 5.26

We have VG = VGSQ = 10R2/(R1 + R2) = 2.5 V. Then we have
= & 2 _ = - I
IDQ = K(VGSQ Vto) 0.5625 ma. VDSQ = VDD RDIDQ = 4.375 V.
Problem 5.27
We have VGSQ - VDSQ = VDD - RDIDQ' Then substituting IDQ =

2
K(VGSQ - vtoJ , we have

L _ - 2
Veso = Vop T FpX¥(Vgsg = Veo!

Substituting values and rearranging,we have

2
VGSQ -+ 2VGSQ -39 =:0
Solving we determine that VGSQ = 5.325 V and then we have IDQ =
2 _
K(Vggo = Veo) = 4-675 mA.

Problem 5.28

See Figure 5.23 in the book.

Problem 5.29

61D 310

Vag|Q-point

Problem 5.30

For A = 0 the drain characteristics are horizontal in the

saturation region and ry = o
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Problem 5.31

For VDSQ = 0 the vertical spacing of the drain

characteristics is zero. Therefore gy = 0 at this operating

point. Then the small-signal equivalent circuit consists only of
ry- FETs are used as electronically controllable resistances at

this operating point.

Problem 5.32

In the triode region assuming A = 0, we have
il = K[2(Vag = V, Voo = Voo]
D GS to’ DS DS

alD

= 2Kv

= 2KV
Q-point DS

Im = Q-point DSQ

EVGS

Problem 5.33

In the triode region assuming A = 0, we have

. ] g} _ .2
1p = K[2(Vgg = Vi) Vpg = Vpgl

aiD
l/r, = = 2K(v - ¥ - Nel)
. 9Vpg|Q-point 8e e B Q-point
- 1
Ta = 2% Vv, -V

(Veso = Veo = Vpsg!

Problem 5.34

(a) & (b) The simulation to obtain the plots is stored in file
P5_34a. The curves are shown on the next page. We used the
cursor in Probe to determine the coordinates at two points on the

curve for Ves = 2 V. Then we compute
Bip (2.5 - 1.5) ma -5
lfrd = = = 125 x 10
avDS (10 = 2) WV
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B T T T T .
A1 = 1.98@2, 1.4975m
A2 = 9.980, 2.4975m
dif= -8.0000, -1.0000m |
SmA

Then we used the cursor to determine that AiD = 4.5 mA.

Thus we have g = Ai /Av.. = (4.5 mA)/1 V = 4.5 x 107> s.

(¢) The circuit is:

[E M1
+
VGS — 1 MP_34
2V . l
|
0
0

After simulating the circuit we scroll down the output file and
find:

NAME M M1
MODEL MP5_ 34

ID 2.25E-03

VGsS 2.00E+00

vDs 8.00E+00

VBS 0.00E+00

VTH 1.00E+00

VDSAT 1.00E+00

GM 4.50E-03 This agrees with the g, found above.
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GDS 1.25E-04 (The inverse of GDS is r..)

d
GMB 0.00E+00
CBD 0.00E+00
CBS 0.00E+00
CGSoV 0.00E+00
CGDOV 0.00E+00
CGBOV 0.00E+00
CGS 0.00E+00
CGD 0.00E+00
CGB 0.00E+00

Problem 5.35

The circuit diagram is the same as that of Problem 5.34.
The simulation is stored in the file named P5_35. The desired
plot is:

1
1
]
1
!
0
1
]
]
1]
L]
1
i
L}
L]
o
L]
]
i
]
]
¥
]
]
]
]
]
(]
(]
1}

(-] 2nA
o DCID(M1))/(D(U(HI:E)))

Problem 5.36

Coupling capacitors are used in discrete circuits to isolate
the various stages for dc. Thus dc currents do not flow in the
load. The dc component of the source does not affect the bias
point of the input stage. Bias points of the various stages can
be determined independently.

Coupling capacitors are replaéed by short circuits in
midband small-signal equivalent circuits. They cause the gain of
an amplifier to decline as the signal frequency becomes small.
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Problem 5.37

See Figure 5.25 in the book.

Problem 5.38

(a) R‘p
=l
R ‘1“‘ :lw\ Jﬂ
N o == ; — —
+ +
Ulk) U, - P
= - D .
L 1 :
—
(4
L
(B) Vo = Rp(ijn = 9pVip) in = (Vin = Vo) /Rg
£ I,
\'4 Vln RL + Rf
V. R
Rln i i?n e | —fA
in v
The circuit used to determine output impedance is:
i A
X
R‘ R ..
T o »
+ +
V
H
~ = D

We define Rb = RDII(R + Rg)

v
. X
=V R

vgs xR+ Rf X5 Rﬁ * gmvgs




v
x 1 IR
g =
RD Rf + R
=+
(¢) The dc circuit is: EVDD 20
R: Ro=3kn
AAAS—e
v—--
i = p— 2 = -
Veso = Vbsg Ipg = K(Vpgg = Vio! Ing = (Vpp = Vpsg)/Rp
Using the above equations we obtain
W2 -29V. . + B5 = 0
DSQ DSQ
VDSQ = 7.08 V and IDQ = 4,31 mA
ai
' = 2K (V V.. ) = 4.16 x 10°> §
g = g = = - = = b4
m m asz Q-point GSQ to
(d) Ri = RylIR, = 2.31 kQ
Av = = 9,37
Rin = 9.64 kO
Ro = 414 Q
Rin
(e) vo(t) = v(t) §—¢—§I; Av = =0.164sin(2000mt)

(f) This is an inverting amplifier that has a very low input
impedance compared to many other FET amplifiers.

Problem 5.39

Referring to the circuit shown in Figure P5.39, we have

2
DD Vnsq)/RD

v =V I.. = K(V

GSQ DSQ DQ W .

=(V

GSQ = to) DQ
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From the previous three equations we obtain:

2 =
1.1VDSQ S'GVDSQ = 10.1= 0
VDSQ = 6.50 V and IDQ = 6.135 mA
aiD K( Vot S
B 8Vegla-point GSQ to
A
l ‘—*‘
: . dr
|
Vgs ImVis Ro i
v v
RO = —i-_.x. = = / f v = 1/ ]:!_ = 253 Q
X X RD g]:n b 4 RD gm

Problem 5.40

Refer to Table 5.1 in the book for a compact summary of the
characteristics of the various types of FETs. The device in this
circuit is a depletion-mode NMOS transistor. The threshold
voltage is negative. Otherwise the device eguations and
equivalent circuit are the same as those of depletion-mode NMOS
devices.

"D 2K (V
g — —
™ 8Y:5|0-point

v

GSQ i to)

=2 x 10°3(0 - (-3)] = 6 nS

The small signal equivalent circuit is shown on the next
page from which we obtain

R = RD = 1.2 kQ
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= e P
+ R + +
G
Vin 23ma g8 9’“‘%‘5 ,E’k A

Problem 5.41

Referring to Table 5.1 in the book we see that the device is
a p-channel FET. To start we determine the operating point and

transconductance. From the circuit, we see that VGSQ = 0.
Therefore we have IDQ - IDSS = 2 mA and
~ 2] IpssTog _ 2 {(2 ma) x (2 ma) _ 2
g, = V| = 3 = 1.33 mA/V
o

The circuit is a common-source amplifier. The small-signal
equivalent circuit is:

G
ke . +
?{; : E% 153 3"153
" = -
: S
h&h
I
R= R’,H P
Assuming Vium = 9. We have T vgs and Vg oy gsRL from which

we obtain Av = —ngL. Evaluating we have Ri 3.20 k2 and Av
-4.,25.
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Problem 5.42

The equivalent circuit is shown in the solution of Problem
5.?1. Wlt? Vie ™ 0, we have vgS Sl T and Ve == mRngs from
which we find Ahum = vo/vhum = ngL = 4.25. Thus for the circuit
of Figure P5.41a we have A, = A p- In other words the power-

supply hum and the signal are amplified equally.

Problem 5.43

The bias current IDQ and the transconductance are the same

as those of Problems 5.41 and 5.42. The small-signal midband
equivalent circuit is:

4 ES
Vi Re3%, <DV 3Ry 3R 2

+
R [

Km

- =

Notice that because C3 shorts the source to ground, there is
Wik and the load. Thus we have Ahum = 0.

For the signal the equivalent circuit is the same as in Problem
5.41 and we have A, = -4.25. Notice that the signal is amplified

no connection between v

but the hum is not. We conclude that the circuit of Figure 5.41b
is better than that of Figure 5.41a.

Problem 5.44

Refer to Table 5.1 in the book for a compact summary of the
characteristics of the various types of FETs. The device in this
circuit is a depletion-mode NMOS transistor. The threshold
voltage is negative. Otherwise the device equations and
equivalent circuit are the same as those of depletion-mode NMOS
devices.
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(a) It turns out that the FET in this circuit is operating in
the triode region. Thus we have

- 5 _ 2
Ipg = ¥[2(Vggg = Vi) Vpsg = Vpsel
and

Ipo = Vpp = Vpsg? /Rp

Equating the right-hand sides of these equations, substituting
values and simplifying we obtain

2

VDSQ = oV + 16 = 0

DSQ

which yields VDSQ = 2.44 V. Notice that we have vbSQ = VGSQ -
Vto so0 the assumption that the device operates in the triode
region is correct. Also we have IDQ = 13.56 mA.

e - ey
(b) ip = K[2(Vgg = Vig)Vpg = Vpg)

D
aiD
g =
™ 8Vgg|Q-point
= 2Kv = 2KV = 4,88 mS
PS|o-point DSQ
3 aip
r =
da av
DS|g-point
= 2K(v - ¥V -
s~ Tto T Vs | e
a ™ V.- - T Vo 214
GSQ to DSQ

() R, =R, = 100 kQ

Ri = RDIIRLIlrd = 195 Q
A, = -g Ri = -0.954

R = RDIIrd = 243 Q
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Problem 5.45

See Figure 5.33 in the book.

Problem 5.46

If we need a voltage-gain magnitude greater than zero we
choose a common-source amplifier. To attain lowest output
impedance usually a source follower is better.

Problem 5.47

We have

= |W|RE: _ 2
K = [’L‘]‘i’ = 400 WA/V

Assuming operation in saturation, we have

I = K(V 2

DO N

cso ~ Vto!

Solving for VGSQ and evaluating we have

VGSQ = vto + |IDQ/K = 3.236 V

Solving for Ry and substituting values we have

RS = (VG - VGSQ)/IDQ = 3.382 kQ
We have g, = KIDQ = 0.8944 mS
N ;
Ri = = 1.257 kQ

1/rd + 1/RS + 1/RL
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Vin =
Rln = ;T— - RG RlllR2 666.7 kO
in
R = ! = 840.0 Q
= L A i
G e
RS rd
Problem 5.48
(a) Lin B
TN\
w)CP R
(b) Let Rj = RglIR
Yo = Biligy + InVgs! (1)
Vgl o vgs v (2)
g = LinRe (3)

Equations (1), (2) and (3) form the set from which we determine

the voltage gain. First we use Equation (3) to substitute into
Equation (1).

RL(lll'l £ 'III in G) (4)

Next we use Equations (3) and (4) to substitute into Equation
(2) .

vin = RL(lln m in G) (5)
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Finally we divide the respective sides of Equations (4) and (5)

to obtain
Va Rp (34 2R

A . = = -
V' Vin Be B 0%

Next we obtain the input resistance from Equation (5).
Rin = Re ¥ RL(l & ngG)
The equivalent circuit for the analysis of R, is:

R
—MA—

R
1-——J¢¢¢ o e + UL -
Q2

Ui I R U

Vin = VXR/(R + R.) (6)
Ve, = Vin = Mg (7)
ix = vx/Rs + vx/(RG + R) - gmvgs (8)

Now we use Equation (6) to substitute into Equation (7) and the
result to substitute into Equation (8).

A +Rgml:GR
s e G
Finally we have
BT O
R, "R, + R "R FR
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2

(c) In this circuit we have VGSQ = 0. Therefore IDQ = K(Vto) =
0.8 mA. Then we have g = ZIKIDQ = 0.8 mS.
(d) Rp = RglIR, = 909.1 Q

A =8 o TEAE T Gyp) = 0.4213

v ¥a Bt g LT InRg)
Rin = RG + Ri(l + ngG) = 3.455 MQ
v
B %X 1 = 567 Q
1 1 + WG

7]
(7]

Problem 5.49

See Figure 5.38 in the book.

Problem 5.50

In normal operation, the junction between the gate and
channel of a JFET is reverse biased.

Problem 5.51

The pinch-off voltage Vto of a JFET is the value of gate-to-
channel bias required for the depletion region to extend
completely across the channel. Typically, it is a few volts in
magnitude and is negative for n-channel devices. IDSS is the

drain current in saturation for VGS = 0.

Problem 5.52

s L = 2
1. = K(VGS v o) (1 + Av

t DS)

232



Problem 5.53

See Figure 5.43 in the book.

Problem 5.54

Cutoff: v =V

GS to
Triode: vGS = Vto VGS - VDS e VGD = vto
Saturation: Vas > vto VGS - VDS = VGD = vto

Problem 5.55

See Figure 5.46 in the book for the n-channel depletion
MOSFET.

The p-channel enhancement device is similar in construction
to Figure 5.1 except that n and p regions are interchanged. The
symbol is shown in Figure 5.2 except that the arrow points in the
opposite direction.

Problem 5.56

- 2 _ 2
Refer to Table 5.1. We have K = IDSS/Vto = 1 mA/V-. Then

we have

s rye - 2

ip = K(Vgg = Vio)

-3 _ . =3 2
4 x 10 = 10 (VGS + 3)

Solving we find Vg = -1 and Vag = -5. However Ves = =5
corresponds to operation in the cutoff region so the correct
answer is v = -1 V.

GS

Problem 5.57

For operation in saturation we must have Vps = Vgs " Vo
Thus for Vas = -1 V we must have Vps = -1 - (-3) = 2 V. For Vas
= =2 V, saturation requires Vpg =1 V-
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Problem 5.58

(a) We have Vas > Vto and Vbs < Vgg T vto‘

operating in the triode region, and we have

Thus the device is

1 = K[2(sz - Vto)v

2
D ps ~ Vps]

Il

1073 2(-1 + 3)1 - 133

3 mA

(b) We have Vas > Vto and Vps > Ves ~ Vto' Thus the device is

operating in the saturation region, and we have

> - = r 2

1p = K(Vgs = Vo)
= 1073(-1 + 3)2
= 4 mA

Problem 5.59

The FET is in cutoff for Vs s Vto = -3 V.
Problem 5.60
Because Vgg = 9, we have ip = IDSS provided that Vps > _vto’

When the meter reading becomes constant the device has reached

saturation. Thus we conclude that IDSS = 13 mA and Vto = =3 V.
Problem 5.61

I ce =KV =0.25 x (-4)2 = 4 mA

DSS to i

The boundary between the triode and saturation regions is

given by Equation 5.55 which is iD = Kvgs.
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Problem 5.62

First we compute K = IDSS/Vtz._o = 10-3 A/Vz. The PSpice model
name for K is BETA. Also in the PSpice model the threshold
voltage must be given as -4 V. The simulation is stored in the
file named P5 62. The plots are shown below. PSpice references
all currents into device terminals. Because current flows out of
the drain of a p-channel FET the current values reported by
PSpice are negative.

e d e i i d s i e -

-Su -16u VDS

Problem 5.63

Because the meter has very high impedance we have iD = 0 in
both circuits. Also drain current will flow unless Vgg is less
than vto' In circuit (a) because we have a JFET, we expect that
Vto is a few volts negative. Thus the voltage across the meter

equals -Vto'
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In circuit (b) because we have an enhancement mode MOSFET,
we expect the current to be zero for Vas = 0. Thus the meter

reads zero.

Problem 5.64

e b 2
ip = K(Vgg = Vo)
3 = 0.5(v.. + 2)°
5 GS
Solving we find Ves = -4.449 V. (VGS = 0.449 is extraneous.)

Problem 5.65

(a) Veg = 0 therefore I1 — IDss 8 mA.

(b) v = 0, therefore 12 = IDSS = 8 mA.

GS

(c) J4 operates in saturation. Therefore I3 = IDss = 8 mA.
Because the drain current of J3 equals IDSS we have Vggsz = 0-

Therefore we have V, = 0. Also we have Vl = 15 - (1 kn)I3 =7 V.

(d) 37 operates in saturation with Vegy = 0. Thus Ig = Ipee = 8
mA. By symmetry 15 splits equally between J5 and JG. Thus we
have 14 = 15/2 = 4 mA. Then we have V4 = 15 = (3 kQ)I5 =7 V.

- 7 - - e
We have K = IDSS/Vto = 2 mA/Vz. Also we have Id =4 mA = K(VGSS

= Vi o)+ Substituting values and solving we obtain Vegs = ~0.586
V. Then we have V5 = = Vggs = 0.586 V.

Problem 5.66

(a) Veg = 0 iD = Ingg = 8 mA Vpg = 15 = (1 kn)iD =7V
(b) We have Vag = 0 and K = IDSS/VEQ‘ It turns out that the FET

is operating in the triode region, and we have

i

- _ ot _ .2
p - K[2(Vgg = Vio)Vps = Vpsl = K(8Vpg = Vpg)
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VDS = 1% - RDlD

Substituting and rearranging we obtain

‘ -
1.5Vpe =13Vpe + 15 = 0

Solving we find Vpg = 1-37 V. (The other root v,. = 7.3 is

extraneous.) Then we compute iD = 4.54 mA.

(Assuming i_. is in ma.)

2

(c) v = =i

GS D D

i, = K(sz - vto) (Assuming operation in saturation.)

Substituting we obtain

= 2
_VGS = O.S(VGS + 4)

; A .y u _ 2
which yields Ves = 2 V. Then we can compute ip = K(VGS vto)

= 2 mA and Vps = 15 - (2.7 kQ + 1 kQ)lD = 7.6 V.

- 400 kQ .
(d) Vg =20 x Hog gy + (Tewy ¢V

v = V. - 3i (Assuming iD is in mA.)

2

to) (Assuming operation in saturation.)

iy = K( -V

Ves
Substituting we have

- - 2
Vog = Vo = K{Veg = Vo) = 4= L.5(Vge * 4)

Solving we find Vag = -2 V. Then we have i, = 2 mA and Vpg = 8
v.

Problem 5.67

= 2 ma/v2.

L 2
K = Inss/Veo =

I__ = K(V v, )2

DQ cso ~ Vto!
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+ 3) > v = =188 YV
= R, = 398 N

The FET is in saturation if VGSQ - VDSQ < vto which implies V

DSQ
> 1.41 V. We have VDSQ = 20 - (RS + RD)Inq. Finally we find
that the maximum value allowed for RD is 4.25 k0.

Problem 5.68

: - e o 2 =
First we have K = IDSS/Vto = 1 mA/V®. Then from IDQ = 9 mA
of _ 2 A =
= K(VGSQ vto) we determine that VGSQ 1 V. Then we have
RZ
Veso T 2° R+ ®, ~ Rspo

Substituting values and solving, we determine that R2 = 1 MQ.

For operation in saturation we require VDSQ > VGSQ = Vto = 3

V. Thus we need 20 - (Ry + RS)IDQ > 3, which yields R, < 889 Q.

Problem 5.69

2

From IDQ = 9 mA = K(VGSQ - Vto) we determine that VGSQ =7
V. Then we have
RZ
Yesq T 2° R+ R, ~ Rs'ng

Substituting values and solving we determine that R, = 4 MQ.

>V = =3

For operation in saturation we require VDSQ GSQ B

V. Thus we need
20 - (RD + RS)IDQ > 3

which yields RD < 889 Q.
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Problem 5.70

]
Ao &
— | 4
De
) Aoz
. 1 . o =
For equivalence
I 3
: i o DES | 2 _ “Dsse - 2
Ipy * Ipz =2 2 (Vs Veo! -2 Ves = Veoe
to toe
Thus we have IDSSe = ZIDSS and vtoe = Vto' Furthermore
albe 6(2101)
e = o e = 29,

8Veg|Q-point Vg5 |Q-point

Problem 5.71

(a) J, is a common-source amplifier.
is a common-source amplifier.

o
(8]

J3 is a source follower.

(b) J, and J2 have VGSQ = 0. Therefore IDQl = IDQZ = IDSS =3

The voltage at the gate of J3 i8:208= (3 kn)IDQz = 11 V.

Thus we have

11 = Vggoy + (10 KO I
and
I =K(V - W) S in which K = Toss 4 333 mA/vV2
DO3 Gse3 ~ 'to V2 :
to
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Substituting and solving we find IDQ3 = 1.21 mA. Next we compute

the transconductances of the FETs.

JIDSSIDQ

gml = 92 T 2 ivtol % S
'I I
» DSS™DQ3 _
(c) Rin = 1 MQ

A,, = =9 ,Ri, = =g .[(3kQ)II(1M)] = -5.98
Ava ™ “Gnolrp = “Ipz (3 M) = =600
A = 93 (39 k) = 0.927

v3 1+ gm3(10 kQ)
A, = A, A A . = 33.3

R = 3 = 730 Q

©  1/Rgy + 9y,

Problem 5.72

(a) R c 3_‘-1)':’ "

ANNN—— ’ o %

4

llf1*9 RS 1?“ R; IE RL
T T 19 :
= R - = 5 >
n Ef
i
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A, = gmﬁi where Ry = RDIIRL
Ro = Rp
o - - 2
(€) Vggo = “Rglpg Ipg = X(Vgsg = Vio)
Solving we eventually find IDQ = 1.22 mA and
g = 24TDSSTDO _ 5 13 ps
m Ivtoi
1
(d) = 243 Q ‘ = R.IIR, = 4.05 kQ
in O * 1{RS RL R'D RL
A, = ngi = 12.6 R = RD = 6.8 kQ

R;
(e) v (t) = v(t) E‘IigT' A, = 0.893sin(2000mt)
in

(f) This is a noninverting amplifier. Its input resistance is
very low compared to that of a common-source amplifier.

Problem 5.73

2 ¢
K= 222 = 2 ma/v?
vto
With VDSQ = 0 the device is in the triode or cutoff region.
In the triode region we have
6.LD
1/rd =

8Vpg|Q-point

8 2
= —— K[2(V -V, )Vee = Vael
8Vps GS to’ 'Ds DS’ | o-point
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r. = 1 = 1
a - ZR(V v

6sQ ~ Vto ~ Vbsq) |g-point 2K(Vggg T Vio)

Vesg (V) |¥q (B
-3 o (cutoff)
-2 o (cutoff)
-1 250
0 125
+1 83.3
Problem 5.74
I
K = Dzss = 1 ma/v2
v
to

With VDSQ = 0, the FET operates either in cutoff or in

saturation. The small signal parameters are 9, = 0 and

1
r =
A ¥W(Vess = Voo
(See the solution to Problem 5.73.)
(a) kel
ch.
| ¢ S
o I —»
v -
Ih Vp
]
(b) :&l = ‘4 . = 1
vin rg + 1/ (JwC) 1 —J(fB/f)
where fB - 1/(2nrdC) is the half-power frequency.
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(e) Vas (V) 4 (Q) fB (kHz)

-3 © 0
=2 250 63.7
+1 125 127

(d) This is a high-pass filter.

&)

o007 J"‘ e

€37 1273 £ 4Rz

(e) The PSpice simulation is stored in the file named P5_74.
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Chapter 6

Exercise 6.1

See Figure 6.6 in the book.

Exercise 6.2

A|B|Cor D
0|0 0
0|1 1
1|0 1
111 0

Each of the circuits is equivalent to an exclusive-OR gate.

Exercise 6.3

NMy = Vou =~ Vin

NML = VIL - VOL =g = 1 = 3 W

1
o
o
|
o
I
o
)
<

Exercise 6.4

Refer to the circuits shown in Figure 6.17 in the book.

(a) If either A or B (or both) is high the corresponding switch
is closed and the output is low. If both A and B are low both
switches are open and the output is high. Thus we have C =

A + B. In other words this is a NOR gate.

(b) If any of the inputs are low, the corresponding switch (es)
is open and the output is high. If all of the inputs are high
all of the switches are closed and the output is low. Thus we

have D = ABC. In other words this is a NAND gate.
(c) 1If either (or both) of the inputs are low, the corresponding
switch(es) is open and the output is low. If both of the inputs

are high, both of the switches are closed and the output is high.
Thus we have C = AB. In other words this is an AND gate.

(d) If either A or B (or both) is high the corresponding switch
is closed and the output is high. If both A and B are low, both
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switches are open and the output is low. Thus we have C = A + B.
In other words this is an OR gate.

Exercise 6.5

= 2 = 6 -12, .2 _
Paynamic ~ £C; (Vgg)© = (100 x 107) (2 x 10 "7)5~ = 5 mW

Exercise 6.6

o _ faynamic _ 10/(50 x 10°) 15

= 40 x 10 "~ F
L 2 3 2
£ (Vgg) 200 x 10° x 5
Exercise 6.7
As in Example 6.1 we have
P v 02E X 20T - TN
static 3 DD DD
P :
IDD=_S_$EE=50“A
DD
+ o DD
D ROD+RD
v
Ny T
R, +Ry= i 5o ~ 190 kQ
VoL 0.25
R, = v— (R + Ry) = 55 x 100 kQ = 5 kQ
DD
Ry = 95 kA
1 1 2
K - = = 25 pA/V
2R, (V1 = Vo) 10% (5 - 1)
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Exercise 6.8

The circuit

W=L=1pum

Vto =1V

KP = 50 pA/v2

Ww| _ 2k _2(25x10°°%) _1
L~ KP 50 x 10" ° 3
is shown below:
VDD
RD VDD
95k VO
| 1 M1 +[ VDD
| MExer6 8 — SV
0
0 0

The simulation is stored in the file named Exeré 8. After
running the simulation we request a plot of the derivative of the
output voltage with respect to the input voltage as shown:

T L

(1)
isidv(vo)

A1 = 1.2185, -1.0000
A2 = 2.4651, -1.0000
dif= -1.2546, g8.008

Then we used the cursor to determine the input voltages for
which the slope is -1, which yields V_. = 2.47 V and V = 1.21

IH IL

V. Next we plotted VO versus VI and used the cursor to determine
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VOH = 5,0 V and VOL = 0.259 V. Finally we compute the noise

margins.

NHH = VOH = VIH = 5.0 - 2.47 = 2.53 V

NHL = VIL = VOL = 1.21 - 0.259 = 0.95 V

Exercise 6.9

Ptotal = 20
Pgate  0.25 x 10~

Number of gates

5 = 80,000

Exercise 6.10

We simulated the cascade connection of three inverters.
Except for resistor values and transistor parameters the circuit
is identical to Figure 6.23 in the book. The simulation is
stored in the file named Exer6_10. After running the simulation
the input and output of the last gate are plotted. The plot is
similar to Figure 6.24 in the book. Using the cursor we

determined that tPHL = 19 ns and tPLH = 68 ns.

Exercise 6.11

(a) Increasing RD increases tPLH because the load capacitance
must be charged through RD.

(b) Increasing RD has negligible effect on tPHL because the load
capacitance is discharged through the transistor.

(¢) Increasing Ry has no effect on V. which is equal to the
power-supply voltage.

(d) Increasing RD reduces V0

the on resistance of the FET in the low state.

L because less current flows through

(e) Larger resistances usually require greater chip area.

Exercise 6.12

(a) Increasing W/L has virtually no effect on tPLH because the
load capacitance charges through Ry-
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(b) Increasing W/L decreases tPHL because higher currents flow
through the transistor discharging the load capacitance more

gquickly.
(c) Increasing W/L has no effect on VOH which equals the power-

supply voltage.

(d) Increasing W/L reduces the on resistance of the transistor

thereby decreasing VOL'

Exercise 6.13

(a) Increasing the load capacitance increases tPLH because the

time constant R,C is greater.

(b) Increasing the load capacitance increases tPHL because more

charge must be removed from C.

(c) and (d) Increasing the load capacitance has no effect on the
steady-state operation of the circuit. Thus Vor and VOL are

unaffected.

Exercise 6.14

See Table 6.2 in the book.

Exercise 6.15

See Figure 6.34 in the book.

Exercise 6.16

Referring to the transfer characteristic in Figure 6.34 we

see that for N VDD/2 we have Ve = VDD/2' For the NMOS
transistor, sz =v; = 1.5 and VDS = vo = 1.5 Notice that the
NMOS operates in the saturation region. Thus the current flowing
through the NMOS is i = K(vgg - V 2 - 100 x 107%(1.5 -

0.6)% = 81 pA.

Dn to!
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Exercise 6.17

The simulation is stored in the file named Exeré_17. After
running the simulation we used the cursor to determine that torn

= tPHL g 1.62 ns.

Exercise 6.18

The circuit schematic is stored in file Exeré6_18. After
running the simulation we used the cursor to determine that tPHL

= tPLH = 2.33 ns.

Exercise 6.19

5.8V

-2 .0mA -+
2.8mA + L
= | | i
)i_k- C, dischargng :
| - through Mg
8 === :
o ID(MG)
B8A — R R
: - i
: Ca.charging—;j}\v///,P_:
SEL>> | through M5 : :
' B iy ol ot ————— e - |
Bs 18ns 20ns dins
o ID(MS)

Time

The simulation is stored in the file named Figé_37. After
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running the simulation we used Probe to obtain plots of the
currents and output voltage as shown. The drain current of the
PMOS is negative because PSpice references currents into the
device terminals. On the other hand, in the book we have
referenced drain currents out of the device for PMOS transistors.

Exercise 6.20

Low |(Low |On |On |Off|Off|High
Low |High|on |Off|Off|On |High

High|Low |Off|On |On |Off|High

High|High|Off |Off |On |On |Low

Exercise 6.21

We need to design a 2-input CMOS NOR gate that has
symmetrical transition times eqgual to 200 ps. The total load

capacitance is C_ = 200 fF. We are given KP_ = 50 uA/v2, KP, =

25 WA/V2, V.. =5V, and V,__ = |V, __| =1 V.

DD ton

top

Solving Equation 6.36 for (W/L)p and substituting values we have

Wl MC Vb
L 2
P

tpruKPp (Ypp = 1Veop!)

2(200 x 10725
(200 x 10 2%y (25 x 107%) (5 - 1)2

= 25

Now using Equation 6.31, we have
wl _ 1 |w] _
[i] . m[L] - 6.25
n P
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Exercise 6.22

The circuit is the same as the NOR gate shown in Figure 6.49
in the book except that transistors M, HB,...,HH must be

connected in series rather than parallel.

Problem 6.1

A truth table lists all combinations of the input variables
and the corresponding output values.

Problem 6.2

AB= A+ B and (A +B) = AB
Problem 6.3
A Alala .
0|1 o]
1|0
Inverter AND NOR
Exclusive OR NAND OR

D | OR | XOR | NAND | NOR

HHOO|Y
HFoOorHO|Wm
== N~ E
H O
oOHKHO
OHKHRE
(ol NN
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Problem 6.4

One way to prove the validity of a Boolean algebra equation
is to show that both sides yield the same result for all
combinations of the logic variables.

Problem 6.5

(a) D = ABC + AB

PORPRORFROFFO|N
HOHKRHOOOO| DO

HRERERHOoOODOO|
HHOOHHOO| W

(b) E = AB + ABC + CD

HHHKHKHRHMHEHOOODOODODOOD |
HHHRPHOODODOKRKHKHIFHOOODO|W
HHOOKHKHOOKHHOOKHKFOO|N
HOHOHOFHOHOHOFHOKFO|O
HFHEHFEFHERFRFHRHOODOFHOODOKFO|M
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(C) 2 =WX + (W + Y)

HHEFRFHOOOO| =
HHEHOOKHKEHOO| M
HFOHOHFHOKFO|K

HEPOODOKHOK| N

Problem 6.6

(a) F = (A + B)C (b) F=A + B + BC

Problem 6.7

> |
5

(A + B) (A

+ AB)

corRH| P

HHOoOO|M
HorKROoO|l
HERERO|+
HooQo g
HOFE

HOoOKro

The columns for (A + B)(K + AB) and B are the same.

shown that (A + B) (A + AB) = B.

Problem 6.8

w
2
0

(A + B)(A + C)

>
+

HFRHRHOOOO|W
HFrOoOORPFROoOO|W
HoOHOKFROFO|NO
FRRERRERRERRROO|+
HHERMEMEMHMORO|+

HHHHRHEROOO

HHHRHHOOO

(c) F=D + AB + BC

Thus we have

The two right-most columns are the same thus we have shown that

(A + BY(A + C) = A + BC
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Problem 6.9

HFrroO|»
HOoORO|W
HKHEO

HEHEKFEO|+

Problem 6.10

(a) > —-:D:>—

(b)

L/

noad»

(e)

N

—e—) >

Problem 6.11

(a) F

Il

AB + (C + A)D = (E - E)(Kc + D)

(b) F=A(B+C) +D = (A + BC)D
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(c) F=ABC +A(B+C) = (A+B+C)(A+ B C)

Problem 6.12

= Vit is the highest input voltage guaranteed to be
accepted as logic 0.

Vin is the lowest input voltage guaranteed to be

accepted as logic 1.
= VOL is the highest logic-0 output voltage produced

(provided that the input voltages are higher than VIH

or lower than VIL)'

] VOH is the lowest logic-1 output voltage produced
(provided that the input voltages are lower than VIL or
higher than VIH)'

= NMy = Vop - Viy

= B =Yg~ Ve

] IOH is the current that the output is capable of

sourcing when the output is high.

] I is the maximum current that the output can sink

OL
when the gate output is in the low state.
= I, is the worst-case (maximum magnitude) input

current, provided that the input voltage is in the
acceptable logic-0 input range.

(] IIH is the worst-case input current for a high input.

Problem 6.13

When a logic inverter is sourcing current, current flows out
of its output terminal.
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Problem 6.14

Fanout is the number of input terminals connected to the
output of the driver.

Problem 6.15

The power delivered to the inverter by the power supply when
the logic levels are constant is called the static power or
quiescent power.

Dynamic power is the energy required to charge the load
capacitance divided by the switching period.

Problem 6.16

P £C, (V

ss!
(400 x 10%) (100 x 10

dynamic

=i 2

)3

0.36 mW

I

Problem 6.17

See Figure 6.15 in the book.

Problem 6.18

The speed-power product of a logic inverter is the product
of the power dissipation and the propagation delay.

Problem 6.19

See Figure 6.9 in the book.

Problem 6.20

I
[
”
<

NHH = VOH - VIH = 4.5 = 3

15 = 1

I
<
1
<
i
I
o
o
<
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Problem 6.21

Many correct answers can be given. See Figure 6.16 in the
book for one example.

Problem 6.22

With the output connected to the input we have Vo = Vr- If

we plot this on the inverter characteristic the operating point
is at the intersection of the line and the characteristic.

An alternative solution is to obtain the equation for the
appropriate portion of the characteristic which is Vg ™ -3.6v. +

E
11.2. Then we substitute ¥a = ¥ and solve obtaining v, = v, =
2.43 V.

I

Problem 6.23

Because the switch is open for vy = 2 V we conclude that VIL
= 2 V. Similarly because the switch is closed for vy = 3.5 V we
conclude that V., = 3.5 V. Given that Iy, =
the largest output voltage in the low state by solving the
circuit with the switch closed as shown below.

+5Y

-1 mA we can compute

Input low -Input high

Writing a current equation for the circuit with the switch closed
we have

You p Yor = 2 oo

250 1000
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Solving we obtain Vor, = 1.2 V. Similarly solving the circuit

with the switch open we cobtain Vog = 4-5 V. Finally the noise

margins are

NMH = VOH - vIH = 4.5 = 3:5=1W%

NML = VIL - VOL = 2.0 = 1.2 = 0.8 V

Problem 6.24

Dynamic power is proportional to frequency denamic = If.
The total power dissipation is the sum of the static dissipation
and the dynamic power.

P = + Kf

Pstatic

Using the data given, we can write the following two
equations

7

Le® Pstatic ¥ 10 K

- 7
2.5 = Pstatic & 2 % VOEK

. . - - -7
Solving we find Pstatic = 0.5 Wand K = 10 .

£ (Maz) Pstatic (W) denamic (W)
10 0.5 1
20 0.5 2

Problem 6.25

The energy delivered to the capacitor when the output
switches from low to high is

Energy = % cvgH % % cv

2
OL

2

= 0.5(20 x 10 %) (42 - 1%) = 150 pJ

When the output switches low this energy is dissipated.
Thus the dynamic power is the energy dissipated per cycle times
the frequency.

- o -12 6 _
denamic = Energy x £ = 150 x 10 x 25 x 10 3.75 mW
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Problem 6.26

(a) With the switch closed, we have

250

VoL = ° 1000 + 250 = 1V
With the switch open, the output voltage is V.. = 5 V.

OH

(b) The figure shows the waveform for the high-to-low
transition.

Up(#)

EAVE

\W

*pyL
The output voltage is given by

vo(t) = 1 + 4exp(-t/T)

where T is the time constant of the circuit. The time constant

is the product of the capacitance and the Thévenin resistance of
the gate with the switch closed. The Thévenin resistance is the
parallel combination of the 1 kQ and 250 Q resistances which is

200 Q. Thus we have T = 200C = 0.4 ns. tPLH is the time

required for the output voltage to make half of the transition
(at which time we have Vo = 3 V). Thus we can write:

3 =1+ 4exp(—tPHL/r)

Solving we find tPHL = tln(2) = 0.277 ns.
Equation 6.23 in the book applies for the low-to-high
transition with Ry =1 kQQ. Thus we have

tPLH = —RDCln(O.S) = 0.6931RDC = 1.386 ns

Finally we have
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tpp = (1/2) (tpyy + tpry) = 0.832 ns

(c) The static power dissipation with the output high is zero.
With the output low the current taken from the power supply in
steady state is (5 V) /(1000 + 250) = 4 mA. Thus the power
dissipation in the low output state is 5 V x 4 mA = 20 mW.

Problem 6.27

In the high state the maximum fanout is the largest integer
that does not exceed IIOH[/IIH = 6. In the low state the maximum

fanout is the largest integer that does not exceed IOL/IIIL[ = 4,

The circuit must be able to operate with outputs in either state.
Thus the maximum fanout allowed is 4.

Problem 6.28

+Vop g—\/,p
= —4:1 5

Two-input NOR gate

Problem 6.29

To ensure large noise margins, we need V.. « V To

OL DD*

achieve this, we must have RD » Ron'

Problem 6.30

To decrease static power dissipation in the low output state
we should (a) increase RD; (b) reduce W; (c) increase L; (d)

reduce VDD‘
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Problem 6.31

The advantages of increasing RD are reduced power

dissipation and reduced V Disadvantages are longer switching

OL"
times and increased chip area.

Problem 6.32

To achieve static power of 0.1 mW in the low output state,
we reguire I,p = (0.1 mW)/(5 V) = 20 pyA. Then we have Ry + R, =
(5 V)/(20 ua) = 250 kQ.

To achieve VOL = VDDRon,(RD + Ron) = 0.5 V we need to design

for RD = 9R°n. Then because we need RD + Ron = 250 k2, we find
that R, = 225 kQ and R = 25 kQ. Solving Equation 6.15 for K

and substituting values, we have

K = 1 = ! = 5 uA/v?

2RonWas = Vo)  2(25 x 10%)(5 - 1)

(Actually it would be better to design for W/L = 1 because
this would consume less chip area and would produce a lower value

of VOL‘) The circuit diagram is:

RD
225k

M1 o
. P6_32 T 8
0.2
0
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Problem 6.33

We used the simulation stored in P6_33b to plot the
characteristics, Then we used Probe to plot the load line and

the cursor to determine that VOL = 0.532 which is slightly higher

than the design goal of 0.5 V. This is due to the curvature of
the NMOS characteristics in the triode region. We could modify

W/L by trial and err to attain Vor, = 0.5V if desired.

i, 2cuf+---=-- pason L
- 3.0 3.5

B1 = 531.258m, 19.836u
B2 = 8.00a, 8.008
dif= 531.2506m, 19.836u

20uR

10uf

e TSR PPRFSPITIN —

=

sU 2.0U 4.0 Vps
ioiId(H1) < (22.22E-6) - UD(M1)/(225E3)

Problem 6.34

The circuit diagram is shown in the solution for Problem
6.32. The simulation is stored in the file named P6_34. Plots

of Yo and dvofdvI versus v, can be obtained using Probe.

Recall that VIH and VIL are the input voltages at the points
for which dvofdvI = =1. From the plots which are shown on the

next page, we used the cursor to determine that VIH = 2.99 V, VIL
= 1.45 V, VOH = 5 V and VOL = 0.532 V. Then we have
NMH = VOH - VIH =5 =-2.99 = 2,01 V
NM. =V -V = 1.45 - .532 = 0.%92 V

L IL OL
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Vo BB ~

|

:

1

]

1

\

1.4584%, -1.8133 :

2.9879, -1.0133 !

-1.5375, 0.080 :

1

-

I ]

I ]

: !

1 ]

1 ]

] ]

] ]

] ]

] ]

] I

4 | |

dvy SEL>>! |

. T et -
(511} 5.80 v

foiD(UD(H1))

Problem 6.35

First we solve Equation 6.15 for K and substitute values.

1 1 2
K= - = ——— = 62.5 pA/V
2R (Vo - Vio)  2(2000) (5 - 1)

The simulation is stored in the file named P6 35. The plot
of iD Versus vp. is shown on the next page along with the i-v

plot for a 2-kQ resistance.
Of course the two curves match only for small values of

voltage. At 1 V the current for the FET is 12.6% less than that
of the resistor.
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e e e T R T — ]

Problem 6.36

The simulation is stored in the file named P6 _36. Recall
that VIH and VIL are the input voltages at the points for which

de/dvI = -1. From the plots shown below, we used the cursor to
determine that VIH = 1.08 V, VIL =2.04 V, VOH = 5 V and VOL =
0.12 V. Then we have

N'MH=V0H-VIH=5-2.D4=2.96V

NM, = V., - Vor, = 1-08 - 0.12 = 0.96 V
B Ol e e e .
] I
i i
] I
I 1
[ 1
] 1
I I
I ]
I ]
'U..I.. .................................................... =i
a UD(H1)
" e it i
E i
: F1 = 1.8804, -1.0000 |
1 F2 = 2.8412, -1.0008 ]!
SEL>> ! : dif=-960.748m, B.000 | |
T e e v {
(571] 2.0V 4.0V 5.8V
{SiD(UD(M1))
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Problem 6.37

The analysis to determine tPHL

is more difficult than that
for tPLH in the resistor-pull-up inverter because the nonlinear

relationships for the NMOS need to be taken into account.

analysis of tPLH

acts as an open circuit.

Problem 6.38

In the

we have a simple RC circuit because the NMOS

To improve (reduce) the switching intervals of a resistor-
pull-up NMOS inverter we should (a) decrease RD; (b) increase W;

(c) decrease L; and (d) increase V

Problem 6.39

DD’

Using Equations 6.22 and 6.23, we have

tr = Z.ZORDC

= 44 ns

t = 0.6931RDC = 13.9 ns

PLH

The simulation is stored in the file named P6 39.

transient response is shown below.

that tPLH = 13.9 ns and determine that t

i A plot of the
With the cursor we can verify

PHL 1.3 ns.

5.0V~

| 1
| 1
] 1
] ]
! 1
! 1
1 ]
| 1
I I
H I
! |
! I
] i
] (]
1 I
] ]
; :
i 61 = 11.336n, 2.6222 ||
H 62 = 10.0853n, 2.6286 ||
- dif= 1.2776n, -6.3492m ||
1 |
]

w.‘: ____________ e ——— . |
@i 40ns 80ns 120ns

(U(M1:d) :o:UG(H1)
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Problem 6.40

The Thévenin equivalent circuit with the switch closed is:

Res,

: ANN s g
Vor . 'J['(:L

g1k

The Thévenin resistance is Rth = RDIIRDn and the Thévenin voltage
is VOL = VDDRon/(RD + Ron}. Assuming that the input switches
from low to high at t = 0 and that the circuit was in steady

state prior to t = 0, we have

vo(t) = VOL 4 (VDD - VOL)exp(-t/t)

where T = RthCL is the time constant. Furthermore tPHL is the
time at which Vo = VDD - (VDD S VOL)/Z = (VDD + VOL)/z. Thus we

can write
(Vpp * Vor) /2 = Vo, + (Vpp = Vop)exp(-tp. /T)
1/2 = exp(—tPHL/t)

Cln(2)

y A = T.ln(2) == 1/RD - 1/R°n

PHL

Problem 6.41

The circuit diagram is identical to Figure 6.23 in the book
except for component values. The simulation is stored in the
file named P6_41. Plots of the input and output of the last
stage are shown on the next page. Using the cursor we determine
that tPHL = 1.99 ns and tPLH = 14.4 ns.
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5.00 s e e P e e

H1 = 33.398n, 2.6222
H2 = 31.486n, 2.6222
dif= 1.9922n, 0.600

0s ~ sems 100ns 150ns 200ns
i0iU(M3:d) :+:U(M2:d)

Problem 6.42

The schematic is stored in the file named P6 42. The
transfer characteristic is

With the output high, the supply current is zero and the
static power dissipation is zero. With the output low, the
supply current is 477 pA and the static power dissipation is 2.39
mw -

Problem 6.43

The schematic is stored in the file named P6 43 and is shown
on the next page with the input and output waveforms for the
final stage.
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VGG VDD VGG VDD VGG VDD
] |‘j M2 i P; M4 i |F§ M6
MP6_42 1 MP6_42 i MP6_4
}70 0 /@’ 0

r

M1 c1 M3 c2 M5 c3
P —— & = 4
MP6_42 oo MPe-42 o0 MPE_42 200F
Vpulse
;0 0 0 0 0 0 0
5 Bl e e e e e ——
| i
: i
5 !
i } A1 = 12.970n,  2.8008 ;
! A2 = 13.193n,  2.8680 !
: dif=-222.652p, 6.008 !
.U';' ---------- e —————— P e ——————— [ e At —————- = ————e—- "II
s 20ns hiins 60ns 86ns 188ns 126ns
Using the cursor in Probe we determine that tPHL = 0.22 ns

and tPLH = 2.26 ns.

Problem 6.44

Substituting values into Equation 6.24, we have

Veon = Veon-o0 * 7v[12¢p = Vae - Jz¢p ]

=1 + 0.6[]1.6 - Vge - -11.6']

The plot is shown on the next page.
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14

1.2}

Problem 6.45

3

See Figure 6.25e in the book.

Problem 6.46

The output impedance of a CMOS inverter is the on resistance
of either the PMOS or the NMOS depending on whether the output is

high or low, respectively.

Problem 6.47

Ideally the static power consumption of a CMOS inverter is

Zero.

lg;oblem 6.48]

2 = 75 ua/v
KP
B = 75 ua/v?
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Because the inverter is designed with K_ = K the transfer

characteristic is symmetrical and Vo = VDD/2 when Vi = VDDIZ.
For all cases the transistors operate in the saturation region.
For vy = DD/Z we have

o & b . 2
Iop = pn = ®nVesn = Veon! (T + AVpgp)

2
Kn(VDD/2 = Vton) (1 + AVDD/2}

-6 2
5 10 (VDD/2 =)

Vop (V) [Ipp (kA)

3 18.75
5 168.8
10 1200
For vI = 0, we have IDD = 0 for all values of VDD’

Problem 6.49

In this case the PMOS delivers current to the short circuit.

o= = - = E
The PMOS has Ve = VDD' Vbs VDD and Kp 75 uA/V™. Thus the
current is

> L. = LN - 2 = = 2
lshort = *pp = ¥p(Vas =~ Veop! = Kp("Vpp * 1)

Vpp (V) [Ipy (mA)[P (mW)

3 0.3 0.9
-] 1.2 6.0
10 6.08 60.8

Problem 6.50

For v, high and Vo = 0.5 V, the PMOS is cutoff and the NMOS
is operating in the triode region. The current drawn by the NMOS
is

RESNE. | . . 53
10 = 1pn = ¥q[2(Vgsn = Veon!VDsn = Vpsn!
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.

i, = 75 x 10"%r2(5 - 1)0.5 - (0.5)2] = 0.281 maA

(We are referencing the current i_ into the output terminal

(o}
of the inverter.) Because this inverter has a symmetrical
transfer characteristic we have io = -0.281 mA for vy =0 and Vo
= 4.5 v.

Problem 6.51

We want the inverter transfer characteristic to pass through
the point Vi = 1.6 v, = 2.5. Our approach is to use PSpice and
Probe to simulate the inverter and display the transfer
characteristic. We adjust (W/L) by trial and err. We find that
(W/L)n = 8 produces the desired result. The simulation is stored
in the file named P6_51 and the transfer characteristic is shown
below.

Vo 5.0 e R ok e e :

"

'

E1 = 1.6005, 2.5000 .

E2 =  9.008, 5.0000 |

dif= 1.6085, -2.5000 :

]

]

i

(W/L) =8 :

W/L) . =1 !

(W/ )p |

1

e :

B4-———mmmemmmae et et L r=——erTee — T -
8U 1.00 2.0U 3.80 5.0V 5.80 v

Problem 6.52

The schematic is stored in the file named P6 52. The
transfer characteristic is shown on the next page.
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e

D Ve e ——— |ttt b D L T Am———= T
By 1.80 2.0V 3.00 4.8V c.8u VI

Problem 6.53

Let us start by computing the W/L ratio needed for the NMOS

to be able to sink 1.5 mA for Vo = Vpsn = 0.8 V. Here the NMOS

operates in the triode region with Vesn = 5V, Vpsn = 0-8 and inn
= 1.5 mA. We have

- 2
% Gsn ~ Vton)VDsn T Vpsn!

Dn Kn[Z(v

‘bn

2

(2(v psn ~ Vpsn!

Ggsn ~ Veon’V

1.5 ma

[2(5 - 1)0.8 - 0.8%]

6

260.4 x 10

6

[W] = 2K - 2 x 260.4 x 10 = 10.4
n

L KP, 50 x 10~ °

Similarly we solve for (W[L)p for the PMOS to source 60 uA

for vo = 2.4 V.
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3 ‘Dp

Kp = 3
[2(Vesp ~ Veop! VDsp ~ Vpsp!
L 60 x 10”°
[2(=5 + 1) (=2.6) - (-2.6)%]
= 4.27 x 10~5
W 2K _ 2 x 4.27 x 108
i = ﬁ- = = = 0.342
5 p 25 x 10

Because (W/L)p = 0.342 is a minimum requirement, we could save
chip space by selecting (W}L)p = 1 and exceed the requirements.
In practice we would also want to allow some design margin.

Problem 6.54

For all three parts we have V = 5 V and Vo = 0 V. The

OH L
schematic is stored in the file named P6_64. We sweep the input
voltage and then use Probe to plot dvojdvI. Finally we determine

the input voltages for which the slope equals minus unity. The
plot is shown for part (a).

ﬂl : |
EZO { R i
I i (]
v, : i
, : I
1 - I
I . 1
: : i
i ‘da1 = 1.9864, -1.v087 |!
-184 ‘§R2 = 3.0136, -1.0087 |!
i Jdif= -1.8272, -3.5682u ||
5 :
] . ]
1 ' ]
i % 1
1 ? I
i : ;
] ' ]
20+ e e s sy s S e Y e R e e o e At e Sy T S o i -
o 1.0 2.00 3.00 4.0V 5.00 v

The answers are shown in the table on the next page.
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Vip (V) [V (V) [NM (V) e, (V)
(a)|1.98 3.01 1.98 1.99
(b) |3.02 3.82 3.02 1.18
(c)|1.18 1.97 1.18 3.03

Problem 6.55

The small-signal equivalent circuit for the CMOS inverter
is:

In e

‘l& Y

G
v
gnVz »

w

Because the transistors are identical except for polarity, the In

and ry values are equal. From the circuit, we have

EVI vi m d
For the NMOS transistor we have
i = K(Vee = Vo )2(1 + av_)
D GS to DS
aiD
g = = 2K(v = N ) (T ek A=) !
= ZK(VDD/Z e Vto) (1 + AVDDIZ)
1/ " AK ( v )2
r, = = Vee = .
4 avyc|o-point GS to” |g-point
= AK(V../2 - v, )2
DD to
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dav 2K(Vpp/2 = Ve ) (1 + AV /2)

&, T Tma T T 2
I AK(Vpp/2 = V)

-2(1 + AV /2)
AlVpp/2 = Vig)

Problem 6.56

We assumed that An = 0, that the input switches
instantaneously, and that the NMOS remains in saturation during
the entire transient. In other words we assumed that the
boundary between the saturation and triode regions (point D in
Figure 6.35) is on the left-hand side of point C.

Problem 6.57

From Equations 6.29 and 6.30 we see that the switching times
are‘inversely proportional to W/L. Thus we should increase the
W/L ratios of the transistors by a factor of 1.25. (In practice
increasing W/L may also increase C. and an even larger factor may
be needed. This can be determined by trial and err using SPICE.)

Problem 6.58

We can compute the switching times using Equations 6.29 and
6.30 which are:

S = “LVop P “LVop
PHL PLH
Wl kp_ (v V. ) A ke (v v, 12
L n DD ton L P DD top
n P

(a) [4.17 4.17
(b) |4.17 0.417
(c) |0.417 4.17
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Problem 6.59

This inverter has a symmetrical transfer characteristic.

Maximum supply current occurs when Vi = Vg = VDD/2. The current

is given by

I = K 2

DDmax nVesn = V

to!

1

KP
W n 2
FJ = (Vpp/2 = Vo)
n

Il

281.3 uA

Problem 6.60

For each cycle of the pulse train, a charge of Q = C 5

vV =
L DD
pC is taken from the supply to charge the load capacitance. The
average current is Q/T where T is the period of the pulse train.

Thus IDDavg = CLVDDf = 0.25 mA. PDDan = VDDIDDavg = 1.25 mW.

Problem 6.61

We solve Equations 6.29 and 6.30 for (W/L) and substitute
values.

wl _ “LVbp
L 2
n

KP tour. Vob = Veon!
= 2 X 10-12 % 5

50 x 10" ° x 500 x 10”32 (5 - 1)2
= 25

Similarly we find (W/L)p = 50.
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Problem 6.62

M1

VO

[
L
S

LeoT

M35

MB

il |

Problem 6.63

NAND gates consume less chip area than NOR gates.

Problem 6.64

Assuming that Kp_ = ZKPp, all of the transistors have the
same dimensions in a two-input NAND gate. For symmetrical
operation we have required two NMOS and two PMOS transistors each
with W = 4 ym and L = 1 um. Thus the total area consumed is 16
(um]z. (We are not accounting for the guard bands needed around
each transistor.)
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Problem 6.65

Assuming that KPrl = 2KPP’ the PMOS transistors require W/L
that is four times that of the NMOS transistors. Thus the PMOS
transistors must have W = 8 um and L = 1 um. The NMOS
transistors have W = 2um and L = 1 um. The total area consumed
is 20 (um}z. This compares to 16 (um)2 for the two-input NAND
gate of Problem 6.64 which has nearly the same speed and drive
capability. (We are not accounting for the guard bands needed
around each transistor.)

Problem 6.66

We need to design a three-input CMOS NOR gate that has
symmetrical transition times equal to 200 ps. The total load

capacitance is C. = 200 fF. We are given KPn = 50 uA/Vz, KP_ =

2 5 p
.25 pA/vVe, vDD = 5 V, and | =1 V.

Vton Ivtop

Solving Equation 6.35 for (W/L}n and substituting values we

w| _ AL
ol P - Jy*

paL *¥n Vpp = Vion)

have

(200 x 10" )5

(200 x 10 ~?)(50 x 10°%) (5 - 1)2

= 6.25

Now using Equation 6.31, we have

Problem 6.67

The schematic is stored in the file named P6 67. The
transfer characteristics are shown on the next page.

278



One input held low.

i svminenmnes pereessesssane Sy S PR .

(11 1.00 2.00 3.0 4.8V 5.0 v

B, ) e —— g v e A R S S S G S S NS RS A R SR B R RS S |

vO : |

| |

I 1

I i

I I

] I

I . * |

! Both inputs swept from low :

: to high. :

I |

I |

I |

I |

I I

I |

i et [ rrmanreaanes frrrmaEesS v [ T i

o 1.0 2.00 3.00 b0V 5.0 v

Problem 6.68

The schematic is stored in the file named P6_68. The worst
case delays are tPHL = 1.52 ns and tPLH = 2.01 ns.

Problem 6.69

F=A(B +C) =A+BC
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Problem 6.70

+“°b +v“
A L
g 1| s gd
’—-I »-I - AR
A "
Afe B
g R
Problem 6.71
¢ Hl Mz M3 M4 Ms HG H7 F IDD
l|off |off|on|off|off|off|on |0]0
O|off |off|on|off|off|on |offl|1]0
Problem 6.72
:J\Gn
.e FJ
A '—l 1= T=
X'ooll 7% ]
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[Problem 6.73

(p]

]U

d oo
g Rl

Problem 6.74

Consider a capacitor that is discharged through an NMOS
transistor. Assume that the transistor operates in saturation
during the transient. Then the time required to discharge the
capacitor to half of the initial voltage is given by Equation
6.35.

cC.V

- L'pp
Cpur, = = A
FJ ¥Pn pp = Veon!
n
[ﬂ] . “LVpp = (500 x 107%)s
L 2 -12 =3 2
n tpgKPL (Voo = Ve )% (500 x 1071%) (50 x 107%) (5 - 1)
= 6.25

Now in the worst case, the capacitor must discharge through
the series combination of three NMOS transistors. Three NMOS
devices in series is equivalent to a single transistor with 1/3

of the W/L for each transistor. Thus transistors Ml' Hz' H4, HS
and H7 need to have W/L = 3 x 6.25 = 18.75. Transistor M3 should

have W/L = 18.75/2 = 9.375. The PMOS HG requires W/L = 12.5.
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Problem 6.75

See the solution to Problem 6.74. Fc a two-input NOR gate,
the capacitor must discharge through two Ni U5 transistors in
series. EFEach transistor must have W/L = 2 x 6.25 = 12.5.

Problem 6.76
See the solution to Problem 6.74. For a two-input NAND
gate, the capacitor must discharge through three NMOS transistors

in series. Each NMOS transistor must have W/L = 3 x 6.25 =
18.75. The PMOS transistor should have W/L = 12.5.
Problem 6.77

The simulation is stored in the file named P6 77.

ol e..,c.‘wﬂj = ig.

O0fF

Os 1Bns 20ns 36ns t
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Problem 6.78

See Figure 6.51 in the book.

Problem 6.79

The schematic is stored in the file named P6_79. For C high
the output voltage is nearly equal to Ve The maximum magnitude

of Vo - V1 is 163 mV. For C low the output is nearly zero.

Problem 6.80

Applying DeMorgan’s law we have

E

Eo———i’——-— _TIDJ F

~N
s
ool
kel

283



Chapter 7

Exercise 7.1

The simulation is stored in the file named Exer7? _1. The
circuit diagram is:

VCC
vCC _ (b) Widlar current source.
(@) Current mirror.
VO
R1 ?
i 14 4k )
1 45Meg -
Q1 Q2
QICNFPN = =h= QICNPN
Q3 Q4
QICNPN QICNPN
1]
0 R2
. 12k
i vcc
UV
0
0
Plots of 10 versus voz
1, 20un R A s il e i T o e B 7
(] 1
i a
] ]
E Current mirror i
E l -
1 m“g ——————d - mp—
] T i
widlar i
]
!
'
[ e s e ————— e — e —m———— -i
o 5y 180 150 v
o Ic(Qs) o Ic(Q2) 0
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Plots of the output resistance:

”
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4
1
|
1
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]
i
1
]
1
)
1
]
|
|
|
i
L)
1
1
]
-«
]
]
]
)
I
]
I
I
)
]
I
]
1
I
'
)
|
'
)

8 17DCIC(Q2)) + 1/D(IC(QL))

For the Widlar source, the compliance range extends from 0.5
to 15 V, and the output resistance is approximately 60 MQ in the
compliance range. For the current mirror the compliance range
extends from 0.35 to 15 V and the output resistance is
approximately 10 MQ in the compliance range.

Exercise 7.2

The circuits are shown in Figure 7.13. The schematic is
stored in file Fig7_13. The simulation results show that the
mirror has an output resistance of approximately 100 kQ in the
compliance range, whereas the Wilson sink has an output
resistance ranging from 8 MQ to 10 MQ. [Hint: To obtain a plot
of the output resistance of the Wilson source, use the
analysis/setup/options command and change the parameter RELTOL to

1072, then after the simulation request a plot of 1/D(IC(Q4)).]

Exercise 7.3

Because we are given A, at
Furthermore, 12 is specified to be 1 mA. Thus, we must design
for I = 1 mA. Then we have Rl = (V - ¥ - 1.4)/(1 ma)

= Al, we have I = Iz.

ref cc EE
28.6 kQ. Because I, is specified to be 3 mA we must have A, =
3A4 = 3. Then we have
Vv, I =5 -3
R, = ITl [Ic4] - 26 % 10-51“[ 1x 10 _6] - 599 O
C6 cé6 100 x 10 100 x 10
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\ I =3 =3
R, ® ITln{IC1] _ 26 x m-sl“[l X 10_ ] = 1558 Q
c3 50 x 10 50 x 10

C3

Exercise 7.4

The schematic is stored in the file named Fig7_17. The
plots are shown in Figures 7.18 and 7.19 in the book.

Exercise 7.5

(a) I is doubled.
(b) I° is approximately halved. (The voltage at the gate of Hl
decreases slightly so I, increases slightly. However, by

Equation 7.20, the output current becomes half of Il.)

Exercise 7.6

(a) I, is approximately halved.
(b) Io is doubled.

(c) I, remains nearly constant.

Exercise 7.7

Many correct answers exist to this exercise. One circuit is
shown in Figure 7.20 in the book. First we decided to design for
Wlle = 2(w2/L2) so that IDl = 2I0 = 400 pA. Then we used
Equation 7.21 (modified for PMOS transistors) to estimate R, =
(VDD - IVtOI)/ID1 = 35 k1. If desired a simulation can be used
and Rl can be adjusted to obtain the exact value of I0 desired.

The simulation for Figure 7.20 is stored in the file named
Exer7 7.

Exercise 7.8

Many correct answers exist to this exercise. One circuit is
shown in Figure 7.21 in the book. First we decided to design for
Wlle = 2(w2/L2) so that IDl = ZIO = 400 puA. Then we used

Equation 7.22 (modified for PMOS transistors) to estimate RW =
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(VDD - 2lvtol)/ID1 = 32.5 k. Then we simulated the circuit and
adjusted R, to 26.6 kQ by trial and error. The simulation is
stored in the file named Exer7 8.

Exercise 7.9

(a) With Vg LN and Mo | 2 1 V, the current splits equally
between Q1 and Q2 so we have Ic1 = Icz = 1 mA. Then Vo ™ Rc1Ic1
= 15 = =10 ¥V, h N RCZICZ - 15 = -10 V, and Vou ™ Vo =Vos * 0.

(b) With Vyq ™ -1 V and Vip = 1 V the current flows entirely
through Q1 so we have Ic1 = 2 mA and Ic2 = 0 mA. Then v =

ol

RC11C1 - 15 = =5 V¥, v°2 = Rcchz - 15 = =15 V, and vod = vol -
"oz = 10.

(c) With Vi =1 Vand v,, = -1V, the current flows entirely
through Q2 so we have ICl = 0 mA and Ic2 = 2 mA. Then vo1 =
Rc1Ic1 - 15 s =15 V. Voo = Rcchz - 15 = =5 V, and vod e
v = '-10.

02

Exercise 7.10

See Figure 7.31 in the book.

Exercise 7.11

See Figure 7.32 in the book.

Exercise 7.12

Refer to Figure 7.36 in the book. We can write the
following equations:

Viem = Tpipy T (Rgp + 2Rgp) (B + 1)1,
vocm = -RCBibl

(a) R = Viem 2 Viem
icm Ig, T 1 21b1
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[(fp + (Rgp + 2Rgp) (B + 1)]/2

Vo1 ~BRg
(B) Ayep = 3 ST ¥ (Rog *+ 2R (B + 1)
icm 1 EF REB

Exercise 7.13

(a) For the dc analysis, we assume that Mgk ™ 0. Then by

& el 25~ 0.6 _ -
symmetry, we have IEl = IE2 o E ——1§5;-— 9.6 mA. Then ICl
IC2 = BIElj(B + 1) = 4.78 mA. Furthermore, we have vCEl = VCC +
VBEl = 15.6 V and VCE2 = VCC e IClRl + VBEZ = 10.82 V.

r. . =r = (200 x 26 mV)/(4.78 mA) = 1088 Q

nl n2 = BVp/1cg
(c) We have

Via = Vig T Vig ™ Vin | aRdY Ve o =V F Veg)f2 = vyo/e

However, the differential gain is much greater than the common-
mode gain, so we can ignore the common-mode component. We have

Yoz _ Yoz _ B(R,1IRy)

A = =
vds vid Vin 2r“
_. 200 x 667 _ -
sl e 61.3 = 35.7 dB
Rin = vin/lin = vid/lbl = 2rn = 2180 Q
Ro = Rl = 1000 Q

(d) The simulation is stored in file Exer7_13. To obtain a plot
of the input impedance versus frequency request a plot of
1/IB(Q1).

Exercise 7.14

The simulation is stored in the file named Fig7_41.
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Exercise 7.15

The simulation is stored in the file named Exer7_15.
VCC

J1 J2N3813

J2N3819 J2
Vids2
[ ]
J3
vem  J9N3819
VSS
Vid " T TR TN T T T -

i . e e i et e

""l‘ """"""""" T e T R B T e e p—— -
s Ans fins 12ms 16ms 20ms
o UD(J1)
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Exercise 7.16

(a) IDQS = Iset =
Iposa = Tpos = Ipge

1 mA, IDQl
= 1 mA.

= 2 ma, =1 =4 ma, I =

Iho2 DQ7

(b) The schematic is stored in the file named Exer7_16 and it
gives results that are in good agreement with the answers given
for part a.

(c) and (d) Use the simulation to observe the waveforms.

Exercise 7.17

Q
)
output. Q3 and Q4 form a differential amplifier with a single-

and Q2 form a differential amplifier with a balanced

ended output. Qg is a pnp common-emitter amplifier with

unbypassed emitter resistance. Qs is an emitter follower. Q7,
QB' and Qg form a double current source.

Exercise 7.18

First we can determine Ic8 = IC7 = (15 = 0.6) /(72 kQ) = 0.2
mA. By symmetry, Ic1 = IC2 = ICBIZ =0.1mA. I, = IC7AQ/A7 =1
mA. By symmetry, Ic3 B IC4 = Ic9/2 = 0.5 mA. The voltage at the
collector of Q4 is Vc4 = 15 = IC4(10 kQ) = 10 V. Thus we have
IC5 = IES = (15 = VC4 - 0.6)/R5 = 1 mA. The voltage at the
collector of Qg is Vog = RgIog — 15 = 0.6 V. The output voltage
is Vo - Vc5 - 0.6 = 0. Finally, ICs = IE6 = {Vo + 15)/R7 = 10

mA.

Exercise 7.19

(a) We have r. = 0.026B/I which yields r = r = 52 kQ, r

cQ ml 2 n3
= rn4 = 10.4 kQ, rns = 5.2 k0 and e 220 1.
(b) Ri2 =T, R 20.8 kQ.

(c) See Figure 7.56 in the book.
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(d) For a pure differential input signal, the equivalent circuit
is

Abi
q -
- +
Vi i PALT o 5 Y gte
a Z ] %
vid/Z = rnlibl vod/z = _BiblRi where Ri = Rlll(Rifz)

Ava = Voa/Via = AR/t

R; = (100 kQ)[/[(20.8/2) kQ] = 9.42 kQ

A,y = -200(9.42)/52 = 36.23

A,qp; = 2010g(A,y) = 31.2 dB

Problem 7.1

Relatively high precision, capacitors, inductors, and
resistors are available in wide ranges of values in discrete
circuits. Furthermore, many special types of transistors and
other devices are available.

In ICs, resistors and capacitors are avoided if possible.
Inductors are not practical in integrated circuits. The range of
device types available for a given circuit design is much more
limited.

Problem 7.2

The variety of devices available to the IC designer is
limited by the complexity of the fabrication process and the need
to minimize chip area. Active device characteristics are
tailored to a given application by selection of device
dimensions.

Problem 7.3

An advantage of integrated devices is good matching.
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Problem 7.4

Ter = Is1®¥P (Vg /Vp)  Igp = Ig,eXP(Vgpy/Vi)

Te1 _ I1s1®%P(Vppy/Vy)
Tea  1528%P (Vpgy/Vq)

1= (Ig,/Tg,)exp((Vgp) = Vgpy) /Vp]

v - N

BE1 BE2 = Vpln(Ig,/Ig,)

0.0261n(0.952) = =1.27 mV

Problem 7.5

I

(10 XR) x 1.2 x 0.98

11.76 kQ

Rmax
Rmin

(10 XQ) » 1.2 % 1.02

12.24 kQ

Problem 7.6

_ |w|xe ~ 2
Yoo = [Z]T‘VGSQ Veo) (1 + AVpgy)

Therefore if W/L varies by #5%, I varies by #5%.

DQ

Problem 7.7

i L2 VCEQ and ICQ must be large enough so clipping does not occur.

2. Device limits for VCE' I., and power dissipation must not be
exceeded.

3. Desired impedance levels for the circuit must be considered.

4. The desired frequency response must be considered.

Problem 7.8

The current mirror is shown in Figure 7.1a on page 415 in
the book, the Wilson current source is shown in Figure 7.10 on
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page 422 in the book, and the Widlar source is shown in Figure
7.11 (page 422). The Wilson source is used to attain high output
impedance, and the Widlar source is used to attain small current
values.

Problem 7.9

A current sink draws current from the load, whereas the
current sink delivers current to the load.

Problem 7.10

The circuit diagram is shown below. We returned R to ground

rather than to +vcc' so the value of R would be smaller and

require less chip area. The transistors both have relative areas

of unity. 1Initially we selected R = (VEE - 0.6)/Iref = (14.4

V)/(0.5 mA) = 28.8 kQ. Then we simulated the circuit and
adjusted R to attain I, = 0.5 mA for V, = 0.

(0]
Vo'
‘i vee v
— 15V R
- 36.2k
Q1 Q2 d
4 Qmod Qmod = %8
—— VEE -
'1 15V
0
VEE VEE
VEE

The simulation is stored in the file named P7_10. For Vo ranging
from -5 to +5 V the current ranges from 0.462 to 0.540 mA. The
output resistance is 128.5 k.

Problem 7.11

The circuit diagram is shown below. We returned R to ground
rather than to +VCC so the value of R would be smaller and
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require less chip area. The transistors both have relative areas

of unity. Initially we selected R = (VEE - 0.6)/Iref = (14.4
V)/(0.5 mA) = 28.8 kfJ. Then we simulated the circuit and
adjusted R to attain IO 2 0.5 mA for Vo = 0.
VCC VCC vCC
L_VCC Q1 Q2
15V ap7_11 QP7_11
2 0
- VEE R -
15V 36.2K = VO
. oV
VEE 0
0

The simulation is stored in the file named P7_11. For Vo ranging
from -5 to +5 V the current ranges from 0.540 to 0.462 mA. The
output resistance is 128.5 kQ.

Problem 7.12

The circuit diagram is shown on the next page. We returned
R to ground rather than to Voo
smaller and require less chip area. The transistors all have
relative areas of unity. 1Initially we selected R = (Vgg ~
1.2)/Iref = (13.8 V) /(0.5 mA) = 27.6 k0. Then we simulated the

circuit and adjusted R to attain I, = 0.5 mA for VO = 0.

so the value of R would be

The simulation is stored in the file named P7_12. For Vo
ranging from -5 to +5 V the current ranges from 0.49807 to
0.49948 mA. The output resistance is 7.12 MQ.
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i vee 0
=18V R
27.3k Q2
® Qmeod
+ 0 +0
Q1 Q3 b,
= VEE = VO
‘I 15V Qmod Qmod 1 oV
VEE 0
VEE VEE

VvCC VCC vVCC
1_ VCC o1 Q2
15V = QP
+ -
Vo = 5-mA source
ov . 0

7 ¥ VO
— VEE
0 15V M7k yoo 1-ma VOO 0.1-mA
I j sink sink
Q4 Q6
VEE ol | @5 i
QN
j R2
VEE VEE 590

VEE

Many other correct answers exist. The simulation is stored in
the file named P7_13. The relative areas of the transistors are

A1=1, A2=5,A4=1.04,A5=1,A6=1.



Problem 7.14

VO _T;VCC VCC vVCC VCC
‘| vee of ’ Q2 R4
15V QP & 1540
= f QP o
VO = >
QP
ov 0 5-mA source
¥ R1 - OciA
— VEE 34 75k source
4] . 1-mA
T 15V voQ lma Vo o
si
VEE Q4 N . o5 o
QN QN
R2
VEE VEE i 11.85k
VEE

Many other correct answers exist. The simulation is stored
in the file named P7 14. The relative areas of the transistors

are Al =1, A, =5, A, = 1.04, A_ =1, A_ =1, A, = 1.

2 o 5 6 7

Problem 7.15

Because the transistors are matched with equal areas we have

Ic3 = IC4 and Ic1 = Icz. Also we have

I = (V

ref = 1.2)/Rpge = Igg * Io3/B + 1o,/B

ce

Furthermore, at the collector of Qz' we can write the current
equation

From these equations, we eventually have

2 v G2 Ui
1§ = I = B +ZB cc o

X g | 12
e3 c4 2(82 + 28 + 2) R ref

ref
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Problem 7.16

Because the transistors are matched with egual areas except
Q, which has an area of 2, we have Iy =21 and I =1I_...

4 C3 C1 c2
Also we have

Tret = (Vo = 1:2)/Rpge = Iy + Io3/B + I,/8

Furthermore at the collector of Qz' we can write the current
equation

To /B + Ioy/B + Igy = Ios(B + 1)/B + I, (B + 1)/B

From these equations we eventually have

32 + 28 2 VCC - 1.2 b v
R - “ref

I.=1./2=
C4 382 + 68 + 6 ref

C3

Problem 7.17

Many correct answers exist. One is shown below.

H};fcc
1 vee
— 15V
Q1 Q2 =\0
0
’ Qn ON ity
— VEE
15V R2
i[ VEE 1050 <
VEE i Ve

We returned Rl to ground rather than to +vcc' so the value of R1
would be smaller and regquire less chip area. The transistors
both have relative areas of unity. Initially, we selected Lot
1 mA and R1 = (VEE - (.'.'.6),‘111_‘3f = (14.4 V)/(1 mA) = 14.4 kQ.
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Also, we used Equation 7.16 to obtain R, = (VT/Icz)ln(Ic1/Ic2) =
(26mV/50uA) In(1mA/S50uA) = 1557 2. Then we simulated the circuit

and adjusted R2 to attain Io = 50 uA for Vo = 0.

The simulation is stored in the file named P7_17. For Vo

ranging from -5 to +5 V, the current ranges from 49.0 to 50.9 uA.
The output resistance is 5.31 MQ.

Problem 7.18

Here is one correct answer:

VCC
VCC
LR - »
VCC
= 15y 1660
s y
0 QP
— VEE | — O
R1
VEE 0 0

We returned R1 to ground rather than to VEE' so the value of R1
would be smaller and require less chip area. The transistors
both have relative areas of unity. Initially, we selected Iref =
1 mA and Ry = (Vo - 0.6)/I__. = (14.4 V)/(1 mA) = 14.4 kQ.

Also, we used Equation 7.16 to obtain R, = (VT/Icz)ln(ICl/Iczj o
26mV/50uA)In(1mA/50uA) = 1557 Q. Then we simulated the circuit

and adjusted R2 to attain I, = 50 pA for V., = 0.

0 (o)

The simulation is stored in the file named P7_18. For Vo
ranging from -5 to +5 V the current ranges from 50.9 to 49.0 uA.
The output resistance is 5.31 MQ.
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Problem 7.19

The circuit diagram is shown below. Ql and Q. are the

emitter followers. The other transistors form the current
sources. With maximum output, the load current is 10 mA. Unless
ICQG is larger than 10 mA, clipping due to cutoff will occur.

Thus, we have chosen ICQG = 13 mA to ensure some design margin.

We also want high input impedance and low power supply drain.
Thus, we have biased Q1 at a lower current. Furthermore, we want
Vo = 0 for N = 0. Thus, we initially chose Al =1, A6 = 5 and

I = 106/5' because these choices result in VBEl = -VBEG and the

output voltage will be close to zero for zero input. Finally, we
simulated the circuit and adjusted the values to attain a
relatively undistorted output and close to zero dc offset.

vCC VCC
3 g
Qp
VCC
Rs R3
AU . Q1 3.38K
1k h}(: .
n
Vs 2
Q3
an Qn
0
VEE VEE
Problem 7.20
Iref - (Vcc - 0.6)/R = 1.44 mA
Iref 1.44
I - - : = 1.4117

c2min 1 ¥ 2/B 1 + 2/100
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Iref o 1.44

Teomax =T+ 2/8 - T % 27200

= 1.4257

is

Thus the percentage increase in Ic2

Icomax “Te2min

i

x 100% = 0.995%
C2min

Problem 7.21

Because we have I, = (A,/A)1 will vary by #5% if

ref’ IC2
Az varies by 15%.

Problem 7.22

(a) Refer to Figure P7.22 in the book. We assume that VeE is
the same for all of the transistors and that the base currents

are negligible. Thus, we can write
I, = Wee = Vgg = Vpg)/(2Ry) = Voo/(2Ry) = Vgp/R,

ToRy P ¥pp = Vg # Vpu & Ril, =V /2 + ¥

1 BE BE BE 1 i | BE

Io = Vee/2Ry

(b) and (c¢) The simulation for both circuits is stored in the
file named P7_22.

I L ;
IO : : .

current mirror —————»
1.50mA ' Sl S T 1 3

1.49n0

o R i e e i o

\
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Problem 7.23

For I0 to remain constant, VO must be large enough so Q3
operates in the active region. Thus, we must have VCE3 > 0.2.
However, using the result of Problem 7.22, we have I, = VCC/ZR1 =
1.5 mA. Then we have VCE3 =V, - IR, = V. - 7.5 >0.2. Thus,

o
the compliance range is Vo > 7.7 Ve

Problem 7.24

(a) I, = (V

1 cc = Vgp) /Ry

I3 = Igp =1 ~ Ip;

i

I1 = IE2/(B 1)

=I, - (I

1 p1 * Ips)/ (B + 1)

= I, - 2I,/(B(R + 1))

R (82 + B +2)

(b) Evaluating we have

B [Igy (ma)

100|0.453244
110|0.453259

Percentage increase = 0.0033%

(c) For the current mirror of Figure 7.1 we have I _. = (Voe -
VBE)/R and I, = Iref/(l + 2/B). Evaluating we have

B [1g, (ma)

100(0.467320
110|0.468154

Percentage increase = 0.178%

(d) The compliance range is Vo > 0.2 V.
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Problem 7.25

. SYee T VEE .
ca =~ Tes T (a3 R

Problem 7.26

 JEPHE e (R S SRR A

c1 c2 c3 1 mA

ce ZVBE)/(13.6 kQ)

Ql Q, and Q3 operate in the active region. However Q4 is in

saturation. Ic4 - IC2 = 1 mA. Vo o 0.2V

Problem 7.27

Refer to Figure P7.27 in the book. Writing a voltage
equation we obtain

Vee2 ¥ Vers = VBe1r * VBEs

However we assume that vBEl = VBE2 = VBEB = 0.7 V. Thus we have

VCE4 = 0.7 V. Also we have VCEZ o T VCE4‘ For operation in

the compliance range, we must have VCEz > 0.2 V, which implies V
> 0.9 V. Al80o, Tyy = Tpy = I, = T, = I, = (V. = 2V5.) /(13,6
kQ) = 1 mA. The simulation is stored in the file named P7_27.
The plot of IO versus Vo is

0

I 1. BMA— -~ m e e e e

i 1

o) ! \

| . - - [}

i Compliance range _ > |

I )

| ]

(] [}

| 1

I I

I I

i I

4 1

oA - .

] I

] I

I I

] I

(] 1

1 I

I |

I I

I I

I i

I I

I |

_-1-ann+ —————————— e o F-==—=—==—==== Y i
ou 2.00 3.0V 5.00 5.0V




Problem 7.28

The circuit diagram is

VCC
Cascode
R1 VO
13.6k vCC Mirror
Q1 Q2 VO
R2
Qn Qn 16.1k
Q5 Q6
Qn Qn
0 0
0 0

The simulation is in the file named P7_27. It is necessary to
use the Analysis/Setup/Options menu to set RELTOL = 1E-7 to
obtain smooth plots of r_.

o)

1 e e e e e e e T ety

= Q . d

: | :

] el |

i T 1

I . I

] ]

10K - :

| 1

1 1

1 1

1 1

1 I

I I

I

l

1

I ]

] I

L S S e G T e e e i o e Lt K s {
Bu su 100 15UV0

a 1/D(IC{0Q2)) - 1/D{IC{0Q6))

Notice that the output resistance of the cascode current source
is much higher than that of the simple mirror.
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Problem 7.29

See Figures 7.15 and 7.16 in the book. In general the
mirror has the larger compliance range, and the Wilson source has
the higher output resistance.

Problem 7.30

A "constant-current diode" consists of a JFET with the gate
connected to the source as shown below. The Schematic file is
P7 30.

"o MY

dn v T_._‘OV

I 1.8mA----- :

i i

i i

1 i

i 1

[} L]

i i

i I

i i

i 1

1 !

i i

i i

1 i

0.5nA 4 :

1 1

i i

i i

i 1

i |

' 1

i ]

i 1

(] 1

i 1

1

]

i

T ST SRS SR TR N | o i b e M e e e e e |
sy 5y 100V
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Problem 7.31

: (W3/L3) :
(a) 1D3 = W x lDl = 3 x 0.5 mA = 1.5 mA
. (Wy/L;) .
102 = W x lDl = 2 x 0.5 mA = 1 mA
. (Wg/Lg) J
(b) 1D5 = (w—l/L";-)—* x 1D4 =0.5%x 1 maA=0.5mA
B (HGILG} .
1D6 =TWX 104 =2 x 1.0 mA = 2 mA
Problem 7.32
VCC
VO
R1 T VO
50k o
-+
M1 s M2 VO =—
Mmod M Mmod gy .
0 Mo Mo

Arbitrarily we started by selecting Wl = 20 pm. Then we
ref = Voe/Ry = 0.3 mA and W, = W, x (0.5 mA)/ (0.3 mA)

= 33.3 um. Next we simulated the circuit and adjusted W2 to

attain I, = 0.5 mA in the center of the compliance range. The

estimated I

plot of I0 versus VO is shown on the next page. The compliance

range extends from about 1.5 to 15 V. (If desired, the widths of
the transistors could be reduced to save space. This would raise
the lower end of the compliance range.) Using the cursor we
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found two points on the plot and computed the output resistance
to be 114 kQ.

I, 60BUAT---------- e T S

Al = 15.0008, 570.4%1u
A2 = 2.9121, 464.286u

. dif= 12. = _155
2B0un . . 1 . 088 166 .155u
B T E T  iiatee Tl TR o e e e e e 4y
- 59 18v 150 '0

Problem 7.33

To attain a high output resistance, we chose a Wilson
current source.

vCC
Wilson current source,
VO
RW VO VCC
50k
et d
e Mmodel — Vo ;\1.’50\(,:
g N
M1 0 1 1
0 0

L . r.
Mmodel [ 2 M2
Mmodel
0 0

Arbitrarily, we started by selecting L
estimated I

20 uym. Then we

ref = Vec/Ry = 0.3 mA and W, = W, x (0.5 mA)/(0.3 mA)
= 33.3 um. Next we simulated the circuit and adjusted W2 to

attain I0 = 0.5 mA in the center of the compliance range. This

required W2 = 50 um. We selected W3 = Wz' The plot of I, versus
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Vo is shown below. The compliance range extends from about 3.0

to 15 V. (If desired, the widths of the transistors could be
reduced to save space. This would raise the lower end of the
compliance range.) Using the cursor we found two points on the
plot and computed the output resistance to be 3.34 MQ.

S L LT e S e

400un

B1 = 15.0800, 501.863u
B2 = 5.0000, A&98.815u
dif= 10.800, 2.9883u

200uA

L [

Problem 7.34

VCC VCC
Mp Mp
M1 ;_lmz VCC
+
?01k 'l vo i
%E},ov . 15V
0 - 0
~0

Arbitrarily, we started by selecting Wl = 40 pym. Then we
estimated Iref = VCC/Rl = 0.3 mA and W, = W, x (0.5 mA)/(0.3 ma)
= 66.6 um. Next we simulated the circuit and adjusted W2 to
attain I, = 0.5 mA in the center of the compliance range,
settling on W, = 71.6 um. The plot of I, versus Vo is shown on
the next page. The compliance range extends from about 0 to 13.5
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V. (If desired, the widths of the transistors could be reduced
to save space. This would lower the upper end of the compliance
range.) Using the cursor we found two points on the plot and
computed the output resistance to be 118 kQ.

B T R,
]

E

]

: “

%00uf - I
i

D1 = 8.008, 551.855u £

D2 = 12.008, 449.9B83u !

288uf dif= -12.8088, 181.952u E
]

I

1

!

BA - —m o A e pom e
ey ) 18V 15V

Problem 7.35

Ax
— =
ES -+
Voss otz TV
- ‘3‘
G D
D‘ L _. _—.G‘ o 2
+ +
i Ve y
d 3_“'05.” 95 visz 3».;155: 2
i I
From the circuit, we can write
Vgs3 = -(gmlrdl " 1)vgsl

1y = (Vg - vgsl”rda * In3Vgs3

g = (gmz & llrdz)vqsl

308



Algebra eventually results in:

=X e |1 Tn3%mTay * 9py * Mxg,
(o} 5 d3 9o t 1/T4,
Problem 7.36
"1 |xp 2
For Hl we have IDl & iI TT(VGSI - Vto) substituting values

and solving for vGSl we obtain VGSl = 3 V. Then we have R = (10
- 3)/(1 mA) = 7 kQ. Finally I, = Ip;(W,/W;) = 0.5 mA, and I, =
Ipg(Wy/W,) = 2 mA.

Problem 7.37

W. |KP

= | & p s 2 g .
For M1 we have IDl = Ll —3-(V651 vtop) substituting
values and solving for VGSI we obtain vGSl = =5 V. Similarly we

obtain Vegy = 5 V. Then we have R = (15 + Ves1 Vagz) /(1 ma) =
5 kQ. Finally I, = I (W,/W,) =1 mA, and I, = I, (Wy/W,) =2
m.

Problem 7.38

The simulation is stored in the file named P7_38.




Problem 7.39

Ideally a differential amplifier produces an output that is
proportional to the differential signal and does not depend on
the common-mode signal.

Problem 7.40

The transfer characteristic of the BJT differential
amplifier is shown in Figure 7.26 on page 439 in the book. It is

approximately linear for -VT = Viq = VT.

Problem 7.41

The sketch is similar to Figure 7.26 (page 439) in which the

maximum value of vod = aRCIEE = 2 V and the minimum value of vod
‘:'-2 V-

Problem 7.42

For a 1-V peak input signal, the output will display
pronounced clipping. Thus the output will be a 1-kHz square wave
with rounded edges. A simulation of the circuit is stored in the
file named P7_42.

<
o
=1

e

g
|
|
i
L]
]
I
]
:
|
i
i
L]
i
1
]
1
i
]
]
)
]
)
)
1
1
i
)

Problem 7.43

If the output is taken between the two collector terminals
of a differential amplifier, we have a balanced output. If the
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output is taken from just one of the collectors, we have a
single-ended output.

Problem 7.44

See Figure 7.30 on page 741 in the book.

Problem 7.45

Using Equation 7.40, we have

i V.
Cl id : A
— exp[ —L o ] > Vi = N lmiia oy
1C2 VT id v 14 e
At a temperature of 300 K we have VT = 26 mV. For 90% of the
current through Ql' we have lc1/lc2 = 9,
Percentage Via
90% 57.1 mV
99% 119 mV

Problem 7.46

Many correct answers exist. One is shown below.

iVCC vCcC © VCC
) L
—— VCe RC
T 15V 10k
g-— VEE )|
T 15v Q1 Q2 i
1 Qn Qn 5k
oy 0
VEE i 0
RE
9.6k
; !
VEE
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For simplicity we have replaced the current source with Rp
and eliminated the resistor in the collector of Q- When Q, is
off, the voltage at the emitter of Q, is approximately -0.6 V.
For zero output voltage we need IEZ = Ic2 - 15/RC = 1.5 mA. Thus
we need RE =z (15 - 0.6)1132 = 9.6 k2. When Q2 is off, Rc and RL
act as a voltage divider producing Vg = 5 V. The simulation is

stored in the file named P7_46.

Problem 7.47

Many correct answers exist. One is shown below.

VCC

¥ ‘ 2.4k
— VCC

T 15

- p
ol vee
15V

VEE

VEE VEE i0

For simplicity we have replaced the current source with RE

and eliminated the resistor in the collector of Q,. When Q. is
off, the voltage at the emitter of Q, is approximately +0.6 V.

For zero output voltage, we need IE2 = Ic2 = 15/Rc = 6 mA. Thus
we need RE = (15 = 0.6)/1Ez = 2.4 k0. When Q2 is off, RC and RL
act as a voltage divider producing Ve ™ -10 V. The simulation is

stored in the file named P7_47.
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Problem 7.48

In a small-signal equivalent circuit, an ideal dc voltage
source is replaced with a short circuit because there is no
change in the source voltage even if the current through it is
changing. An ideal dc current source is replaced with an open
circuit because there is no change in the source current even if
the voltage across it changes.

Problem 7.49

By symmetry, we conclude that ICQl = IcQ2 = 5 mA. Then we
have r , =r . = BVT/ICQ = 1040 Q. Also the differential input
voltage is V™ Vin® From Table 7.2 on page 450 in the book, we
have

i w0t Ve R

vds va Vi 2[rn + (B + 1)REF]

o 1000 x 200 N
~ 2[1040 + 201 x 20] 198
R; = Ryy = 2[r, + (B + )R] = 10.1 kQ

Problem 7.50

Because the 1-mA sources become open circuits in the
equivalent circuit, the common-mode gain is zero, and the common-
mode input impedance is infinite. Thus we can compute the input
impedance and gain using the formulas for the differential
signal.

Comparing Figure P7.50 to the equivalent circuit shown in

Figure 7.33, we have Rpg = @ and 2R . = 100. Thus Rpp = 50.

v v RCB

A R e B e (EE
vds V. V4 2[rn + (B + 1)R

EF)
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e 10* x 200 - EE
vds ~ 2(5200 + 201 x 50) '

Ri = Rid = 2[rTr + (B * I)REF] = 30.5 kO
Problem 7.51
(@) Iggy = Iggy = (5 MA)B/(B + 1) = 4.975 mA
Yo = BVT/ICQ = 1045 kN
Avas = 121 = ;2 R ) ;zfi )R]
in d n EF
1000 x 200

= 95.7

vds =~ 2(1045 +201 » 0)
(b) and (c)

Viq is a 1-kHz sine wave with peak amplitude of 10 mV.

ie = ICQ + AvdsvilfRC = 4.975 + 0.957sin(2000mt)
iey = ICQ = By gsVi1/Re = 4-975 - 0.957sin(2000nt)

The simulation is stored in the file named P7 _51. The simulation
yields the following plots of the currents.

L

1
|
|
]
1
]
]
1
]
1
]
)

5.0mA
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10.025 - 0.957sin(2000mt)

Vo1 = Voo ~ Icoife = AvasVii
10.025 + 0.957sin(2000nt)

]

Vo2 = Vee T IcgaRe t AvasVia

The simulation results agree very well with the expressions
we have given for the voltages and currents.

(d) We used the Analysis/Setup/Transient menu to specify a
Fourier analysis of VC(Q2) for a center frequency of 1000 Hz and
9 harmonics. In the output file we find that the total harmonic

distortion is 0.306%.

50 mV, the output amplitude is sufficiently large

(e) With v, =
The simulation shows total

that considerable distortion occurs.
harmonic distortion of 6.3%.

Problem 7.52

Formulas for the CMRR’s are given in Table 7.2 on page 450
in the book as

r, + (B + 1) (Rgy + 2Ry
Ty F gB)
CHRR,, = T+ (B + DRy, = 2 x CMRR

For large CMRR, we need to select REF = 0 and REB as large as

possible.

Problem 7.53

In Table 7.2 on page 450 in the book, we find

Rid = 2[17“ = (B l)REF]

2. 4+ B+ 1)REF

I -
Riem = 2 * (8 & gy

Thus to attain large values for R.qg and Ricm’ we need large R,
small ICQ (so ro. is large), and large REF' Furthermore for large

Ricm' we need to make Rpn large.
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Problem 7.54

To attain small distortion, we select a large value for REF’

[Compare Figure 7.28 (page 440) with Figure 7.26 (page 439) and
notice that the curve is straighter in Figure 7.28 which is for
nonzero value of REF'] Another possibility is to drive the input

terminals with current sources. (In other words increase the
source impedance.) In some cases, larger values for ICQ result

in smaller distortion. Also for any amplifier, keeping the
signal small will reduce distortion.

Problem 7.55

One answer is:

vee vee vee

— vce 22 c j

T 15V iR
‘gr—*' 10uF

==VEE Q1

T 15v Q2N2222 o

Q2N2222 : ke RL
VEE o
0

Many combinations of component values will work. We first
simulated this circuit with Rppq = Rpps = 0 attaining a midband

gain of about =-45. Then we increased Rppy @nd Ry, by trial and
error to attain a gain of -25.

Problem 7.56

Many combinations of component values will work. One
possibility is shown on the next page. We increased Rep by trial

and error to attain a gain of -25.
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VCC

\Velo o
} 22 C1
-+
== VCC
T 15V Q1 10uF
E Q2N2222
—‘——:fsEE ; k> RL
- REF
Vin |
[i8]: i
VEE )
0 REB CE .
4.7k 1 1000uF
VEE 0
The plot of gain magnitude versus frequency is
) 28 e e -
v

___..---.._l___..___..._l

Problem 7.57

The main advantages of the source-coupled pair compared to
the emitter-coupled pair are the low input bias current and
nearly infinite input impedance of the JFET or MOSFET (at low
frequencies). The disadvantages of the source-coupled pair
compared to the emitter-coupled pair are lower gain magnitude and
higher offset voltage.
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Problem 7.58

Refer to Figure 7.46 on page 462 in the book.

For a pure

common-mode input signal, we have Vii ™ Ny ™ Vi Split RSB
into two parallel resistances, each of value 2RSB. Then consider
the half circuit shown below.
= } R°
—_—
+
+ + 1231
Vs W ;
L’ 3 -
“cn d 7~ Vin
* » to othen
A hl.llF C\"l‘\'
L A=o0 (By s‘ynuh’)
Viem ~ vgsl v 2RSBgqusl

v

v
A L. ol

o1 =~ "InYgs1%p

R

“Infp

vcm V.
icm

Problem 7.59

Refer to Figure 7.46 on page 462 in the book.

differential signal, we have Viz =

the voltage at the top end of Rep is zero.

the top end of RSB to be grounded.
: - 5
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SB

For a pure
By symmetry,
Thus, we can consider

“Via = V34/2-

The resulting half circuit



Ui

Problem 7.60

Many correct answers can be found. Here is one example:

vCC VCC
RD1
3.3k
J1 J2 RL
Jmod 5k
Vi1 Jmod 1

0.5V '
o 1
— Q1
t i Qmod
3k RBQ2 Q3

Qmod ;(L Qmod
VEE VEE

The simulation is stored in the file named P7 60.
(Actually, two versions of the circuit are simulated: one for the
differential gain and the other for the common-mode gain.) At 60
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Hz, the simulation yields A,y = 10 dB and A,, = —67 dB for a CMRR
of 77 dB. Resistor Ry, is included so the bias points are

identical for J, and Py which makes the circuit more balanced
and reduces Av

Problem 7.61

Many correct answers exist. Here is one of them:

VDD VDD
VDD
RD1 RD2
3.3k 3.3k 16
Jp
L ]
J1 J2 Ja 15 .
Jmod J C3
Jmod P
Vit = Vi2 ap
: * 60'5V R6 R5 100uF
A J3 5.1k 5.1k RL
Jmod 5k
VSS VSSs
0
VSsS

The simulation is stored in the file named P7 61. At 60 Hz,
the simulation yields A va = 38.4 dB and A = =35.5 dB for a CMRR

of 74 dB. Resistor Rg is included so the blas points are
identical for J and J 5 which makes the circuit more balanced and

educes A
> » vem”®

Problem 7.62

Consider applying an input signal to the gate of M.. When
this signal goes positive, current is shifted into M, which
raises the voltage at the drain of M4 M7 is a common-source

ampllfler which is inverting. Thus we conclude that the gate of
M, is the inverting input and the gate of H4 is the noninverting

input.
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Problem 7.63

The gain of the differential stage and the transistor
parameters (gm and rd) are the same as in the example. However

because of the 1-kQ load, the gain of the second stage (M7) is
reduced. The new value of the second-stage gain is

6

sz = —gm7(rd7||rd2||RL) = =3577 x 10 x (984 Q)

= =3.52

The overall gain is Av = Av1 X sz = 158 x 3.52 = 556. Notice

that the open loop gain of the op amp is severely reduced by
loading.

Problem 7.64

Consider the circuit on page 472 with v, = 0. If vy
increases, the voltage at the collector of Q2 increases. Then
the voltage at the collector of Q4 decreases, the voltage at the
collector of Q5 increases, and the output voltage increases.
Thus the bgse of Ql is the noninverting input terminal.

Similarly, the base of Q, is the inverting input terminal.

Problem 7.65

From Exercises 7.17, 7.18, and 7.19, we have Tpy = Tpp = 52
kQ, T3 = Tpy = 10.4 kQ, r,s = 5.2 kQ, r.e = 520 Q, Riz =X, +
Yrg = 20.8 kQ and the gain of the first stage consisting of Q

and Q2 is Avl = 64.6. Furthermore, B = 200 for all of the
transistors.

The second stage consisting of Q, and Q, is a differential
amplifier with a single-ended output. Qg is a common emitter

amplifier with unbypassed emitter resistance. The input
impedance of Q; is

Ris il + (B + 1)R5 = 890 kN
The gain of the second stage formed by Q, and Q, is
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_ BRyIRi5) 500 x (9.89 kA)
4 T 72 x (10.4 k)

The input impedance of Q6 is

A = 95,1

v2 2rn

Rig = Tpe * (B + 1)R, = 520 + 201 x 1500 = 302 kQ

The gain of Qg is

ol 7 B(RGIIR, ) = 200(14.8 kQ) _ , .,
v5 A (B + 1)R5 890 kQ
The gain of Q5 is
(B + 1)R,
A _ = 0.998
vé ~ T+ (B + 1)K,

Finally, the overall open-loop differential gain is Av =

= 3
AVlAVZAVSAVG = 20.4 x 107.

Problem 7.66

From Exercise 7.18, we have ICQl = ICQ2 = 0.1 ma, ICQ3 =
ICQ4 = 0.5 mA, ICQS = 1 ma, ICQ6 = 10 mA, ICQ7 = 0.2 mA, ICQB =
0.2 mA, and ICQQ = 1 mA. We have
Veor = Vega = 15 - Icg1 (100 XQ) = 5V
ch4 =15 - ICQ4R4 =10 V
VCQS = RGICQS - 15 = 0.6 V
V. =V - N = 0.0

o CQ5 BE6

Problem 7.67

The circuit of Figure 7.54 is a voltage follower. Thus we
expect to have Vg = Ve = 2sin(2000mt). The voltage at the

emitter of Ql is
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vEl - vs = vBEl = 2 sin(2000nt) - 0.6

At the collector of Q4 we have

Voo = VCQ4 it vo/(Av5Av6) = 10 - 0.6sin(2000mt)

At the collector of Q5 we have

Vog = + VBEQB = 2sin(2000mt) + 0.7

(We have taken VBEQG as 0.7 V because of the relatively high bias
current for Qg+ ©On the other hand we estimated VBEQl = 0.6
because of its lower bias current.)

The schematic is stored in the file named P7_67 and the
results of the simulation agree quite well with the eguations
given above.

Problem 7.68

The simulation is stored in the file named P7 _68. We
included a feedback network consisting of a 100-H inductor and a
100-F capacitor to ensure that the op amp is biased in its active
region. The large inductance and capacitance prevent feedback
for the ac signal. We applied a 1-V input signal and performed
an ac analysis to determine the magnitude of the output voltage
which is equal to the open-loop voltage gain.

With Vp = = the open-loop gain is 11,000. With Vy =50V

the open loop gain is 15,800. This is a surprising result
because a lower value of VA reduces the output impedances of the

transistors. Thus the effective load impedance for each stage is

reduced and we expect lower gain. However as VA becomes smaller,

the bias currents in the circuit increase, which reduces r .
This causes the gains of the various stages to increase.

Problem 7.69

If we increase the voltage at the base of Ql' current is
steered away from Q2 and the base voltage of Q3 rises. This
causes the voltage at the base of Q4 to rise. In turn, the
voltage at the base of Q5 and the output voltage fall. Thus the
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base of Q; is the inverting input and the base of Q, is the

noninverting input.

Problem 7.70

Q, and Q, form a differential amplifier with single ended
output. Q, is an emitter follower. Q4 is a common emitter
amplifier and Q5 is an emitter follower.

Problem 7.71

One design is shown below.

VvCC

vee
veC
vee s
R3 1.3k
10.7k
o a1 1 5

5 TN Q12 = WO
Q10 . P Qp :“ 15V
9.6 A 50uA k
: 54 1K ' i
zoual 0
Q7

0. 5111Al 0 SmA
;T ILT’D +1 vee
. o8 FPog v
4 L"1Qn rjilan

4.18k VEE VEE VEE
VEE

Qn

VEE

All of the transistors have unity area except Qg which has a
relative area of 10. Rl establishes a reference current of 0.5
mA. Q3 is a simple mirror. Q9 is a mirror with an area
multiplier factor of 10. an, le, and Q6 are Widlar sources.

;1 = (30 - 1.2)/(0.5 mA) = 57.6 kQ and

used Equation 7.16 to compute the emitter resistances of the
Widlar sources. Then we simulated the circuit and adjusted the
values to attain the desired currents.

Initially, we estimated R
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Problem 7.72

(a) The small-signal equivalent circuit for QS and the load is:

The bias current for Qs is 5 mA and g = ﬁvT/ICQS = 1040 Q.

The input resistance is Rins = Tos* (B + 1)RL = 202 kQ. The

voltage gain is Avs = vo/vins = (B + l)RL/[rTr + (B + 1)RL] -
0.995.

(b) and (c) The small-signal equivalent circuit for Q; and Q,
is:

S |
V. r b4
ln3 'ﬂ'3 —_—
;—_J“h r "B MW——y g
3 4 Tny
Bl 4 Blpa
+
T R; v
The bias currents are ICQ3 = 50 pA and ICQ4 = 0.5 mA. Thus

Fog = BVT/ICQB = 104 kQ and Tps = 10.4 kQ. The input resistance
is Rin3 = X, + (B + 1)rIrr4 = 2.19 MQ. The voltage gain of Q3 is
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A .= (B + 1)rﬂ4/[r7r3 + (B + 1)r ,] = 0.953. The voltage gain of

v3
Q4 is Av4 = BRins)'rTM = 3885.

(d) The small-signal equivalent circuit for Q, and Q, is:

=
v

=
(8 ]
]

1 ml _ ’ v
Blpy Blyo

The bias currents are I Then we have r =

cor ™ Tegy® 19 Hh. n1
Tpp = 520 kQ. If we consider the circuit for a pure differential

input signal we have My = =, = vidfz. Then by symmetry the

voltage at El (or Ez) is zero. Thus we have ibl =1, =
vid/(zrnl)' The differential input impedance is vid/1b1 =-2raa ™
1.04 M. The differential voltage gain is A1 = vin3/vid =
BR; 4/ (2x,,) = 421.
(e) The overall differential voltage gain is

= - L 6
Avd = A1Av3Av4Av5 = 421(0.953) (3885) (0.995) = 1.55 x 10

Problem 7.73

The bias currents for Q1 and Q2 are Ich = ICQ4 & 10 upA.

Thus we have IBQl = IBQ2 = (10 uA)/B = 50 nA. The bias current

of an op amp is the average of the input currents. Thus, we have

IB = 50 nA.

Problem 7.74

The reference current flowing through R, is approximately

Iref = (15 - 0.6) /(72 kQ) = 200 puA. By symmetry we have Ich =
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ICQ4 = 100 pyA. Thus we have IEQl = IBQ2 = (10 uA)/B = 500 nA.
The bias current of an op amp is the average of the input
currents thus we have IB = 500 naA.

Problem 7.75

When the areas of the transistors are not equal we have:
ICQ1 = Allsexp(VBElfvT) and ICQ2 = AzIsexp(VazzfvT). Dividing
the respective sides of these equations, we get

Tegi/Icge = (Ay/A)exp[(Vgpy = Vggsy) /Vqg)

Nominally, for zero output voltage from the op amp, we must

have ICQ.‘L = ICQZ' Thus, we have
1= (B /Ry)exp[(Vggy = Vpgp)/Vpl
The offset voltage is voff = vBEl - VBEz' Hence, we have

1= (A /A,)exp(V ce/Vy)

Solving, we obtain

A /R, = exp(-V . /V,) = 0.953
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Exercise 8.1

Chapter 8

. o
The phasor for v, (t) is Vg = 5/-30 . Also we have -6 =

2010g|V°/Vin| which can be solved to find IVO/VinI = 0.5.

Thus

we have vo/vin = D.5£45°. Then the phasor for the output is VO =

-] o o . ]
5/-30 x 0.5/45 = 2.5/15 . Finally we can write vo(t) =

2.5cos (2000t + 15°).

Exercise 8.2

The break frequency for this circuit is given by Equation
8.6 which is fb =1/(2nRC). Solving for C we have C = 1/(2nbe

(a) Substituting values we find C = 7.96 uF. (b) C = 79.6 uF

Exercise 8.3

(a) Refer to Figure 8.16a in the book. R. and C are in

parallel. Furthermore R

2
1 272

element voltage divider. Thus we can write:

R, (1/3wC)
¥ _ R, + (1/jwC) X R,/ (jwe)
vin Rz(lljwc) R1R2 +* le(ij) + sz(ij)
R, #* R, + (1/300)
- R2/(R1 + Rz) . R2/(R1 + Rz}
1+ ijRlRZI(R1 + Rz) 1+ j(f/fb)
where f,_ = X Substituting values we obtain f

b = ZACR R,/ (R, * R,)

2.12 kHz and
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and the R.C, combination act as a two-

b=



Yo 0.25

Vin 1+ 3£/(2.12 x 10°)

converting the constant to decibels we have 20log(0.25) = -6 dB.
The Bode plots are shown in Figure 8.17(a) in the book.

(b) Here again we have a voltage divider

vn _ Rz o R1R2 + Rzltij)
Vin R, (1/3wC) R,R, +R,/(JwC) + R,/ (jwC)
R2 * Ry + (17300)
JWCR,R, + R, R, 1 + jwCR,

JWCR;R, + R, + R, R, + R2 i+ 3wCR1R2/(R1 + R,)

R, 1+ J(E/£,)

Ry * R T+ 3(f/5)

1

1

. Substituting
2nCR, R, (R; + R,)

where fz = 1/(2nR1C) and fp =

values we obtain fz = 1.59 kHz, fp = 160.7 kHz, and

v 1+ 3(£/£,)

o -3
o= = (9.9 % 16FT) "
i T+ 3(E/E)

The Bode plots are shown in Figure 8.17b in the book.

(c) From the circuit we can write

Vo _ Rz ‘ oy Rz - 1]
vin R1 + R2 + JwL Rl + R2 I+ ]mL/(Rl + Rz)
Lo s 1
Rl + R2 1 j(f/fp)
where fp = (R1 + Rz)/(ZHL) = 477 kHz and
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VS 0.6667

Vin I ¥ 3(T/E)

The Bode plots are shown in Figure 8.17c in the book.

Exercise 8.4

Equation 8.34 gives the pole frequency as

1
f - ’ [l
Bt 2“[cgsRsig = ng(Rsig - ngLRsig - RL)]

R i
where R; = /T, + /R, - + /R

(a) Thus if the load resistance increases, the pole fregquency
decreases. (b) If the source resistance Rsig increases, the

pole frequency decreases.

Exercise 8.5

From Example 8.3, we have Rsig = 10 kQ, g.> 4 mS, Ty = 25
kQ, Ri = 20 kQ, and Amid = =80.
(a) For cgs = 1 pF and cgd = 2 pF, we have
5 |
f = = 95,3 KkHz

Pl ~ ZWIC R+ Coq(R; ~+ g RIR_ . "+ R]

(b) For C = 2 pF and C

gs = 1 pF, we have

gd

- 1 -
£ = Z[C_K = 187 KkHz

Pl gs sig & ng(Rsig % nginsig R 2

(c) Thus we conclude that a small value for cgd is more critical
than a small value for Cgs in attaining wide bandwidth.
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Exercise 8.6

Refer to Figure 8.20 in the book. At the gate node, we can
write the the current equation

Vgs(s) - Vsig(s) V__(s) vgs(s) - Vo(s)

+ + = 0 (1)
Rsig 1/(scgs) 1/(scgd)

Writing a current equation the drain node, we obtain

Vols) = Vo(e) Y (s)

T7(5C,q) B et =0 (2)

Next, we solve Equation (2) for vgs:

v i (ngd + 1/R£)V°(s)
gs ngd ~ gm

Then we substitute for Vgs in Equation (1) and solve for A,.

Ay(8) = g— =~ oy T

1 - s(Cuq/gy)

’ ’ 2 !
Lot 5[cgsRs;i&;g ™ cgd(Rsig . ngLRsig TR+ 8 CgscdsnsigRL

Exercise 8.7

(a) The equivalent circuits are shown on the next page.
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mymyller 1-Av o, Millew "~ Aalt
v
% K
R, |IR .
The loaded voltage gain is A, =2 w f‘ ﬂ}?lller = -666
o RL o,Miller

Then we have Rin,Miller = Rf/(l - Av) = 1499 Q and Rin =
RillRin,Hiller = 1497 Q.

(b) With RL = =, we obtain A, = -999, R
= 999 Q.

in,Miller ~ 1 kQ and Rin

Exercise 8.8

Refer to the equivalent circuit shown in Figure 8.26b. Add

the Miller output capacitance which is (approximately) ng in

parallel with RL. Then if we write a current equation at the
drain terminal we have:
VO/R.L + gmvi + jucgdvo =0

Solving for the voltage gain, we have:

-g"
Lo e

v T T+ JuRC,
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The break frequency is fb = 1/(2nR£cds). Substituting
values from Examples 8.3 and 8.4 (R = 20 kQ and C4e = 1 PF), we
obtain f,, = 7.96 MHz. Notice that the break frequency for the

output circuit is much higher than that of the input circuit, so
the half-power bandwidth is determined almost entirely by the
input circuit.

Exercise 8.9

Equations 8.38 and 8.48 are:
r, = BVp/Iog and g = I /V,

Solving Equation 8.44 for CH, we have

B
C_ &8 0—on—0— =20
m 2nrnft 7}

The plots are shown in Figure 8.32 in the book.

Exercise 8.10

Following the procedure of Example 8.7, we have - ICQfVT
= (1 mA)/(26 mV) = 38.5 mS. The range given on the data sheets
for B = hfe at a bias point of ICQ = 1 mA is 50 to 300. We use

the average value B (300 + 50)/2 = 175. Then we have

BV
r'w ot o 175 9.026 L ysso
cQ 10

The data sheet gives a maximum value for hre of 8 x 10-4,

which we use in computing r,- Equation 8.41 yields

r
r = % = 4550 _ ., MO

# o Bee 8x10"

We use Equation 8.42 to find a value for r, = 1/h°e. The
data sheet gives a range for hoe from 5 usS to 35 pus. Thus, r
ranges from 28.6 kQ to 200 kQ. We take the average value ry

Il o
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(28.6 + 200)/2 = 114 kQ as a typical value. As in Example 8.7 we
estimate cu = 8 pF. Then we have:

5 oL r 175 N -
ﬂgiﬁ_— c = 8pF—60pF

c
nfe K on x 4550 x 90 x 10°

From the data sheet we have rxcu = 150 x 10"12. Solving for

r, and substituting the value found for cu, we have P 19 Q.

Exercise 8.11

T'n = iVT S 2anf =
cQ nt H
ICQ
g W iges 0.385 for all three devices
iy
RL = RLIIRCIIro CT o Cﬂ + Cu(l + gmni)
R, =r_lI[xr, + (RylIR.)] P o LA E
s n X RB 5 H 2nR’ C
s T
Device ro (2) C" (pF) CT (pF) Rs (Q) fH (MHz)
A 260 148 638 48.6 5+13
B 260 173 369 51.8 8.33
6 130 120 316 38.5 131

Exercise 8.12

= , = =
For R, = 0, we have RS rnllrx 18.4 Q. Then we can

compute f, = 1/(2mR.Cp) = 1/[2m(18.4)980 x 10712 = 8.83 MHz.

Exercise 8.13

(a) R, = R_IIRplIx |l(1/g,) = 2.45 Q

334



Ri = RCIIRL = 255 0

£ i . = 331 MHz

’ -
H1 — 2nC.Rs  2m(196 x 10712) (2.45)

X
2m(8 x 10

f =

1
== = 78 MHz
H2 2nC“RL

12)(255)

(b) A, = BR;/r = 225(255)/585 = 98.1

Rin = REII[rH/(B + 1)] = 2.58 Q
R,
in
A = A D= = 4,81
vs v RS + Rin

(c) The simulation is stored in the file named Exers 13. It

yields fH = 51 MHz and Avsmid = 4.79.

Exercise 8.14

Select RB so the dc drop across it is small compared to V
Since we expect IBQ . ICQ/B = (10 mA) /225 = 44 puA. Thus we
should have RB(44 HA) << 15 V. We select RB = 10 kQl. Next we
have

EE’

R = EE” VBE " VRB _ 15 - 0.7 - 0.48 _ ;1 .0 4o
E1 I 10 mA '
EQ
Voo = V
_Vee “ VB _ 15 - 0.7 _
Ry = I - SrowA - 143 K0

Consequently we choose the nominal values Rpy = Rgy = 1.3

k2. The program is stored in the file named Exer8_14. It yields
f,, = 9.7 MHz and Avs = 33.3 dB.

Exercise 8.15

Solving Equation 8.70 we have R, = 1/(2ancL). Substituting

values we find that the output resistance must be less than 79.6
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Q to achieve fH > 5 MHz. An emitter follower would be the best
choice to achieve this relatively low output resistance.

Exercise 8.16

The Bode plot is shown in Figure 8.51 in the book. The
amplifier has break frequencies of 1, 10 and 100 Hz. Because the
breaks at 10 Hz and 1 Hz have negligible effect at 100Hz, the
half-power bandwidth is almost exactly equal to 100 Hz.

Exercise 8.17

The resistance in series with C1 is RS + Ril = 200 kf0. Thus

the break frequency for c1 is fl = 1/[21rcl(Rs + Ril)] = 0.796 Hz.
Similarly, we find £, = 53.1 Hz, and f, = 15.9 kHz. Notice that

f3 is much greater than either of the other two break
frequencies. Thus to reduce the lower half-power frequency it is

most important to increase the value of c3.

Exercise 8.18

(a) See Figure 8.55 in the book for the equivalent circuit.

(b) To determine the resistance seen by CE' we replace Vg by a
short circuit and replace CE by a test source as shown below.
Then we determine the resistance R = vx/ix'

LT A1

4y
—

-
-

v
- X
b En 7 RlliRzlle
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Vg Y. vx(E + 1)
i ==+ (B +1)i, = == +
X RE b RE Ty + RIIIRZI'RS
Ré=:’3= 1 =R”r"+R11|R2IIRs
% g (B + 1) E (B + 1)
Rp T, + RlllRZIIRs

Exercise 8.19

Refer to Figure 8.53 in the book. The Thévenin resistance
and voltage of the base bias circuit are

R

-5 2 = - -
VB = VCC ﬁz—;—ﬁz— 5 V RB = R1I|R2 = 3.33 k0
Then we have
Vs = VBEg

b =

BQ RB i RE(B = 9]

r, = BVp/I, = 1235 Q

= 4,21 mA

= 21.04 puA and ICQ = BIBQ

r_ + R.IIR,|IR
# = Rgll n 1 2 "s| =9.870
(B + 1)

o
]

H
]

1/ (2mRLCp) = 161 Hz

Problem 8.1

On a logarithmic scale, the variable is multiplied by a
certain factor for equal increments of length along the scale.
On the other hand for a linear scale, a certain value is added to
the variable for equal increments of length along the scale.

Problem 8.2

We say that f2 is a decade higher than fl < lefl = 10. If

£,/£, = 2, f2 is said to be an octave higher than £,-
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Problem 8.3

A Bode magnitude plot of a network function is a plot of the
magnitude of the network function in decibels versus frequency.
The frequency axis is logarithmic. Assuming that the magnitude
is in decibels, the vertical axis is linear. (If we were to plot
the magnitude directly without converting to decibels, the
vertical axis would be logarithmic.)

A Bode phase plot is a plot of phase versus frequency with a
linear scale for phase and a logarithmic scale for frequency.

Problem 8.4

We assume that the network function is written as a ratio of
polynomials in s. Then the poles are the roots of the
denominator and the zeros are the roots of the numerator.

Problem 8.5

See Figure 8.1 in the book for the circuit diagram. Above
‘the break frequency, the magnitude of the voltage transfer
function vo/vin declines at a rate of 20 dB/decade.

Problem 8.6

number of decades = 1og10(2200/50) = 1.643

number of octaves

10

Problem 8.7

_10(s + 200m) _ 1 + s/200m
(@) A(s) = 5T >000m) ~ 1 + s5/2000%
A(f) 1 + j(£/100)

= 1 + 3(£/1000)

The plots are shown on the next page.
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_ S = 200m _ 1 - s/200m
(®) A(s) = 55300 =~ T + s/200m
_ 1 - j(£/100)
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2..9
4n°10
(c) A(s) =
s? + (sm10%)s + an?108
. 10
[1 + s/(4m10%)J[1 + s/ (m10%))
A(f) = ;0
[1 +3£/(20x 10°)] (1 + j£/5000)
zoba (A
4B
20 —-H..__“_\ 20 4B/decade
=46 4B/ decaile
&£ 000 '
+ _\l — ‘F
100 103 1Y \ s
P‘?(iﬂ-
loo " 0¥ 0* 0*
— ' » £
—?D'-l. “.h-:“."..___..__-
-180" T

Problem 8.8

(a) Refer to the circuit shown in Figure P8.8a in the book.

s/(2 x 10°)
1+ s/(2 x 10°%)

A(s) VO/V = sL/(R + sL) =

in

j£/(31.8 x 10°%)
1 + j£/(31.8 x 10%)

A(f) =
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Sketches of the magnitude and phase of A(f) are:

ZZC)‘ﬂ,,:ﬁ%}
g TR

£ 107 3.8MHs 5
\ ﬁ,“'/'g{.aﬂh‘f

~

» |
» LY ZD I‘ . ‘
Ta-!-) : 7 | D, YaLemha |

> f

*w_---.-ﬁ----n---

N %"%?”“’ -
- :IB > 41C4H5te)

218 >~

__.l._—--—/‘%s
Ll T 7 g L

(b) Refer to the circuit shown in Figure P8.8b in the book.

R
2
A(s) = V_JV, =
o’ "in R2 + sLlest + Rl)
sL/Rl + 1
- SL(R; + R,)/R R + 1
1+ J(£/£))
BR) =% STETEM

in which fz - le(an) = 143.2 MHz and fp - Rlel[an(R1 + Rz)] -
14.32 MHz

Sketches of the magnitude and phase of A(f) are shown on the
next page.
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—> £ (Mmha)

A Phase
FP/IO 2 ‘FP 'F.- /& 'F}

f ~45°

'S

|Problem 8.9|

(a) Refer to Figure P8.9 in the book. Writing a current
equation at the output node, we obtain

SC(Vy = AV, ) + (V, =V, )/R =0

Solving for the gain we obtain:

A(s) = Vo < 1= RCs
vin 1 + RCs
(b) We have a pole at s = -1/(RC) and a zero at s = 1/(RC).

= ey |
(ec) A(f) = T j{f/fbj in which fb = 1/(2nRC) .

The magnitude and phase plots are shown on the next page.
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Zoﬂda I':_,/i(‘F)l - ’;-. nkhcr‘q'f‘ao-

//’ +2035/&E¢¢AB
’ overall
iffs_ !5:—ap.p
“
~

'E’ | \\ ‘Q kil
2xRC @

e L]

—90° 4+

_!80‘ T

(d) As R ranges from 0 to 1 kQ, fb ranges from « to 339 kHz.

The phase is given by —2tan-1(f/fb). The gain is unity at all
frequencies for all values of R.

Anrh‘}ult
1
Jooo R
Rase Gis. 1 e
- -t - t R
._700 ‘;— _Hzo
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Problem 8.10

1. Draw the small-signal egquivalent circuit. Replace dc
voltage sources and current sources with their internal
impedances. (Ideal voltage sources become short circuits, and
ideal current sources become open circuits.) Treat coupling or
bypass capacitors as short circuits.

2. Write circuit equations relating the input voltage,
output. voltage, and other currents and/or voltages.

3. Use algebra to obtain the voltage gain Vo/vsig as a
ratio of polynomials in s.

4. Factor the numerator and denominator polynomials to
determine break frequencies.

5. Substitute values and draw the Bode plot.

Problem 8.11

1. Reduce the device capacitances cgs and cgd' (Reducing
ng is more important than reducing Cgs.)

2. Reduce the source resistance Rsig'

3. Reduce the load resistance RL which reduces the gain
magnitude.

Problem 8.12

The bias current is I

pg = (Vpp = Vpsg)/ (2 kQ) = 2.5 ma.
This problem is similar tc Example 8.3. We have K = KP(W/L)/2 =
W2, g - 2[K1 = 3.16 mS. (This value for g_ is

m DQ m
approximate because the formula was derived assuming A = 0.) r
= 1/(AI = 40 kQ.

d
pQ’

. 1 ~ 1
e R I/R, + /R, ~ 1740 ¥ 1/2 ¥ 1/1

= 656 0

Sl IS -3 .
Al Ry, = ~(3.16 x 107°) x 656 2.07

The freguencies associated with the zero and the poles are
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f - 7 7 = - 15.1 M:HZ
pA 2Tr[cr.;[sRsig' ¥ cgd(Rsig * ngLRsig LR

¥ cgsRsig % ch(Rsig 2 gmniRsig % RL)
p2 2"°gscdsRLRsig

Because fpl is much lower than the other two break

£ = 2.03 GHz

frequencies, the upper half-power frequency is approximately
equal to fpl'

For the simulation we need to know the value of V The

bias"®
equation for the drain current is

I.. = K(V

2
DO vto) (1 + AV

bias DSQ)

2.5 x 10°° = 1073 (v

2
biag= 3 (1 10,01 % 10)

Solving, we determine that vbias = 2.507 V. The simulation is
stored in the file named P8_12. The simulation yields Aia =
2.18 and f3dB = 14.8 MHz. These values are in good agreement
with our calculations. (The discrepancy is due to the fact that
we assumed A = 0 in computing 9y -)

Problem 8.13

The bias current is IDQ = (VDD - VDSQ)/(Z kQ) = 2.5 maA.
This problem is similar to Example 8.3. We have K = KP(W/L)/2 =
1073, g_ = 2[KI = 3.16 mS. (This value for g_ is
' m DQ s m
approximate because the formula was derived assuming A = 0.) Ty
¥ 1/(AIp,) = 40 kQ.
. = 656 Q

' = 1 L
Ry = iftg + TR, # 1/R, ~ 1740 + 172 + 1/1
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= i =S -3 = -
Amid - ngL = =(3.16 x 10 ) x 656 2.07

The frequencies associated with the zero and the poles are

£ m 1 GH
= = z
z ZHng
b
£ ., = - > = 485 MHz
Pl 21TI:CgsRsig + cgd(Rsig * ngLRsig € RL)]
£ e CgsRsiq i ng(Rsig * ngLRsig % RL) .

o 21mgscdsRLREij.g

Because £, is not significantly higher than fpl' we expect the
upper half power frequency to be a bit higher than fpl (due to

the effect of the zero).

For the simulation we need to know the value of V The

equation for the drain current is

bias”

I = K(

2
Bo Vo) S(1 + av

vbias DSQ)

3 -3

2.5 x 10 ° = 107 °(V, ,__- 1)2(1 + 0.01 x 10)

bias

Solving we determine that Vpjas = 2-507 V. The simulation is

stored in the file named P8_13. The simulation yields Al
2.18 and £

our calculations. The discrepancy is due to the fact that we
assumed A = 0 in computing I

ia =
3gg — 636 MHz. These values are in good agreement with

Comparing the answers to Problems 8.12 and 8.13 we see that

the bandwidth is much wider with Rsig = 0 than for Rsig = 5 kQ.

Problem 8.14

(a) The small-signal equivalent circuit is shown on the next
page.
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Ry & p o
=€
+
Sl’ Sg:l "‘%5 s »
D b =

(b) Writing current equations at the gate and drain we obtain:

V., =-V._.
i——s'lg -V —4

Rsig + scng + scgs(vg o) 0 (1)
(Vg = V), + SCgS) = V, /Ry (2)

Solving Equation (2) for Vg, substituting into Equation (1), and
solving for the gain, we eventually obtain:

Yo o InRp * SRngs
sig 1+ g R + Bs + As?

A(s) = g
in which
B o= Be1glt ¥ InRy) (Cgq + Cgs) * CgsPr = InRsigRrCqs

— ’ = ) 2
A = RsigRLCgs(ggd * cgs) RsigRchs

(c) Evaluating the gain expression for s = 0, we obtain the
midband gain.

and

mid T ngi
| - f3a=d - [““" L. . L
(d) We have K = KP(W/L)/2 = 10 ~; - 2 KIDQ = 3.16 mS; £y =

o (because A = 0); R = RbiasIIRL = 1 kQ; and A :q = 0.760 which
is equivalent to -2.39 dB.

The zero is the root of the numerator of the gain
expression.
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gmki + SRicgs =0 = 8, = —gm/Cgs

The corresponding frequency is

£ = —szfzn = gm/(znc

J ) = 1.01 GHz

gs

The poles are the roots of the denominator of A(s). Evaluating
we obtain

1+ g R = 4.16

B = 26.3 x 10 °

A=2.5x 10 18

s . = -161 x 10° and s__ = -10.3 x 10°
pl P2

fpl = 25.6 MHz and fp2 = 1.65 GHz

Because fz and fp2 are much larger than fpl we expect the half-
power frequency to be very nearly equal to f__. Thus f3
m!z.

2 25.6

p1l aB

(e) The program is stored in the file named P8_14. The midband
gain and half-power bandwidth agree very well with the values
computed in part (4).

Problem 8.15

(a) The small-signal equivalent circuit is:

E;f s (s}
' - L o o
+
L 3Y .
\&q d | o \ﬁ L
G SS#‘; -
E * = o~
74
(b) Notice that Vgs = =V_,. Writing a current equation at the

source node we obtain:
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Vo = Yo
s sig
—< 4+ 8C__V_  +gV. =0
Rsig gs s m s

Solving for vV, we obtain

1

V. =V_. (1)
s sig scgsRsig + 1 + ngsiq

Writing a current equation at the drain node we have

gmvs = schvo & vo/RL

Solving for v, we obtain

Vo = Vs 50 ngi'+ 1 (2)
ngL

Using Equation (1) to substitute for v in Equation (2) and

dividing both sides by Vsig we have
v
A(s) = g
sig

S ImL,

(scgsRsig e b ngsig)(scngL 3
(c) The poles are the roots of the denominator of A(s).

)/(cgsRsig) and sp2 = -1/(ngR£)

The break frequencies associated with these poles are

8p1 ™ "L # ngsig

fpl = (1 + ngSig)/(zncgsRsig) and fp2 - 1/(2ncng£)

(d) The midband gain is obtained by evaluating A(s) for s = 0.

e InRL

mid 1+ ngsig
(e) We have K = KP(W/L)/2 = 107%; g_ = 2IKIDQ = 3.16 mS; T4 =
» (because A = 0); R; = RDIIRL = 1 kQ; and Aig = 2-40 which is
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equivalent to 7.6 dB. The break frequencies are fpl = 4.19 GHz

and fpz = 318 MHz. Because fpl is considerably greater than f
the upper half-power frequency is approximately equal to f

p2’
p2’

(f) The program is stored in the file named P8 15. The
simulation results match the hand calculations.

Problem 8.16

The pole and zero frequencies are given by Equations 8.33,
8.34 and 8.35. Usually f and f are much higher than f

pl°’
Therefore the upper half-power frequency approximately equals fp
which is given by
£ . = L
p? 2"[CgsRsn; ng( 51g mRLR51q i RL)]

Substituting values, we have

6 - 1
10" = 9

18.84 x 107° + (32 x 107 *%)Ry

Solving we find that Ry = 30.6 kQ. The midband gain is Arig =
= mRL = =153. Also we have

1 3 1

‘= = 30.6 x 10° = —
LT IRy T IRy, * LT 1/10° + 1/R_
from which we find R, = 44.1 kQ.
As a check we compute fz = 7.95 GHz and fp2 = 4.11 GHz.

Since these frequencies are much higher than fpl‘ our initial
assumption is justified.

Problem 8.17

(a) The small-signal equivalent circuit is:
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Rast i e |
ey ‘%I;g_v,, n 2R, :;;-LC...:
; 4 | (-] T

(b) Notice that Vgs = vsig‘ The output voltage is the current
times the impedance of Ri in parallel with 1/(scload)'
r/(sC )
vV, = -g.V By load

m sig R‘+ 1/(sC
from which we obtain

load)

g il T
Vsig scloadRL ki

(c) The pole is sp =

=1/(Cy,agR;,) @nd the corresponding break
frequency is fp - 1/(2nc1°adR£).

(@) Apig = AlR)lg o 5 “9By;

(e) We have K = KP(W/L)/2 = 10 °; 9p = 2[KIp, = 3.16 ms; ry =

d
o (because A = 0); Ri = RD = 2 kQ; and Amid = =6.32 which is

equivalent to 16.0 dB. The break frequency is fpl = 39.8 kHz.

(f) The program is stored in the file named P8 17. The
simulation results match the hand calculations.

Problem 8.18

(a) The small-signal equivalent circuit is

Rs
-'W\l’r = vﬂs-

E

(b) From the equivalent circuit we can write
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Tq(1/5C)5aq)
V. = V
o I gs ry + (lfscload)

and Vsig = vgs + Vo

We solve the second equation for V__, substitute into the first

gs
equation, and solve for the gain.
A(s) = vo > In"a
Vsig 1 +9,%q * 5C10ad%q

(c) The pole is the root of the denominator polynomial which is
s = =-(1 + gmrd)/(cloadrd). The corresponding break frequency is

P
f (1 + gmrd)/(zncloadrd)'

P

(d) The midband gain can be found by setting s = 0 in the
expression for A(s).

Pnia = IpFa/ (T * 9p%q)
(e) We have K = KP(W/L)/2 = 10" °; g, = 2|KIDQ = 3.16 mS; ry =
w (because A = 0); and Amid = 1 which is equivalent to 0 dB. For
ry = =, the break frequency is fp = 9,/2mC, J.q = 251 kHz.

(f) The program is stored in the file named P8_18. The
simulation results match the hand calculations.

Problem 8.19

First we determine the midband gain. Then we use this gain
to determine the Miller capacitances. Finally we analyze the
simplified circuit to determine the break frequencies. (Usually
the analysis is much easier after applying Miller’s Theorem.)

Problem 8.20

Because the amplifiers are ideal voltage amplifiers, their
input impedances are infinite, and the input impedance of each
circuit is the Miller impedance. From Equation 8.36, we have

&g
zin,Hiller = TT_:_E;T° Evaluating, we obtain

(a) 2z, =909 Q (b) 2; =99.0Q
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-10 kQ

() 2z, == (@) 2z,

Problem 8.21

Because the amplifiers are ideal voltage amplifiers, their
input 1mpedances are infinite, and the input capacitance of each
circuit is the Miller capacitance. From Equation 8.36 we have

2 1/ (jucy) _
inMiller = T =&, - ~T - &, = M/[30C(1 - A))]
Thus the input capacitance is Cin = Cf(l - Av]. Evaluating we
obtain
(a) ¢;, = 1010 pF (b) €, =20 pF
(c) Cin =0 (d) Cin = =90 pF

Problem 8.22

The equivalent circuit is

- Reo=lkn+
“IO')& ')5 RL'='5'M

—

First for the approximate analysis we use the Miller effect
to replace Re by R, and R, Miller 2S shown below.
r

~ . Sjan.

in,Miller

i&n,htutr

0 " .
/
Ry "’?R = 'O’* I}; Sk

om\lur%R‘F Sk

(2.5 kQ)

Ay = ~101 sy + (2.5 k) ~ /-4
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Rin,Miller = T = a_ - 614 @

v
Rx = Ri[IRin,Hiller =579 Q

For the exact analysis, we refer to the original equivalent
circuit and write these circuit equations:

)
g pils R o
i

& + =0 (2)

We solve Equation (2) for Vs substitute into Equation (1), and
solve for R_.

4
v
R){:‘iE: 1
% 1/Rf + Avo/Ro

1 .1
R, "R, " T+ R /R + RJR_

[

Evaluating we obtain Rx 588 N (compared to 579 O for the

approximate analysis).

Problem 8.23

Because Ro =0, Av = Avo' Thus we have cin,Miller = 0] =
A,) .
5 | zg - 1/(jwc;n,Hiller]
- vs Yo Rs + l/(:”"cin,Milll.er:)
Ay . .
S TF I(E/E) incwhich £ = M/(NB.Cop Miller

=3

For Avo = -9 we have As =17 JE7(15.9 kHz)

=99
1 + 3£/(1.59 kHz)

For Avc = =99 we have As -

354



The sketch of IASI is

| Al
| Al

r--..---_--—

| Ave i
R’ £ F»

Problem 8.24

Because IAVOI >> 1, we use an approximate analysis in which

we assume that R = Re. Then the equivalent circuit is:

o,Miller
Ro=lka g
; .
W k2 3
* Rw Millew Jook.a _.A\‘o"";
RG, M llew

Ri . Ro,Miller“RL = Rf”RL Av= AvoRi."(Ro . Ri)

Rin,Miller =~ Re/(1 - Ay) Ry = RilIRyp Miller
R, 1 k2 | 10 x
Ri 995  |19.52 kO
AV -49.9 -90.5
Rin,Miller 3.93 k2|12.19 kO
R 3.78 kQ|2.14 kQ

X
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Problem 8.25

The equivalent circuit is:

- M
( Rp=10kn
= .
- -
. , o 5 4 -L -
5
R\‘I‘L Av‘ ="'}0
= 5
Rin Miller = Re/(1 = Ay = (10 kQ)/(1 + 10°) = 0.1 Q
Rin = RyIIR; = 0.1 Q

To find the output resistance, zero the input source (which
then becomes an open circuit), attach a test source to the output
terminals and determine the ratio of the test voltage to the test

current. The circuit is

—AMAr—
Op en=civeu » o - 4
As Y: K. §ﬂ"-w i Rﬂ ?_J_’;da A

Notice that we chose to use a current source for the test
source. If we chose a voltage source, we would have two voltage

sources in parallel forming an indeterminate circuit. We write a

current equation at the top end of R,:

vi/Ri + (vi - Avovi) = 0
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from which we have v; = 0. Thus ¥ = Avovi = 0. Then the output

resistance is R, vx/ix = 0. Because R, = 0 and R, is very
small, we have a nearly ideal transresistance amplifier.
The transresistance gain is Rm = Vofls = Avovi/(vi/kin) =

= -10° R -
A, R;i, = =107(0.1 Q) = -10 kR = -R

Problen 8.26

The equivalent circuits are shown in Figure £.26 in the
book, except that for the circuit under consideration we have R
= RDIIrdIIRL. The midband voltage gain is Anig = ~9pR1-

The bias current is IDQ =V v Q)/(z kQ) = 2.5 mA. We
have K = KP(W/L)/2 = 10 °. g, = ziKIDQ = 3.16 mS. (This value
for g is approximate because the formula was derived assuming A

= 0.) Also we have ry # 1/(AIDQ) = 40 kQ,

B 1 ! 1 -
o e I/ty + /R, + /K, ~ 1I/40 # 1/z + 1/1_ - 656 9@

, —_ - -3 - -
A g 9, Rp, (3.16 x 10 ~) x 656 2.07

Then the Miller capacitance is

Cuiller = Cga(l = Apjg) = (0.5 PF) (1 + 2.07) = 1.54 pF
Ctotal = gs * Cmiller = 2:04 FF

£ 1 = 15.6 MHz

» znasigctotal

In Problem 8.12 we did an exact analysis of this circuit and
obtained fb = 15.1 MHz. (The simulation yielded fb = 14.8 MHz.)

Problem 8.27

(a) The equivalent circuit is shown on the next page.
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l

K sC
ag G j}b

1.

s

+
g

2l
V; 9 Vin E’g_g I\és P‘: V.
a 0 ;

(b) In the midband, we have Vsig = Vs Also, we have

vin = Vgs + VD and Vo - gmvgsRL

From which we have

% e Vo o Vo < InRL
vs Vsig v Vin I ngL
(c) CMiller,in - Cgs(1 - Ay

Ctotal = Sga * Cmililer,in

fb - 1/(2"Rsigctotal)
(d) We have K = KP(W/L)/2 = 10 °; g, = 2|1<1DQ = 3.16 mS; ry =
o (because A = 0); Ri - RbiaserL = 1 kQ; and A, = 0.760 which is
equivalent to -2.39 dB. cHiller F Cgsfl - AV) = (0.5 pF) (1 -

I

0.760) = 0.120 PF. Cyoioy = Cog + Cyinger jn = 0-620 PF. £ =
l/(ansigctotal) = 25.7 MHz.

In Problem 8.14, we did an exact analysis and determined
that f3—dB
accurate in this case.

= 25.6 MHz. Thus, the Miller approximation is very

Problem 8.28

See Figure 8.29 in the book.
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Problem 8.29

For infinite Early voltage, X, is infinite. Then neglecting

the currents through ru and Cu, the collector current is

independent of changes in Veg (within the active region). Thus
from Equation 8.42, we have hoe = 1/r°, so h

o is zero. (Keep in
mind that hoe is a conductance.)

Problem 8.30

Equations 8.41 and 8.42 are

A
r = 1/h and r =
o} oe o ICQ
ICQ (mA) LR hoe
0.1 1 MQ 1 usS
1 100 kQ|10 us
10 10 kQ (100 us

Problem 8.31

We have hfe =z B and hie =r. Since o BVT/I we have

je = heVa/Igy. At 300 K, Vp = 26 mv.

ICQ 0.1 mAll mA 10 mA

cQ’

h, [52 k2 [5.2 k2520 Q

le

Problem 8.32

Using the hybrid-parameter equxvalent for the BJT, the
small-signal equivalent circuit is shown on the next page.

Because of the high value of RB and the high impedance of
the voltmeter compared to h.e, we have ib = 0. Thus, the

voltmeter reads h_ V =104 x s5/42

re'ce,rms = 354 uV rms.
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Problem 8.33

Refer to the equivalent circuit shown in the solution to
Problem 8.33. Because we assume that ib = 0, we have ic = hcevce

= 10"% x 5sin(2000mt) = 50sin(2000mt) wA. Thus, I = 35.4
c,rms
UA.

Problem 8.34

Refer to Figure P8.32 in the book and the equivalent circuit
shown in the solution to Problem 8.32.

The dc base current is IBQ = (15 - VBEQ)/RB = 14.35 puA.
Then we have hfe = B = ICQ/IBQ = (5 mA)/(14.35 pA) = 348.
Because of the high value of Ry and the high voltmeter impedance,
the ac base current is negligible. Thus ic = h__v__ which

oe Cce
implies that hy, = I, . /Vo, o0 = (0.1 ma)/(5/42) = 28.3 us.
. A s -4
Aleo Moy & Vi onnlMoy uel= (3 mv)/(5/42) = 2.83 x 1074,

Finally h; = r, = Vp /I, = 348(0.026)/0.005 = 1810 Q.

Problem 8.35

Refer to the equivalent circuit on the next page.

d:
h.. =r._ +
R
ie X’ 1/r" 1/r“

= 19 + 1 = = 604 Q

1/585 + 1/(1.5 x 10°)
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<
o~—ANW\; ‘+ A -—
e = N3, n
. ) 3%
If we use the approximation hie =r = 585 Q, the error is

3.1%, which is insignificant in view of the fact that g may vary
from unit to unit by a ratio of 3 to 1.

Problem 8.36

From Equation 8.40, we have

Bt
oe Vv Stk
ce 1b—0

Thus, hoe is the conductance seen from the collector-emitter

terminals with the base open circuited. The equivalent circuit
is

Yx 1y ;éﬂ:h°'
oA %: N p
*
Yi‘ 1; &ﬂvﬂ Y.. *-lloc
=V test
Seavce

Because we have used a 1-V test source

- =

Z 5 | n
h = 3 = — <+ g S —————
oe c ro m rn + ru
= % + 0.385 385 =
22.5 x 10 585 + 1.5 x 10
= 195 us
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Problem 8.37

(a) The equivalent circuit is:

f-h " decp ..f:
L ; 3
Jgi .
3 | IV,, JC JnVr %

VY =T 1-_-
m b (lfrn) + gu(cﬂ % Cu)

Neglecting the current flowing through Cu, we have

Solving, we obtain

. gmru

1+ ]urntcn + Cu)

H
o' in

(b) At the transition frequency ft' we have

I

b Jl + 4n2fir

Solving for f,, we obtain

t T mE,(C, ¥ T

However, rearranging Equation 8.47, we have 9pfny = B- Thus, we
have
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g2 -1 A B )

f =
t 2"rn(cn + Cu) 2nrn(cn + C”

n

Problem 8.38
First, we use Equation 8.48 to compute the transconductance.

9 ™ ICQ/VT = 1mA/26mV = 38.5 mS

B = hfe = 500

Then using Equation 8.38, we have

BV,
T 500 x 0.026
Fos, = = = 13 kQ
n ICQ 0.001

Equation 8.41 yields

r 3
r, = - = 43 * 20 = 1300 M0
re 10
We can use Equation 8.42 to find a value for ro.
r, = 1/hoe = 50 kQ
cC =2
1t PF
= B 500
Ol i = (3 - 2 pF
n Imests B 21 x 13 x 10> x 400 x 10°
C, = 13.3 pF
-12
eru = 20 x 10
rx = 10 N

Problem 8.39

Equations 8.49 through 8.55 are:
R = r ll[r, + (RglIR])]

R = Ry IR X Rg = R, IIR,
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Bopt = Vo/Vq = =94Ry Cp =Cp * cu(l + gpRy)

1

H 2HRSCT

h
I

Thus, we see that increasing RL increases Ri, does not effect Ré,

increases the gain A increases C_,, and ultimately decreases

vbf '
the half-power frequency fH'

TP

Problem 8.40

(a) Ipg =Igg/B =100 =10 A Ry = (Voo = Vgp )/Ipy = 1.43 MO

R, = (V = 7 kQ

ce ~ Vero!/Teg

(b) T, = BVp/I,, = 2600 Q R = R |IR,lIr, = 838 Q

Ré = rnll[rx + (RBIIRS)] = 142 Q
C_ = e C = 7.24 pF g = B/r_ = 38.5 mS
n 2T u i m m -
: | A =
CT = Cn + Cu(l + ngi) = 173 pF
£, = >k = 6.48 MHz
H 2nR‘ C )
s T

]

In the midband, we have Rin RBII:n = 2.6 kQ, Av = -BRL/rn =

-32.2, and A,_ = AR, /(R  + R, ) = -31.0.

Problem 8.41

(a) Ipy = I,/B = 1.43 uA
Rp = (Voo = Vpgo)/Ipg = 10.0 MO
Re = Vee = Vepg) /Teq = 7 X0

(b) r_ = BVT/ICQ = 18.2 k@2 r = = 50 kQ

o vA/ICQ
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g

= Ry IR I, = 860 Q

¢ = e
R_ rnll[rx+ (RglIR.)] 149 Q
B W i = O, S GE B = B/r. = 38.5 mS
14 2nr_f [T} P N m =
nt
CT = Cn + Cu(l #* ngL) = 201 pF
fy = ZmRre = 5-3 MHz
s T

In the midband, we have R.n
-33.2, and A _ = AR /(R

RBl[rTT = 18.2 kQ, K, = _BRL/rn =
Rin) = =33.0 = 30.3 dB.

(c) The simulation is stored in the file named P8 _41 and yields

Avs = 29.4 dB and f = 5.9 MHz.

Problem 8.42

Many correct answers exist. We show an example.

R =lka |

S

The simulations of the two circuits are stored in the files
named P8_42a and P8_42b. The resistance values and resulting
midband gain in bandwidth are shown on the following page.
Notice that the gain-bandwidth product is smaller for the high-
impedance version of the circuit.
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ICQ =2 1 mA ICQ = 10 pA
RB 200 kQ 20 MQ
Rc 6.8 kQ 680 kQ
RE 13 kO 1.3 mQ
Avsmid -184 -31.0
fH 105 kHz 182 kHz

Problem 8.43

(a) Refer to the small-signal equivalent circuit shown in Figure
8.33 in the book. Replace the capacitances with open circuits.
Then we can write voltage equations at nodes b’ and c.

Vv V. = N, W =i W

‘i.l["" T[rln 3 'ﬂ.'r o =0 (1)
18 b'e i

v " S

o [o] LS

7 9 b= =0 (2)
RL m 1T ru

Solving Equation (2) for Vgr substituting into Equation (1),

and solving for the gain we eventually get

v
_ e -1
g Vig = )
. ke 1/RL 2 1
x|(r, 9

= 1/?:: (1/ry + 1/x, + 1/x)

(b) The values of the hybrid parameters are given in Figure
8.31. Evaluating to determine the gain for the circuit of Figure
8.37 with REF = 0, we obtain Av = =-93.9.

(c) For the parameters shown in Figure 8.31 we have g = 225 and

r, = 585 1. Equations (4.44) and (4.47) yield

' - g 1 ey
Ry = RplIRy = /R, + 1/R, 2550

366



ot b filly) _ 225(255) e
v T, * (B + 1)R,, ~ 585 % (226) = O

Considering that B may vary by a ratio of 3 to 1 from unit
to unit and resistance tolerances, the difference between the two
values for A, are not significant.

Problem 8,44

The circuit diagram is:

PARAMETERS:
IEQ_val 10u
-+
| Q1 _L_VCBQ
l0

Q2N5210 9.3V

IEQ
V3
= CE {IEQ_val}

dicet Bl

We have assumed that ICQ = IEQ and that VBEQ £ 0.7 V. ‘The

simulation is stored in the file named P8_44. A parametric sweep
is used to vary IEQ val over the desired values and an ac sweep
analysis is carried out for each bias current. Then we plot the
current gain in dB and determine the frequency at which the
current gain crosses 0 db.

ICQ ft for 2N2222Aa ft for 2N5210

10 A |1.6 MHz 3.1 MHz
100 A |15 MHz 27 MHz

1 mA 110 MHz 150 MHz
10 mA |(290 MHz 300 MHz

Results will vary depending on the models used for the
transistors and on how precisely the bias points are established.
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Problem 8.45

The simulation is stored in the file named P8 45. Plots of
voltage gain magnitude versus frequency are shown below.

AW+ = e ———- ———— e

>
g

. - -

An inductance of 25 uH produces only a very slight peak and
a 3-dB bandwidth of 4.2 MHz compared with a bandwidth of 2.7 MHz
for zero inductance.

Problem 8.46

The common-base amplifier tends to have the lowest input
resistance. The common-emitter and cascode amplifiers are
inverting. To minimize feedback capacitance, we usually want to
apply the input to the first transistor and take the output from
the second transistor in an emitter-coupled pair, in which case
this amplifier is noninverting. The common-base amplifier and
emitter follower are noninverting. The frequency response of the
common-emitter amplifier is limited to the greatest degree by the
Miller effect.

Problem 8.47

Usually, a common-base amplifier is unsuitable with a source
with a high internal impedance because the input impedance of the
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common-base amplifier tends to be low and loading effects would
be extreme.

Problem 8.48

See Figure 8.40 in the book.

Problem 8.49

+V¢|_ *'I-ISV

Qs"']k&.

= vzg-"‘lSV

Many correct choices exist for component values. We used 1
uF for each of the coupling capacitors, because the low-frequency
region is not of interest in this problem. The following table
gives choices of component values and results of the PSpice
simulations for both Q points.

ICQ RE RC Avsmid fH

1 mA |15 kQ |5.6 kQ|+5.1 3.9 MHz
10 pA|1.5 MQ|560 kQ|+22.6 [248 kHz

The simulations are stored in P8_49a and P8_49b. The model
for the 2N2222A is stored in the Device.lib file. Results will
vary depending on the model used.

Problem 8.50

The circuit diagram is shown on the next page. Many correct
choices exist for component values. We used 1 uF for each of the
coupling capacitors and 100 uF for the bypass capacitor because
the low-frequency region is not of interest in this problem. The
table gives choices of component values and results of the PSpice
simulations for both Q points.
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R c,
{€
R
/o0ka
Rs'Lhﬁ- C;
AM——] &
+
.U;- Rl El REB ]. CE
iy VE?-—IS ‘VQE
ICQ R1 Rz REB RC Avsmid fH

1 mA |51 kQ |100 kQ|4.3 kQ|5.6 k2| =157 |2.2 MHz
10 A|5.1 MQ|10 MQ (430 kQ|560 kQ| =31 240 kHz

The simulations are stored in P8 _50a and P8 50b. The model
for the 2N2222A is stored in the Device.lib file. Results will
vary depending on the model used.

Problem 8.51

4 Vee =+1SV *Vee
CQ'IFF
£ {€
- ',6 100 k.
ﬁF
RS | bn )}lF KG JooRn
Ce
1& » RE‘ E@Q
‘ —VEE: =—!5V
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Many correct choices exist for component values.
= c2 = 1 pF and CE = 100 uF because the low-frequency
not of interest in this problem. The following table

choices of component values and results of the PSpice
for both Q points.

Ico [Rs Rpyr Rps|Re Aysnid|TH

1 mA |150 kQ 15 kQ |5.6 kQ| +83 2.4 MHz
10 pA |15 MQ 1.5 MQ|560 kQ| +14.7|250 kHz

The simulations are stored in P8_5la and P8_51b.

We used C1

region is
gives
simulations

The model

for the 2N2222A is stored in the Device.lib file. Results will

vary depending on the model used.

Problem 8.52

Here is one design that meets the requirements:

VDD
RC VDD
3k C2
1uF — VCC
M1 RL G T 15V
Mod 100k "1
0
Rsig C1 l . 0
: 0 — V8§
Vsigik 1uF RS 15V
1V 5.1k s
0 VSS VSS

The simulation, which is stored in the file named P8 52,

yields A = 2.1 and £, = 110 MHz.

vsmid H
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Problem 8.53

The simulation, which is stored in the file named P8 = B¥;
yields A = 9.2 and f = 65 MHz.

vsmid
VCC
RC
3k VCC
J 1_|1uF .;_ vee
15V
M1 RL
j . 100K
0 i
o | o 0 - VEE
P a-Ji o a - = Lo
= Mod —
% Rs 1uF R1 R2 'tq v 18V
1K
o 120k J'
0 REB
* 1.1k CE VEE
@ Vs i 100uF
v
| 0
i VEE VEE ]
0
Problem 8.54
2
1uF
gt - RL
1]
P 100k
RS
1K
RB
150k
Vs
v
VvsS VSS
0
The simulation, which is stored in the file named P8 _54,
yields Avsmld = 4.4 and f = 93 MHz.
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Problem 8.55

In the midband, the input current to the amplifier is iin =
vs/(Rs + Ri) in which Rs is the internal source resistance (500
Q) and R, is the input resistance of the amplifier. The output

current is io = V,/Ry. Thus the current gain is required to be

Ai - io/iin i AV(Rs ] Ri)/RL

10(500 + R;)/500 = 10 + R, /50

[

Thus the most suitable configurations are those that can achieve
current and voltage gains that are both large compared to unity.
Furthermore, to achieve wide bandwidth, configurations that
minimize feedback capacitance are more suitable than those
configurations that have substantial feedback capacitance.

(a) The common-base stage has a very low input impedance (tens
of ohms for bias currents on the order of one mA). Furthermore,
its current gain is less than unity. Thus, a common-base stage
will have difficulty meeting the desired specifications.

(b) The common-emitter amplifier is suitable from the standpoint
of the gains required, because it can achieve high voltage and
current gains (compared to unity). However, its bandwidth is
adversely affected by the Miller effect.

(c) The differential amplifier is suitable, because it can
achieve high voltage and current gains (compared to unity).
Furthermore this configuration minimizes feedback capacitance.

(d) The cascode amplifier is suitable because it can achieve
high voltage and current gains (compared to unity). Furthermore
this configuration minimizes feedback capacitance.

(e) The emitter follower is not suitable because its voltage
gain is less than unity.

(f) An emitter follower cascaded with a common-emitter amplifier
is a good choice because it can achieve large current and voltage
gain and has very small feedback capacitance.

Problem 8.56

The high-frequency equivalent circuit is shown on the next
page.
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N b= 1
+ o+
ey » IS rd
'v-+ ke 2o ’:“—Tc’s “‘.,
S}L L, ¥ +
: R US R

Equation 5.48 in the book gives the midband voltage gain as

v g Ri
o m
A = = -~ where R! = r_|IR.||
AP S 1 By = TaliRgliBy
However Avs = AVRG/(Rsig * RGJ.

Using the Miller effect and replacing vsig' Rsig' and RG with a

Thévenin equivalent, we obtain the following equivalent input
circuit.

RS[?I = R}I’ " ED

jI-Cg‘ "L C:;_‘(l"Av)

-

This is a first-order lowpass filter having

1
£f. = ; —
H = ZRRE; TCoq + Cqg(1 - A)]

Evaluating for the parameters given in the problem we obtain

RL = 1333 Q R! = 4.98 kQ

sig

Av = Avs g 0.87 fH = 56.5 MHz

Problem 8.57

This problem is similar to Example 8.10.
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. - 3 4 -3 _
Teg 8 Igg = 1 mA r, = BVp/Io, = 150(0.026) /10 3900 Q
Lt ® o (Cﬁ + C | By = TRNRE

mtud Tl)
, (B + 1) R
RL = rOIlRL = 990 Q A = =: 0.975

v rn + (B + 1) RL

Ry, = Rgll[r, + (B + 1)R;] = 60.5 kR
v R,
o in
A = — = A = 0.367
Vs v v R_ + Rin
Cn
m
Ry = [r + (R IR )]Il[r (1 + 9 R Y] ==37.7 X8
& 1 - i -

fH = §E§;EE = 815 kHz This the upper half-power
frequency for Avs' For Av we assume RS = 0 and recompute RT and
fH. The upper half-power frequency for A, is fH = 1.02 GHz.

Problem 8.58

See the circuit diagram on the next page. Many correct
choices exist for component values. We used 1 uF for each of the
coupllnq capacltcrs because the low-frequency reglon is not of
interest in this problem. The following table gives choices of
component values and results of the PSpice simulations for both Q
points.

ICQ Rg RB Avsmid fH
1 mA (13 k0 |150 kQ|+0.435|455 kHz
10 uA (1.3 MQ|13 MO |+0.22 69 kHz

The simulations are stored in P8 58a and P8 58b. The model
for the 2N2222A is stored in the Device.lib file. Results will
vary depending on the model used.

375



4‘Vg;"+5ll

RNIRNA
& ComiuF
4
g
K.
Re 18
i —Vge= ~ISY

Problem 8.59

We elected to cascade three stages. First an emitter-
follower to provide high input impedance and low source impedance
for the second stage. The second stage is a common-emitter with
a partially unbypassed emitter resistor to provide the desired
voltage gain. The final stage is an emitter follower providing
the low output impedance needed to drive the load capacitance at
high frequencies. To reduce the number of components required we
use direct coupling. The circuit is:

+ Vee ™ V‘& » Vee

Simulations (stored in the file named P8_59) show that this
circuit meets the desired specifications.

376



Problem 8.60

Coupling capacitors are used to isolate the dc bias points
of cascaded stages, prevent dc components in the signal source
from affecting the bias point of the first stage, and to prevent
dc from being applied to the load.

Bypass capacitors are used to ground points in a circuit for
ac signals but not for dc signals.

Coupling and bypass capacitors are common in discrete
circuits but usually are not practical in integrated circuits.

Problem 8.61

The break frequency for each capacitor is fbreak = 1/(2nRC)

where R is the total equivalent resistance in series with the
capacitor.

Problem 8.62

Each coupling capacitor in an RC-coupled amplifier
contributes a 20 dB/decade decline in gain at low frequencies.

Problem 8.63

1. Eliminate any capacitors that are not essential.

2. Determine the resistance in series with each coupling
capacitor and the resistance seen by each bypass capacitor.
Treat all of the other capacitors as short circuits in
determining the resistances. The break frequencies, capacitances
values and resistances are related by fbreak = 1/(2nRC) where R

is the resistance in series with the capacitance. If practical,
redesign the circuit to increase the resistances so smaller
capacitances can be used.

3. Decide how to budget the desired lower half-power
frequency between the various break frequencies using the
approximation that the lower half-power frequency eguals the sum
of the break frequencies.

4. Use the resistances found in Step 2 and the break
frequencies selected in Step 3 to compute capacitance values.

5. BSelect standard capacitance values sufficiently large to
allow for component tolerances.
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Problem 8.64

Assuming that the other capacitors are short circuits the
resistance in series with C1 is Rs + Rin in which Rin = rnIIRB is
the midband input resistance of the amplifier. In Example 8.8 we
found that Rin = 553 Q. Thus we have:

fBl = 1/[2ncl(Rs + Rin)] = 264 Hz

The output resistance of the amplifier is

R = rollRC = (22.5 kQ)11(510 Q) 499 Q

o

fB2 = 1/[2HC2(R° + RL)] = 160 Hz

The midband resistance seen by the bypass capacitor is

Rl e T R'BI[RS = 1300|||585 + 104“50 = 2.80
E E2 (B + 1) (225 + 1)

't
I

f_ = 1/(2nC = 567 Hz

ERE
Now we estimate the lower half-power frequency as

fL = fl =P f2 G fE = 991 Hz

The file for simulating this circuit is P8 _64. The results
of the simulation yield £, = 848 Hz. This is good agreement
given the uncertainty about transistor parameters such as B.

Problem 8.65

Assuming that the other capacitors act as short circuits,
the resistance in series with c, is

Rs 3 rnlllklllR2 = 50 + 585]||(6.8 kQ)I|1(10 kQ) = 561 Q

Then for a break fregquency of 10 Hz we have

C, = 1/(2m£,561) = 1/(2m10 x 561) = 28.4 WF
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Similarly,

C, = 1/[2mf, (R, + R;)] = 1/(2m10 x 1020) = 15.6 uF

Looking back from CE' Ql acts as an emitter follower. The
resistance seen by Cg is

T L

= 2.79 0
E E (B + 1)

0
Il

1/(2mf,Rg) = 5700 WF

We estimate the lower half-power frequency as fL = f1 =+ fz +
f3 30 Hz. The simulation file is P8 _65. The simulation gives
fL 23.6 Hz. Actually, the assumption that £, = f1 + f2 + £, is
an approximation that gives a value higher than the true value.

Thus, the capacitances computed using this assumption are too

I

high. However, considering component tolerances, the approximate
results are sufficiently accurate.

Problem 8.66

First, we consider the break frequency due to C., assuming

1!
that the other capacitances are short circuits. We need to find
the resistance in series with Cl. We have Ty = The ™ BVT/ICQ =
585 Q. The resistance seen looking into the emitter of Q2 is Teo
=1r ,/(B, + 1) = 2.59 Q. This resistance in parallel with R,
and REz acts as an unbypassed emitter resistance for Ql' Thus,

the input resistance of the amplifier is

Rin = RBIlrnl + (B + 1)(RE1|IRE2Ilre2) = 1168 0

C, = 1/(2mf,1168) = 1/(2m10 x 1168) = 13.6 WF

The resistance in series with C2 is Rc + RL = 1020 Q. Thus
we have

C, = 1/(2nf,1168) = 1/(2m10 x 1020) = 15.6 WF
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The resistance in series with CE is the sum of the
resistances seen looking to the right and to the left from the
respective terminals of Cp- Looking to the right, the resistance
is REzllrEz = 1300/12.59 = 2.58 Q. Looking to the left, Q, has
the configuration of an emitter follower and its output
resistance is RE2”[(rn + RSHRB)/(B + 1)] = 2.80 Q. Thus the
total resistance in series with Cp is 2.58 + 2.80 = 5.38 Q. The
required capacitance is

CE = 1/(21’1‘f35.38) = 1/(2m10 x 5.38) = 2960 uF

We estimate the lower half-power frequency as fL = f1 + f2 +
£, = 30 Hz. The simulation file is P8_66. The simulation gives
£, = 25 Hz. Actually, the assumption that £, = £, + £, + £, is
an approximation that gives a result higher than the true value.
Thus, the capacitances computed using this assumption are too
high. However, considering component tolerances, the approximate
results are sufficiently accurate.

Problem 8.67

In Example 8.10, we established that M 585 Q1 and B = 225.
The midband input impedance of the emitter follower is given by
Equations (4.59) and (4.60).

Ri = REIIRL = 48.15 0

V.
= 3 - M=
th = —I—b—- = rn +0 0L <k B)RL = 11.47 kQ
L, = ISR LI 5.342 kQ

i ljRB + lfzit

The resistance in series wlth‘c1 is Rseriesl = RS + Zi =

5.852 k0. Thus the break frequency associated with Cy

£, = 1/(2nC,R = 27.2 Hz

1 seriesl)
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The output resistance is given by Equations (4.63) and (4.65)
with R, R1IIR2.

R, = R_|IR, = 485 0
v
R = X % =4.72 Q
O Ay - D!
1+8 1
RE+r 'R

The resistance in series with C2 is Rseriesz = Ro + RL = 54,7 0

Thus the break frequency associated with c, is

f_ = 1/(2HC2R = 29.0 Hz

2 seriesz)

We estimate the lower half-power frequency as fL = f1 + f2 =
56.2 Hz. The simulation file is P8 67. The simulation gives £
= 49 Hz. Actually, the assumption that fL = f1 + f2 is an
approximation that gives a result higher than the true value.
Thus, capacitances computed using this assumption are too high.
However, considering component tolerances, the approximate
results are sufficiently accurate.

381



Chapter 9

Exercise 9.1

A:.x_°= A = 105 = 99,9
E %y LR 5 1900 x 008
X, = Afxs = 499.5sin(2000mt)
Xg = BX, = 4.995 sin(2000mt)
X; =X, = Xs = 0.005sin(2000mt)
Exercise 9.2
Equation 9.2 states
e (G- S A
Ag A (1 + AB)
(a) We have %? = %% = 0.1 (i.e., the tolerance for A is

+10%) and we want IbAf/Afl < 0.01 (i.e., *1% tolerance). Thus we
need 0.01 = 0.1/(1 + AB in) ¢ which implies that 1 + AB in = 10
and the maximum closed loop gain is A = A/ (1 + AR

) =
10°/10 = 10%.

fmax min

(b) Similarly we determine that a 0.1% tolerance for Af requires

s 3
Afmax = 10°.

Exercise 9.3

See Figure 9.6 on page 562 in the book.
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Exercise 9.4

e

Recall that Af £ 1/B. Therefore change the values of R
and/or R2 so that B RZ/(R1 + Rz) = 1/20. One possible

combination of values is R1 = 19 kQ and R2 = 1 k.

3

Exercise 9.5

Here the feedback ratio is R,/(R;+ R,) = 10”2 and we have Ag
£ 1. The SPICE simulation (which is stored in the file named
Exer?9 5) shows that the output waveform is distorted. For
negative feedback to be effective in reducing distortion, we must
have AR >> 1.

Exercise 9.6

(a) SNR = 20log(V_/V ) = 20 10g(10/0.1) = 40 dB

noise
(b) Equation 9.17 shows that the SNR is improved by the factor

Ag. Since we want to improve the SNR by a factor of 100
(equivalent to 20 dB) we require A_ = 10.

2

Exercise 9.7

Refer to Figure 9.16 in the book. We can write:

i, = 14 f 1 = vs/Ri + on X T Ali = Avs/Ri

vs/Ri + Asvs/Ri Rif = vs/is = Ri/(l + AR)

‘s

Exercise 9.8

Refer to Figure 9.18 in the book.

ttest =™ Veest/Ro = Bsc¥in Xin = Pleest

= Ascﬂl

ltest = Veest/Ro test

R "

of vtest/ltest = RD(I * AscB)
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Exercise 9.9

(a) Answers: Negative series voltage feedback, B = 1, ideal
voltage amplifier, A,e =1, Rje ==, and R ¢ = 0.

Ae
—3

Notice that if we replace R with a short circuit, we have

no feedback, therefore we have voltage feedback. The feedback
connection is to the inverting input terminal (and the feedback
network is noninverting) therefore the feedback is negative. We

have Vg = v, So B = 1. We have series feedback because Vgr Vi

and V., are in series. Negative series voltage feedback tends to

produce an ideal voltage amplifier with Rif = o, Rof = 0 and Avf
= 1/B = 1.
(b) Answers: Negative parallel current feedback, B = 1, ideal
current amplifier, Aif =1, Rif = 0, Rof = w.
'——W—‘- 1
ps ﬁ: R,_
+ - c.

v () 4

Notice that if R is open circuited, the feedback path is

broken. Therefore, we have current feedback. Because the
feedback path is connected to the inverting input terminal the

feedback is negative. Notice that ii = is - io so we have B = 1.

The feedback network, output terminals, the source, and the
amplifier input terminals are in parallel. Negative parallel
current feedback tends to produce an ideal current amplifier with
Rif = 0, Rof = o, and Aif = 1/ = 1.

(c) Answers: Negative parallel voltage feedback, B = -1/3R ,

ldeal transresistance amplifier, Rmf = =3R, Rif = 0, and Rof = 0.
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Notice that if we replace R with a short circuit, we have no

feedback, therefore we have voltage feedback. The feedback
connection is to the inverting input terminal (and the feedback
network is noninverting) therefore the feedback is negative.
Because the feedback output is in parallel with the amplifier
input terminals and with the source, we have parallel feedback.

In finding B, assume vy = 0. Then il = v,/ (3R/2) and if =
-(1/2)i1 = -vo/(3R). Therefore B = -1/3R. Negative parallel

voltage feedback tends to produce an ideal transresistance
amplifier with Ric =0, R =0, and R = 1/8 = -3R.

(d) "Answers: Negative series current feedback, g = R/2, ideal
transconductance amplifier, Gmf = 2/R, Rif = w, and Rof = w,

!D"'
‘-——
L Tar
= R 2
..le
= %
Because the output of the feedback network is in series with the
amplifier input terminals and because the feedback becomes zero
for an open circuit load, we have series current feedback.

Because the feedback connection is to the inverting input
terminal, the feedback is negative. Assuming ii = 0, we have Ve

= io(sz), thus B = R/2. Negative series current feedback tends

to produce an ideal transconductance amplifier with Rig =@ R
= w, and Gmf = 1/8B = 2/R.

(e) Answers: Negative series voltage feedback, B = 1/12, ideal

voltage amplifier, Avf = 12, Rif = »w, and Rof = 0.
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Because the output of the feedback network is in series with
the amplifier input terminals and because the feedback becomes
zero for a short-circuit load, we have series voltage feedback.
Because the feedback connection is to the inverting input

terminal, the feedback is negative. Assuming ii = 0, we have Ve

= v0/12, thus B = 1/12. Negative series voltage feedback tends
to produce an ideal voltage amplifier with Ri = o, R = 0, and

f of
Avf = 1/B = 12.

Exercise 9.10

To obtain a nearly ideal voltage amplifier, use negative
series voltage feedback. Because Avf = 1/B, we need to design

for g = 1/5. A suitable circuit configuration is shown in Figure
9.19a on page 578. We choose R1 and R2 so that R2 << Ri' Rl + R2

>> Rof and B = RZ/(Rl + R2) = 1/5. Suitable choices are R1 = 2
kQ and R, = 500 Q. The equivalent circuit is:

Rs
i E1 Ro
1k Ri l—-"" Qﬁ—/\N‘\,—.—q Out
C S0
Vs 10k T_ _i RL
< ” 0 250
0 —eo NN\A\—» YL
t 2 e
R2
500
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We setup a transfer function analysis with Vs as the input
source and Out as the output terminal. After running the
simulation we find the following in the output file:

V(Out) /V_Vs = 4.998E+00
INPUT RESISTANCE AT V_Vs = 2.460E+07
OUTPUT RESISTANCE AT V(Out) = 1.899E-02

Actually the input resistance reported by PSpice is R, + Ry

but Rs is negligible compared to R. Also the output resistance

S
reported by PSpice is RL in parallel with Rof but this is not

significant because ROf << RL.

Exercise 9.11

Use the configuration of Figure 9.19d with R, = 4R;. To

avoid excessive loading, we want to select values so that R2 >>
Ri and so that Rl << Ro + RL. It is not possible to meet all of
these objectives, and we must compromise. One reasonable choice
is R2 = 10 kQ and R, = 2.5 kQ. For this choice, the SPICE

simulation shows that Aif = =5.00, Rif = 0.767 Q, and Rof = 2.54

MQ. The circuit configuration is:

i" LE1 Ro I, = -4.996 ma
5 < Ri F AN —e——

S

o 50
‘ 10k 1 ok
0

1 250
Is = (.999 mARs L R2 +
— AW\ = AN\
.1 LT TS W a0k R1
O 2.5k
1V
0 0

We ran an operating point analysis and displayed the
currents and voltages on the circuit diagram in Schematics some
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of which are shown above. (The simulation is stored in the file
named Exer9 lla.) Then we computed the current gain and input
impedance.

A
R

= IL/Is = -4.996/0.999 = -5.00
= Vi/Is = 0.766 0

if
if
To determine the output resistance we set Vs = 0 and

replaced R with a test source. The simulation is stored in the

file named Exer9 11b. The results of the operating point
analysis were then used to compute the output resistance as R =

2.54 MQ

Exercise 9.12

To attain a nearly ideal transconductance amplifier, we use
negative series current feedback as shown in Figure 9.19b in the
book. We require B = Re = 1/G . = 100 Q. The circuit

configuration is shown below. We ran an operating point
analysis, displayed the voltages and currents on the circuit
diagram, and calculated the gain and input impedance.

Gmf = IL/Vi = 0.01 s Rif = Isfvin = 37.5 MQ

50
-17 RL
250

Rf
100
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Next we set Vs = 0, replaced RL by a 1-V test source, ran an
operating-point analysis, and used the results to compute Rog =
1.35 MQ. The simulation files are Exer9 12a and Exer9 12b.

Exercise 9.13

To attain a nearly ideal transresistance amplifier, we use
negative series current feedback as shown in Figure 9.19c in the
book. We require B = --1/Rf o 1/Rmf. Thus we need Rf = Rmf = 15
kQ. The circuit configuration is shown below.

E1 Ro v
RI O ofF E
9
10k | ¢ 50
i £
- Rs RL
— 0 250
E 1k V. Rf
Vs — v AN\ ——— 0
v 15k

We ran an operating-point analysis, displayed the voltages
and currents on the circuit diagram, and calculated the gain and
input impedance.

Next we set V_ = 0, replaced R; by a 1-V test source, ran an
operating-point analysis, and used the results to compute Roe =
0.0583 Q. The simulation files are Exer9_ 13a and Exer9_13b.
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Exercise 9.14

Refer to the circuit diagrams shown in the book.
(a) The circuit is a voltage divider.

Vo e 1/scC _ 1/LC | 101
Vin SL+ R +71/8C .2, s(r/L) + 1/1C s® + 25 + 101

The poles are the roots of the denominator polynomial which are
sp = -1 * j10. There are no finite zeros. The transient

response contains damped sinusoids of the form
exp(-t) [Acos(10t) + Bsin(l0t) ]

Using the rubber-sheet analogy we expect the transfer function
sketched below.

e T VD l
»l r_ ~ ] |-V_|n| ('F)
N e '
\.// i = < \
+ = {
& o

A transient analysis of the circuit for a short input pulse (that
approximates an impulse) and an ac sweep to plot the transfer
function versus frequency is stored in the file named Exer9 14.

The simulation results confirm our predictions about the circuit
response.

(b) The circuit is a voltage divider.

Yo g = 1/sC 3 1/Lc 1 10
Vin sL+ R+ 1/sC 2, (r/1) + 1/1C s® + 7s + 10

The poles are the roots of the denominator polynomial which are

Spl = -2 and sz = -5, There are no finite zeros. The transient
response contains exponentials:

Aexp(-2t) + Bexp(-7t)
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Using the rubber-sheet analogy we expect the transfer function
sketched below.

5, [- Ae-z* l%li}l

1
- - = .707 N
P > * .’: 2 — £
"r't__ Be-s -2-_1.7

A transient analysis of the circuit for a short input pulse
(that approximates an impulse) and an ac sweep to plot the
transfer function versus frequency is stored in the file named

Exer9 14b. The simulation results confirm our predictions about
the circuit response.

(c) The circuit is a voltage divider.

__‘.’9_.{5) = R - s (R/L) i\ 2s
Vin 8L+ R* /80 2 L StR/L) -+ AJEC | 8%+ 45 4 101

The poles are the roots of the denominator polynomial which are
S, = -1 * j10 There is a zero at s = 0. The transient response
contains damped sinusoids of the form

exp(-t) [Acos(10t) + Bsin(10t)]

Using the rubber-sheet analogy we expect the transfer function
sketched below.

A transient analysis of the circuit for a short input pulse
(that approximates an impulse) and an ac sweep to plot the
transfer function versus frequency is stored in the file named

Exer9 14c. The simulation results confirm our predictions about
the circuit response.
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Exercise 9.15

See Figure 9.37 in the book for the frequency response
sketches. The transient responses are of the form:
(a) Rexp(-10t); (b) Aexp(-t/10)cos(10t) + Bexp(-t/10)sin(10t);
(c) Aexp(-10t).

Exercise 9.16

The open-loop gain of the amplifier is

V_(s) 1/8C 5
(o] P 105 N 10

= » = —_—
v (s) Ry + 1/scp SRC, + 1
This is of the same form as Equation (9.42) with Ao = 105 and f
= 1/(2nRyCp) = 20 Hz.

A(s) =

b

(a) The pole for A(s) is located at Sp o -1/RPCP = =125.6 rad/s.

(b) The gain magnitude is 100 dB up to the corner freguency of
20 Hz. Then it falls off at 20 dB per decade.

Ve
20 Loy | v;.“')’ = ~20dB/decade

B s
20 t
adMH2
(c) The gain--bandwidth product is Aofb = 2 MHz.

Exercise 9.17

(a) Refer to the circuit shown in Figure 9.40b. Because R, >>
R, and R, >> R, we can neglect loading effects. This circuit has
negative series voltage feedback. The feedback ratio is g =
R2/(R1 + Rz) = 0.01. Using Equation (9.44), we have Aof - Aoltl

+ AB8) = 10°/(1 + 1000) = 99.9 = 100.
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(b) From Exercise 9.16 we have a gain-bandwidth product of 2
MHz. Thus we expect a closed-loop bandwidth of fbf = (2 x

10%) /100 = 20 kHz.
(c) The results of the simulation are in good agreement the

answers of parts a and b. The simulation is stored in the file
Exer9 17.

(d) At f = 1 Hz, 2 10°/ -3° which is approximately a 1 GO

3

in
resistance. At f = 1 kHz, 2, = 20x106£-86° which is
approximately the same impedance as an 8 pF capacitor.

(e) The bandwidth is approximately fbf = 780 Hz. It is less
than in part c because the low values for R1 and R2 load the
output of the amplifier reducing the effective gain magnitude by
a factor of approximately 26.

Exercise 9.18

Equation 9.50 states

- ek 1J 2 2 '
s s(2mfy + 2nf,)) * S| (2mf, + 2mf) 16m“f £, (1 + AyR)

The amplifier has f1 = f2 = 100 kHz AO = 104 and B = 0.1.

Substituting these values we obtain
s = 2m10°(-1 + § 1000 )

The natural frequency is W= 2n10541001 which corresponds to a

period of 0.316 us. This compares very well with the interval
between peaks of the ringing in Figure 9.43 in the book.

Exercise 9.19

A pair of poles sp = -0 * jw, has a natural frequency of wo
= 4% + mz and a damping ratio & = 51. [These are Equations
n

(9.36) and (9.37) on page 594 in the book.] The poles are shown
in the complex plane on the next page. Notice that & = cos(8).

Thus for & = 0.707 we have 6 = 45° and ¢ = w.
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Conpley
Wy=Y 2 +w? pl':uc-

~0o

-..-jtu

For a two-pole amplifier with feedback, Equation 9.50 states

o o lJ 2r > 2
8 = —z(2nf, + 2mf,) * z|(2nf, + 2nf,) 16m°f £, (1 + AyB)

Thus we have o = %(2nf1 + 2mf,)
and jw = l](znf +2nf)2 - 16n%E.£. (1 + AB)
2 1 2 172 0
Substituting fl = f2 and simplifying, we have ¢ = 2nf1 and w
= 2nf, [A8. Then we set ¢ = w and solve for B = 1/A, = T
Thus to have & > 0.707 we must have B =< 10 ¢ and Roe = Ay/(1 +

A,B) = 5000.

Exercise 9.20

The simulation file is named Exer9 20. The plots
corresponding to Figures 9.43 and 9.44 in the book are:

-
.

B e e R

a U(0ut)
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Bl premmmm e —————

L L L L ————

Notice that for this two-pole amplifier, feedback does not
produce ringing in the transient response or peaking in the
frequency response. Often this is the case in a multipole
amplifier when one break frequency is much smaller than any of
the others.

Exercise 9.21

As in Example 9.7, the closed-loop poles are the roots of

BA(s) = -1. Thus we must solve
g1o0* e
(1 + s/(2nf,) 1"

Taking the fourth root of each side we obtain:

I
Il

s, = 2ﬂfb[4fglo£-45° - 1] S5 zufb[4I§1°é45o » 1]

]
il

S, ZHfb[4.I_3'10£135° - 1] S, 27Ifb[4~l_ﬁ|10£-135° - 1]

The amplifier becomes unstable when the poles s, and s, move

into the right-half plane. The real part of s, (or s,) is

Re(s,) = 2nf, [*{B10cos(-45°) - 1]

Setting this equal to zero and solving we obtain Bu = 0.0004.
The root locus is shown in Figure 9.48 in the book.
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Exercise 9.22

(a) The circuit configuration is shown in Figure 9.46. We have

c, = 1/(2mR,£;) = 1/(2m10°10°) = 159.15 pF. Similarly c, = 53.05
pF and C3 = 15.915 pF. Also we have Ri = 200 kQ, Ro = 25 Q, and

AO = 5000. We need to change the battery voltages to #5 V.

(b) The simulation file is Exer9 22b. Plots of the open-loop
gain magnitude and phase are:

Phase dB
0d - 801—-'—'“;;:; -------------------------------------- |
E : : Gain = 250 (48 dB) ;
{ Magnitude | at £ = 659 KHz |
I 1 o ]
i 1
! Phase ——= -
-100d 40 s :
i i
I I
| ]
I I
: - : - :
: . Phase = 180 at $ ) !
1 ]
-280d - -i I.= 659 kHz. ST Ol '
i |
I ]

I
] I
] I
i i
> ' £y = 659 kHZ |
-300d- “4BF--mmmm e pomm—————————e pommm el R 4
1.0KHz 10KHz 100KHZ 1.0MHZz 18MHz

From the magnitude and phase plots we determine that 659 kHz
is the frequency (f,,) for which the phase is 180°. At £y the

magnitude is 250 (48 dB). Thus to avoid oscillation the maximum
value of B is Bmax = 1/250 = 0.004.

(d) For a gain margin of 10 dB (which is equivalent to a gain
ratio of 10%0/20 = 3.16, the value of g is 0.004/3.16 = 1.26 x
1073, which is equivalent to -58 dB.

(e) We use the plots to determine the frequency fPM at which Ag=
1, or equivalently AdB . BdB = 0. Because we have BdB = =58 dB,

we are looking for the freguency at which Agqg = 58. We find fPH
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= 363 kHz. At this frequency we have a phase of -145°. Thus the
phase margin is 45°,

(f) We require B = 1.26 x 10 ° = R,/ (R, + Ry). One choice of

resistance values (which also produce negligible loading effects)
is RA = 1 kQ and RB = 793 kQ.

(g) A simulation for the closed-loop response is stored in the
file named Exer9 22g.

Exercise 9.23

Follow the procedure of Example 9.11, changing the
1 =C, =C, =1/[2m(2 x 10°)100] = 795.8

PF. A simulation that can be used to obtain plots of the open-
loop gain magnitude and phase is stored in the file named
Exer9_23a.

capacitance values to C

fPM is the frequency for which the phase is -30°. From the

plots of open-loop gain magnitude and phase, we find that fou =

354 kHz and that the gain magnitude at this frequency is 79.6 dB.

Thus we require 20log(l + fPH/fC) = =-59.6 dB. This yields

fc = 371 Hz. Then we have CC = 1/(2nfcRc) = 4.29 uF. The
simulation file for the closed-loop amplifier is stored in the

file named Exer9 23b.

Exercise 9.24

The circuit is shown on the next page. For the RL circuit
we can write:

R(jwL)
2w Yo = R + JwL 3|
in R + juL + g(iw?LL

jwRL
R - 0L + j3wRL

For oscillation the Barkhausen criterion requires AR =1,
and we have

397



JWRLA

v =1
52 u2L2 + J3wWRL
R? - 0212 + jwRL(3 - a,) =0

Now we equate the real parts of both sides:

R® = 0%t? = 0 > w = R/L

Similarly equating the imaginary parts:

JURL(3 - A ) = 0 - A, in = 3
’ Tdeal
vol e
AMP|ﬁﬂ' _,1
[ R
el LA YV —
+ +
Vo L R Vi
S A i

Exercise 9.25

From the circuit shown in Figure 9.72, we can write:

Ry (1/3jwcy)
- Ne ¥ Ry + 1/juCy I
Vin Ry (1/jwcy)

RA + lfjwcA i

RB + l/ijB

Ry (1/3uCp)

R,Ry '1/(“2°ACB} + Ry/(JuCy) + Ry/(JuCy) + Ry/ (Jucy)
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Ry

n RgCR/C, + R, + Ry + J (WC R Ry = 17wC,)

For oscillation the Barkhausen criterion requires Avﬁ =1,
and we have

B

Rehy

RBCB/CA + RA - RB - j(uCBRARB - lleA)

RBCB/CA =+ RA + RB + ](MCBRARB - I/UCA) = R_A

Now we equate the real parts of both sides:
AVRB = RBCB/CA + RA + RB = Avmin = T + RA/RB + CB{CA
Similarly equating the imaginary parts:

j(mCBRARB - 1/wCA) =0 = w =1/ RARBCACB

Exercise 9.26

One solution is simply to reduce the capacitances in the
circuit of Figure 9.77 by a factor of five which will increase
the frequency from 1 kHz to 5 kHz. The file Exer9 26 contains a
simulation of the circuit.

Problem 9.1

Some of the potential benefits of negative feedback are:

1. Stabilization of gain. Closed-loop gain can depend almost
solely on a feedback network that is constructed of relatively
stable passive components (i.e., resistors and/or capacitors).
2. Reduction of nonlinear distortion.

3. Reduction of certain types of noise, such as power-supply
hum.

4. Control (by the designer) of the input and output impedances.

5. Extension of bandwidth.
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Proklem 9.2

Some of the problems associated with positive feedback in
amplifiers are:

1. Closed-loop gain is highly dependent on device parameters
which vary greatly with temperature, operating point and from
device to device. Thus, positive feedback leads to poor gain
stability--much worse than for the original amplifier.

2. Oscillation in which the amplifier generates signals
unrelated to those being amplified.

Problem 9.3

In a negative feedback amplifier that has Ag >> 1, the
feedback signal Xe is approximately equal to the source signal
X - Therefore the input to the amplifier X; = Xg = Xg is very
small compared to either %, Or X.. Often to simplify analysis we
assume that x, is zero and we refer to this condition as the

summing-point constraint.

Problem 9.4

e

'
'
'
'
'
|
]
!

+
'
'
I
|
I
[
[
|

S0
: Jf"‘ﬁ5=’CLl
L A AN el
(o) 500 /o000
A -
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Problem 9.5

For A = 1000, we have Af = A/(1 + AB) = 9.9,
xo(t) = Afxs = 9.9cos(wt)
xf(t) = BXx_ = 0.99cos(wt)

o
xi(t) = X_ = Bx_ = 0.0lcos(wt)

s o]

For A = 10", we have Af = A/(1 + AB) = 9.99,.
xo(t) = Afxs = 9.99cos (wt)
xf(t) = on = 0.999cos (wt)
x; ()

= on 2 0.001lcos(wt)

As A approaches o, xi(t) approaches zero.

Problem 9.6

da
; I f _da i :
Equation 9.2 states: Af "X T TE In this

amplifier we have |dA/A| = 0.03 and we want IdAf/Afl = 0.001
(which is 0.1%). Thus:

0.001 = 0.03/(1 + 1048) 2 B = 29 x 10_4 2 Af = .333
Problem 9.7
(a) = |
Pa |
P | X,
x& Xl Aa o
+
L A RE
N
Aare

AZf = XO/X1 = A2/(1-+ BlAz)

401



e

A2A2f A1A2

2f

lo

A, = =
1 xs 1k BZAIA

1 + BAz + BAIAZ

(b) Refer to Figure P9.7b in the book. Notice that the
subsystem consisting of A, and B, is identical to the system

discussed in the book and its gain is A2/(1 - Bzhz). This block
plus Al and A, form an amplifier having a a gain of A (A, /(1 +
A232)1A3. Finally, we can write the closed-loop gain of the
entire system as:

A [A,/(1 + AB,)]A, A AR,

1+ B,A[A,7(T + AB,)IA, B AR, + AAA

384

Problem 9.8

(a) A, = A/(1 - AB) 1In this amplifier, the closed-loop gain
magnitude is less than the open-loop gain magnitude if (1 - AB)
is larger than unity. This happens if either A or g (but not
both) assume negative values. (We assume that both A and B are
real numbers.)

(b) If A is negative and R is positive, X should be added to X

(as in Figure P9.8 in the book) to attain negative feedback.

(c¢) If both A and B are negative, Xe should be subtracted from
X (as in Figure 9.1 in the book) to attain negative feedback.

Problem 9.9

dA

p - £ 1 da P2
Equation 9.2 states: 'K;'_ 2 T+ 8

amplifier we have |dA/A| = 0.1 and we want IdAf/AfI = 0.001

(which is 0.1%). To attain Af = 10 we need B = 1/Af = 0.1 Thus:

In this

0.001 = 0.1/(1 + 0.1A) = A = 990

Assuming that A = 990, we need g 0.098989 to achieve Af = 10,

In practice, we might include a variable resistor to adjust g to
the required value.
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Problem 9.10

To be effective in reducing distortion, we need to have |AB |
> 1.

Problem 9.11

In a negative feedback amplifier with distortion, the input

signal to the amplifier X; = X, - X is distorted in a manner

that tends to compensate for the nonlinearity of the amplifier.

Problem 9.12

See Figure 9.7 on page 563 in the book. Crossover
distortion occurs because Va must reach approximately 0.7 V in

magnitude before either transistor enters the active region.

Problem 9.13

For the configuration of Figure P9.8, we have Af = A/(1 -

AB). Substituting values, we have
A = 10 and Af = 100 for 0 < xi < I or UL xO < 10
A =5 and Af = 9.09 for -2 < xi < 0 or -10 < xo <0

Thus for X, = 0O.1lsin(wt), the positive peak of the output is

100 x 0.1 = 10 V and the negative peak is 9.09 x (-0.1) = =-0.909.
A sketch of the output waveform is
Xolt)
/o -~

‘-.‘?01\‘/ A

With positive feedback, the ratio of the positive peak to the
negative peak is 11.0, whereas the ratio is 2 without feedback.
Notice that the output waveform is more distorted for the

403



amplifier with positive feedback than for the amplifier without
feedback.

Problem 9.14

(a) For Vg > 07 N Q1 and Q3 are conducting whereas Q2 and Q4
are cutoff. On the other hand, for b =-0.7 ¥, Q2 and Q4 are
conducting whereas Ql and Q3 are cutoff. Finally for -0.7 < vs <

0.7, all of the transistors are cutoff and Vo 0.

Assuming that VBE = 0.7 V in the active region and that Vg 2

e = V"~ 0.7)/RE, i =oip, = BIJ.EI/(B1 + 1),
iag = B3ic1, and v_ = 8i.,. Using the values given in the

0.7, we have i

problem these relationships yield

Vo = 9.9(vs = 7)) for Vo = 0.7 and No < 14.8 V

When vo reaches 14.8 V, Q3 becomes saturated, and vo no longer
increases with Vg
Similarly we have

Vs I 19.8(vs + 0.7) for Y= 0.7 and Vo 2 -14.8 V

When vo reaches -14.8 V, Q4 becomes saturated and vo no longer
decreases with Vg
A simulation that plots Vo Versus v_ is stored in the file

named P9_1l4a. The plot shown below agrees very well with the
equations derived above.
20

g
R ettt R e |
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Simulating the circuit for the specified input sine waves yields
the waveforms shown below. Simulation file name:P9_ 14b.
20U

e
b )

For a peak source voltage of 1.4 V, we observe only crossover
distortion. For a peak source voltage of 2.4 V, we observe both
clipping and crossover distortion.

(b) To achieve A, = 10 in a negative feedback amplifier, we need
B = 0.1 (assuming that AB >> 1). Thus we select R1 = 9R The
circuit diagram is shown below.

2.

vcc

(=)

(¢) The simulation, which is stored in the file named P9 1l4c,
shows that negative feedback effectively eliminates the crossover
distortion. Of course negative feedback cannot overcome clipping
due to saturation of the transistors. Unfortunately this cannot
be demonstrated for the circuit of P9 14c due to convergence
problems with a source amplitude of 2.4 V. File P9_14c_alt
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replaces the controlled scurce with a pA741 op amp and makes a
convincing demonstration of the limitations of negative feedback.

Problem 9.15

The circuit is shown below.

¢ E1 /®Ez s
(v)
Rin +fF 3 l . — 1

1M - S é — O
j' ] eg _37 Rg j:epowi
Vs = 0 1Mng7 0 0
ov - 0

0
R, and E, model the differential preamplifier. If Rg is

not included, PSpice aborts because it requires at least two
elements connected to each node. (The input to Ez is an open

circuit.) Otherwise Rg has no effect on the operation of the

circuit. E, models the cube circuit. The setup window for E
shown below.

E2 PaitName: EPOLY I

Name Value

|COEFF =[001 Save At
PART=EPOLY ;

* REFDES-E2 _Change Dispy |

" TEMPLATE=E"@REFDES %2 %4 POLY(1) %1 %2 0.0 @COEFI Delete

SIMULATIONONLY=
PKGREF=E2

W Include Non-changeable Attributes _L]
¥ Include System-defined Attibutes Cancel I

The simulation is stored in the file named P9 15. A plot of
the cube-root output versus Ve is shown on the next page. It can

be verified that the values of Vi are almost exactly equal to the
cube root of Vge

+

215
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Problem 9.16

SNRgg = IOIOQ(Psignalfpnoise)

Problem 9.17

If a low-noise preamplifier can be found to place ahead of
the noisy amplifier, feedback can be effective in improving the
SNR at the output. An example of a situation in which this is
often possible is an audio power amplifier operating from a
poorly filtered supply with a great deal of ripple. Then we
design a high-gain low-noise preamplifier supplied with ripple-
free dc and use feedback to bring the gain back down to the
desired value. The advantage is that it is relatively easy to
provide ripple-free dc at a lower power level of the

preamplifier.

Problem 9.18

- 2 -
Po = (vsignal) g vsignal TS VeERS

90 = 40/10°

101°gtpsignalfpnoise) " Pnoise

- 2 =
Pnoise . (vnoise) /RL = vnoise = 566 uvV rms
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Problem 9.19

Refer to Figure P9.19 in the book. We can analyze the
system to determine the output, which is given by

i Aghs
xo(t) =T BA1A2 xs(t) ;3 1 + BA1A2 xnoise(t)

Notice that the gain is the same for both the signal and the
noise. Thus in this case feedback has no effect on the output
SNR (i.e., the output SNR is the same as if amplifier A, were

used by itself). We conclude that the noisy amplifier should be
placed after the low-noise preamplifier.

Problem 9.20

(a) For an SNR of 50 dB, we have 50 = 2olog(vs/vnoise), which

0~ (50/20) _ 47.4 uv rms.

implies that V =Yy Kk

noise
(b) According to Equation 9.17 on page 569, the SNR with

feedback is equal to the gain of the preamplifier squared times
the SNR before feedback. To improve the SNR by a factor of 100,

the gain of the preamplifier must be 10. The gain of the system
with feedback is Af = A1A2/(1 + BA1A2). Setting Ap = Al and A2 =

10 we determine that g = 0.9/A1.

Problem 9.21

The block diagram of the system is shown in Figure 9.13 on
page 568 in the book. We are given A; =100 and X__.__ = (2

V)/Al = 20 mV peak. The output of the system is given by
Equation 9.15.

e Ay
xo(t) = xs(t)l + BAIAZ * xnoise(t)l - ﬂAlA2

We require that the gain for the signal is 100 and that the
output noise is 0.1 V peak. Thus we have
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AR,

1 + BAIAZ
A:|.
and 0.1 = (20 mV)i—i—Ez—i—

> 1)

Solving, we find the Az = 20 and B = 0.0095 are required.

Problem 9.22

In voltage feedback, a current or voltage that is
proportional to the output voltage is returned to the input. 1In
current feedback, a current or voltage that is proportional to
the output current is returned to the input. In series feedback,
the signal source, the amplifier input terminals, and the output
terminals of the feedback network are in series. In parallel
feedback, the signal source, the amplifier input terminals, and
the output terminals of the feedback network are in parallel.

Problem 9.23

Conceptually, we test for voltage feedback by short-
circuiting the output terminals, thereby reducing the output
voltage to zero. If feedback is disabled by shorting the output,
we have voltage feedback.

Conceptually, we test for current feedback by open-
circuiting the output terminals, thereby reducing the output
current to zero. If feedback is disabled by opening the output,
we have current feedback.

Problem 9.24

In series feedback, the signal source, the feedback signal,
and the amplifier input terminals are in series. Since the input
voltage to the amplifier is the sum of the source voltage and the
feedback voltage, it is natural to treat the signal source as a
voltage source in a series feedback system.

In parallel feedback, the signal source, the output
terminals of the feedback network, and the amplifier input
terminals are in parallel. Since the amplifier input current is
the difference between the source current and the feedback
current, it is natural to treat the signal source as a current
source in a parallel feedback system.
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Problem 9.25

Feedback type Gain Units for B

Series voltage [Voltage v/v
Series current |Transconductance|Q
Parallel voltage|Transresistance |Siemens
Parallel current|Current A/A

Problem 9.26

Negative series feedback increases input impedance.
Negative parallel feedback reduces input impedance.

Problem 9.27

To make the output terminals of a feedback amplifier appear
as a nearly ideal voltage source (i.e., nearly zero output
impedance), negative voltage feedback is needed. To make the
output act as a nearly ideal current source (i.e., very large
output impedance), negative current feedback is needed.

Problem 9.28

See Table 9.1 on page 573 in the book.

Problem 9.29

To obtain a nearly ideal transresistance amplifier, we use
negative parallel voltage feedback. Because Af = 1/g for |AB| >>

l, we need B = 1/2000 = 500 uS to achieve Rmf & 2000 Q.

Problem 9.30

We assume an open circuit load and neglect loading by the
feedback network. Then we have A, = A,oe Using the formulas
given in Table 9.1 we have
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. A3 5
Rie = Ry(1 +AB) = 107(1 + 10° x 0.1)
= 10 MQ
. - 5
Rye = Ry/(1 + A, B) = 1000/(1 + 10° x 0.1)
=0.10

Problem 9.31

To obtain a nearly ideal current amplifier, we use negative
parallel current feedback. Because Af g 1/B for |AB| >> 1, we

need B = 1/10 to achieve Aif 2 10 Q.

Problem 9.32

The short circuit open-loop transconductance gain is

; =04 - = = 103 =
Cmsc = 1o/Vi = [AyoVi/R1/Vy = A, /R, = 10°/(1 k@) = 100 §

We assume a short-circuit load and neglect loading by the

feedback network. Then we have G, * Gnse = 100 S. Using the
formulas from Table 9.1, we obtain
s — 4
Cpg = Gp/(1 + G B) = 100/(1 + 100 x 10°) = 100 us
R,. = R, (1 +GB) = 10°(1 + 100 x 10%) = 1 en
if i m
R, =R (1+Gg) =10°(1 + 100 x 10%) = 1 an
of o m

Problem 9.33

To obtain a nearly ideal transconductance amplifier, we use
negative series current feedback. Because Af = 1/8 for |AB| >>

l, we need B = 1/0.05 = 20 Q to achieve Gmf & 0.05 S.
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Problem 9.34

To achieve a nearly ideal voltage amplifier, we should use
negative series voltage feedback. Because A g 1/B for |AB| >>

l, we need B = 1/25 = 0.04 V/V to achieve Avf # 25,

Problem 9.35

- i = _ 5
Bige = ig/i; = (A, Vi/R))/(V;/R)i, = A, R./R_ = 10

We neglect loading effects (in which case Ai = Aisc) and use
the formulas from Table 9.1.

B = [t 5, _
Bie = A;/(1 + BA;) = 10°/(1 + 0.1 x 10°) = 9.9990
R.. =R./(1 + BA;) = 103/(1 + 0.1 x 10°) = 0.1 Q
if i i 2 3
R . =R (1+BA,_) =10(1 + 0.1 x 10°) = 10 MQ
of o isc ~
Problem 9.36
N - e
Rpoec = vo/li = (a voc 1)/{v /R )= AyoRy = 107 Q

We neglect loading effects (in which case Rm
the formulas from Table 9.1.

a sSe
msc) nd u

8 8
Rye = Ro/(1 + BR) = 108/(1 + 0.01 x 10%)
= 100 Q
R.. =R./(1+BR) = 10%/(1 + 0.01 x 10%)
if . m '
=1 mQ
R . =R /(1+BR) =10°/(1 + 0.01 x 105%)
of o m *
=1 mQ
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Problem 9.37

See Figure 9.19 on page 578 in the book. Other correct
answers exist, for example see the circuits and answers for
Exercise 9.9 on page 580. In series feedback the source, the
amplifier input terminals, and the output port of the feedback
network should be in series. 1In parallel feedback, they are in
parallel. For voltage feedback the signal fed back should vanish
when the load is a short circuit. In current feedback, the
signal fed back should become zero when the load becomes an open
circuit.

Problem 9.38

(a) This circuit has negative series voltage feedback with g =
vf/vo = -R2/{Rl + R,). (The minus sign is due to the reference

polarity for Ve shown in Figure P9.38.) Also notice that the
open-loop amplifier gain is negative. For very large loop gain,
the amplifier tends toward an ideal voltage amplifier with Age =
1/ = =-(1 + leRz), the input impedance approaches infinity, and
the output impedance approaches zero.

(b) This circuit has negative series current feedback with B =
vf/io = -R/5. (The minus sign is due to the reference polarity
for Ve shown in Figure P9.38.) Also notice that the open-loop

amplifier gain is negative. For very large loop gain, the
amplifier tends toward an ideal transconductance amplifier with
Gmf = 1/B = -5/R, the input impedance approaches infinity, and

the output impedance approaches infinity.

(c) This circuit has negative parallel current feedback with g =
if/io = -Rll(R1 + R,). (The minus sign is due to the reference
direction for if and i0 shown in Figure P9.38.) Also notice that

the open-loop amplifier gain is negative. For very large loop
gain, the amplifier tends toward an ideal current amplifier with
Aif =1/ = -(1 + Rz/Rl), the input impedance approaches zero,

and the output impedance approaches infinity.

(d) This circuit has negative series voltage feedback with

2
PR P L Bres o R,
Vo Ry FRII(R; +R,) Ry + R, Ri + 3RR, + R';
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where as usual R2||(R1 : RQ) denotes the parallel combination of
R2 and (Rl -+ Rz). For very large loop gain, the amplifier tends
toward an ideal voltage amplifier with Avf =1/B =1 + 3(R1XR2) +

(Rl/Rz)z, the input impedance approaches infinity, and the output
impedance approaches zero.

Problem 9.39

Many correct answers exist. One is the circuit of Figure
P9.38d. Using the result of Problem 9.38d, we have

R
E = 0.01 = > 3
R1 + 3R1R2 + R2

1/8 = 100 = 1 + 3(R /R,) + (lenz)z

Solving we obtain Rl/R2 = 8.56. Thus we could use R2 = 10 kQ and

R1 = 85.6 k. Of course other resistance values would work as

long as their ratio is correct.

Problem 9.40

Here is a suitable circuit configuration:

By repeated application of the current divider principle, we have

i R2 R4
»
R, + K, "R+ (R,|IR,) + R

<
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One set of resistances that meets the objective is R, = 909

R Rz = 100 Q, R3 = 909 Q, and R, = 113 Q. Many other correct
solutions exist.

Problem 9.41

Here is a suitable circuit configuration:

Ao
AN, N _":_
1}34- Qs V "UE R g
-
% R
1& i e Ry

Using the current divider principle and Ohm’s law, we have

B =vf = R. x R3
lo ! Rl + R2 + R3
A suitable choice of resistances is R1 =1 kQ, R2 = 8 k2 and

R3 = 1 kQ (8.06 kQ is a standard 1%-tolerance value). Many other
correct solutions to this problem exist.

Problem 9.42

In series feedback, the output port of the feedback network
is in series with the amplifier input terminals. Thus, the
output resistance of the feedback network is in series with the
amplifier input. If the feedback resistors are very large, a
significant part of the source voltage appears across this output
resistance instead of across the amplifier input terminals. In
effect, this reduces the open-loop gain of the amplifier. Since
we want AR to be very large, we try to choose small resistances
in a series feedback network.

Problem 9.43

In parallel feedback, the output port of the feedback
network is in parallel with the amplifier input terminals. Thus,
the output resistance of the feedback network is in parallel with
the amplifier input. If the feedback resistors are very small, a
significant part of the source current flows through this output
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resistance instead of into the amplifier input terminals. 1In
effect, this reduces the open-loop gain of the amplifier. Since
we want AR to be very large, we choose large resistances for a
parallel feedback network.

Problem 9.44

In voltage feedback, the input of the feedback network is in
parallel with the amplifier output terminals. If the feedback
resistors are small, the feedback network draws large current and
significant voltage is dropped across the output resistance of
the amplifier. 1In effect, this reduces the open-loop gain of the
amplifier. Since we want AB to be very large, we choose large
resistances for a parallel feedback network.

Problem 9.45

In current feedback, the input of the feedback network is in
series with the amplifier output terminals. If the feedback
resistors are large, significant voltage is dropped across the
input resistance of the feedback network. In effect, this
reduces the open-loop gain of the amplifier. Since we want AB to
be very large, we choose large resistances for a parallel
feedback network.

Problem 9.46

To attain a nearly ideal voltage amplifier, we should use
series voltage feedback. A suitable circuit configuration is

Rs

s
- Vi &

) R % R2

Because Avf = 1/B we want RI{(R1 + R2) =8 2 0.01. To avoid

problems with loading, we want Rl << Ri and Rl + R2 >> Ro. A

good choice is R, =1 kQ and R, = 100 kQ. Using the formulas of

Table 9.1 we have:

v
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A,e = A /(1 + AB) = 5000/[1 + 5000(1/101)] = 99.0
Rie = Ry(1 + A B) = 5.05 MQ
Ryg = R)/(1 + A8) = 0.99 Q

Using a PSpice transfer function analysis yields:

Avf = 98.86 Rif = 4.82 MQ Rof = 1.01 Q

(The formulas in Table 9.1 do not account for loading effects of
the feedback network and are therefore approximate.)

Problem 9.47

To attain a nearly ideal current amplifier, we should use
parallel current feedback. A suitable circuit configuration is

Ao
-
+ R : 1;
&
IE_ + 2%
T
R,
=
Because Aif = 1/B, we want -R1/(R1 E Rz) = B = -0.01. To avoid
problems with loading, we want R, >> R, and RlIlR2 << R,. These
requirements cannot all be met. A good compromise is Rl = 1 kQ
and R, = 100 kQ. Because we do not have R2 >> Ri and R1|IR2 <<
R,, loading effects are significant. Thus if we neglect loading

effects and use the formulas of Table 9.1, the results are
inaccurate. Instead we use a PSpice analysis, from which we
obtain:

A._. = -100.9 Rif = 41.2 Q R = 49.6 Q

h iy o of

Problem 9.48

To attain a nearly ideal transconductance amplifier, we use
series current feedback. The circuit configuration is:
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S

We need B = Rf - 1/Gmf = 500 Q. Using SPICE, we determine

= -3 . =
that Gmf = 1.999 x 10 8; Rif = 161.4 MQ and Rof = 2.46 MQ.

Because we have Ri¢ >> R, and R g << R, the circuit is nearly an
ideal transconductance amplifier.

Problem 9.49

To attain a nearly ideal transresistance amplifier, we
choose parallel voltage feedback. A suitable circuit
configuration is

Rs

R
1, L

We need B = -1/Rf = 1/Rmf thus we choose Rf = Rmf = 5 kQ.

Because we do not have Rf >> Ri' loading effects are significant
and we use SPICE to analyze the circuit. This yields:

I

Rmf = 5000 Q Rif = 1.06 MQ Rof = 0.0604 Q

Problem 9.50

(a) To increase input resistance and reduce output resistance,
we need to use negative series voltage feedback. Neglecting
loading, we have Rif = (1 + Ava)Ri = (1 + 50008)100 k0 = 1 MQ.

Solving we determine that g = 1.8 x 2072,
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(b) A suitable circuit configuration is:

lka

To avoid loading, we want R, << R; and R, >> R, . A suitable
choice of 1%-tolerance resistors is R2 = 1 k2 and R1 = 549 kQ.
(c) Using PSpice, we find that the input resistance achieved is
approximately 860 kQ. The impedance is lower than desired
because of loading effects (mainly due to RL). However, if we

reduce Rl to 453 kQ, we achieve Rif = 1 MQ.

Problem 9.51

(a) To increase both input and output impedance, we must use
negative series current feedback. The open-loop transconductance
gain is Gm = 1D/vi - Avovi/(Ro + RL) = 4.17 S. We want Rif =

R, (1 + GmB) = 1 MQ, which yields B = 2.16 Q. (We have neglected
potential loading effects of the feedback network. )

(b) A suitable circuit configuration is

Ry
4 -
% i PR
Re
in which Rf =8 = 2.16 Q. We have Rf << Ri and Rf << Ro' {e)
loading by the feedback network is negligible. PSpice analysis
vields Rif = 998 kQ and R ¢ = 10.0 kQ.

419



Problem 9.52

(a) To reduce both the input and output resistances, we need to
use negative parallel voltage feedback. The open-loop
transresistance gain of the amplifier (with R, connected) is Rm
VO/li= AvRi = 417 MQO. We require Rég = Ri/(l + RmB] = 10 kQ.
Solving, we find that g8 = 2.16 x 10 S.

(b) One configuration for parallel voltage feedback simply

pPlaces a resistance Rf between the inverting input terminal and
the output terminal as shown in Figure 9.19c on page 578. For
this circuit we have B = 1/Rf which yields R_. = 46.3 MQ. This

f
value is impractical. Therefore we use this configuration:

Here we have used a voltage divider consisting of Rl and R2 so a
smaller value of Rf can be used. (The resistors have standard

l%3~-tolerance values.)

(c) For this circuit, PSpice analysis yields: Rif = 9.82 kQ and
R ¢ = 100.2 Q. Of course, we could achieve Rjg = 10 kQ exactly

by adjusting the feedback ratio.

Problem 9.53

(a) To reduce the input resistance and increase the output
resistance, we need to use negative parallel current feedback.

We have an open-loop current gain A = vo 1/(R + RL) = 4.17 x

10 . We want Rif = 10 kQ = le(l + BAi) which yields B = 2.15 x
-5

10 ~.
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(b) A suitable circuit configuration is

; -
7 g v

For this circuit, we have g = R1/(R1 - Rz) and the resistance
values shown achieve the desired feedback ratio.

(c) PSpice analysis reveals that the circuit has Ri = 10.1 kQ

f
and Rof = 1.19 kQ.

Problem 9.54

See Figure 9.32 on page 597 in the book.

Problem 9.55

See Figure 9.31 on page 596 in the book.

Problem 9.56

Poles in the right-half plane produce responses that grow
exponentially until the system is driven into nonlinear
operation. Usually the response settles into a constant-
amplitude distorted sine wave. Poles on the jw axis produce
constant-amplitude sinusoidal responses.

Problem 9.57

We imagine laying a sheet of rubber over the complex s-
plane. The sheet is nailed down at the locations of zeros
(including the periphery at s = », if there are zeros at s = w) .
The sheet is pushed up by infinitely high thin posts at the
locations of poles. The imagined height of the sheet above the
jw axis is proportional to the magnitude of the network function
versus w.
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Problem 9.58

(a) H(s) = 1/s has a pole at s = 0. The zero is at s = w. The

sketch is:
[ #( w)|

w-»

(b) H(s) = s/(52 + 106) has poles at s = :j103, a zero at s = 0
and a zero at s = . The sketch is:

| Hi 5

l

/o000 w -

(¢) H(s) = (52 + 106)/52 has a double pcle at s = 0 and zeros at

s = ij103. Notice that as s approaches =, H(s) approaches unity.
The sketch is

H(jw)l
1

loso W -»

(d) H(s) = (s + 1000)/(s° + 2s + 10001) has poles at s = -1 +
j100, a zero at s = -1000 and a zero at s = w. The sketch is:

| Hyw|

L-1-1-]

/o0 D] =

100 w -
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Problem 9.59

(a) transient response = Aexp(-t)

Asin(1000t) + Bcos(1000t)

(b) transient response

Il

(c) transient response Aexp(-3t) + Bexp(-4t)

I

Aexp(-t)sin(1000t) + Bexp(-t)cos(1000t)
in which A and B are constants that depend on initial conditions,

(d) transient response

the excitation and the zeros.

Problem 9.60

The product of the closed-loop dc gain and the half-power
bandwidth of a dominant pole amplifier is constant with respect
to changes in the feedback ratio 8. As dc gain is reduced, the
half-power bandwidth increases.

Problem 9.61

A single-pole is always stable with negative feedback
because its pole remains on the negative real axis in the s-plane
as B increases.

Because its poles move outward along a vertical line that
lies in the left-half plane as B increases, a two-pole amplifier
remains stable for all values of B, but it can display
undesirable overshoot and ringing in its transient response and
peaks in its frequency response.

The poles of an amplifier with three or more poles can move
into the right-half plane so the amplifier becomes unstable for
sufficiently large values of g.

Problem 9.62

A macromodel is a circuit that models certain external
characteristics of an amplifier. It usually does not resemble
the internal circuits of the amplifier.
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Problem 9.63

For a single-pole amplifier, we have AOffbf = Aofb = 1000 x

1000 Hz = 10%. Thus for Agg = 10, the bandwidth is f, _ = 10° Hz.

The closed-loop pole is located at sp = -2m x 10° and the time
constant is t = —1/5p = 1.59 us. For Ajg = 1, the bandwidth is

fbf = 106Hz and the time constant is 0.159 us.

Problem 9.64

Using Equation 1.19 (page 47 in the book), we have B = fhf &
0.35/tr = 0.35/(1 us) = 350 kHz. Thus the gain-bandwidth product

is AOffbf = 100 x 350 kHz = 35 MHz. Then the open-loop bandwidth

is £, = (35 MHz) /A, = (35 MHz)/10° = 3500 Hz.

Problem 9.65

The poles are given by Equation 9.50:

=i ;J g5 2
s = 2(2nf1 + 2nf2) * 5 (2nf1 + 2nf2) 16mn f1f2(1 -+ Aoﬂ)
substituting f1 = 1000, f2 = 500, Ao = 1000, and B = 0.1, we
eventually obtain

S = -4712 *+ § 44.4 x 10°

Problem 9.66

The closed-loop poles are the roots of
BA(s) + 1 =0
For this problem, we have g = 1, and

10°

[s/wl + 1][5/w2 + 1][s/w3 ok

A(s) =
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in which w, = 2mn(5 x 10°), w, = 2m(20 x 10°%) and w, = 2nf,.
Rearranging, we have

3 2
s + s (wl + W, + w3) + s(ulmz + W, + u2u3)

5

+ (10~ + 1)w1u ]

- e

We used the MATLAB command, roots(p), to determine the roots
of this polynomial, adjusting the value of f3 by trial and error
to determine the value at which the roots become imaginary. This
turns out to be f3 = 11 Hz.

Problem 9.67

We have a two-pole amplifier, for which the closed-loop
poles are given by Equation 9.50:

1] 2 2 '
s = -z(2nf, + 2nf,) + —2-J(21rf1 +2mf,)° - 1en’f £, (1 + AB)

wha

Substituting A, = 500, fl = 100/2m, £

eventually find that the poles are

5 1000/2m, and B = 1, we

S = =550 ¢ j 7057 = -¢ % jow

Then using Equations 9.36, 9.37 and 9.38 (page 594 in the book),
we obtain

W= 02 + mz = 7078
n
§ =L = 0.0777
w
n
— 1 e

The zeros of the closed-loop transfer function are at w.
Using the rubber-sheet analogy we obtain the sketch:
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Problem 9.68

Here is a macromodel for the feedback amplifier:

R,

We have assumed an open-loop output impedance of zero and a very

—4 .q-j

high value (1 MR) for the open-loop input resistance.
Arbitrarily we chose Rl - R2 = 10 k2. Then to achieve poles at
= =100 and s = -1000, the capacitances need to be C, =

Sp1 p2 i
-1/Rsp1 =1 uF and C, = -1/stp2 = 0.1 pF. The schematic is
stored in the file named P9_68. We set up the input source as 1
V for the ac analysis and as a 1-V 5-ms pulse for the transient

analysis. The closed-loop gain magnitude is plotted versus

frequency:
8.0U- .
| 1
I i
1 ]
| ]
i 1
I ]
] L]
1 ]
|} ]
] i
] ]
] ]
4.0V- o
] ]
[} |}
] L]
] i
] I
] ]
] ]
] ]
] L]
r )
i i
w.i. ______________ [ - :
10Hz 100Hz 106KHz




The pulse response is:
2 U e e e e e e e

Problem 9.69

Gain margin is the amount (in dB) by which the loop-gain

magnitude is less than 0 dB at the frequency f for which the

GM
phase shift of the loop gain is 180°.

Phase margin is 180° plus the phase of the loop gain at the
frequency fpy for which the loop-gain magnitude is unity (0 dB).

For example if the loop gain has a phase of -135° at f the

i PM’
phase margin is 45 .

Problem 9.70

As a general rule of thumb, we design feedback amplifiers to
have gain margins of at least 10 dB and phase margins of at least
45°. Otherwise the transient response displays overshoot and
ringing and the frequency response displays a high peak. Both of
these characteristics are usually undesirable.

Problem 9.71

The phase margin for a single pole amplifier approaches 90°
(from higher values) as AOB beconmes large.
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Problem 9.72

We set up a macromodel for the amplifier and use SPICE to
obtain plots of the open-loop gain and phase. The macromodel is
stored in the file named P9_72. When we run the simulation and
plot the gain and phase, we determine that for a phase of 120°
77 Hz and
a gain magnitude of 54.2 dB. Thus the largest value allowed for
B is -54.2 dB which corresponds to [B] = 1.95 «x 10-3. Using the
plots we find that the phase never crosses through 180°. Thus

{114

(corresponding to a phase margin of 60°) we have fPH

the gain margin is infinite.

Problem 9.73

We set up a macromodel for the amplifier and use SPICE to
obtain plots of the open-loop gain and phase. The macromodel is
stored in the file named P9_73. When we run the simulation and
plot the gain and phase, we determine that for a phase of 120°
(corresponding to a phase margin of 60°) we have foy = 51 Hz and
a gain magnitude of 58.4 dB. Thus the largest value allowed for
B is -58.4 dB which corresponds to 8] = 1.20 x 1073, We also
find that the gain is 43.1 dB at feq = 152 Hz. Thus the gain

margin is 58.4 - 43.1 = 15.3 dB.

Problem 9.74

Compensation of an amplifier to be used with feedback
consists of modifying its open-loop gain and phase so adequate
gain and phase margins are obtained with the desired feedback
ratio. Compensation is sometimes needed to avoid overshoot,
ringing, sharp frequency response peaks, and/or instability.
Compensation is never needed for a single-pole amplifier.
Compensation may be needed for amplifiers with two or more poles.
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Problem 9.75

Dominant-pole compensation either adds a (very low
frequency) open-loop pole or moves an existing open-loop pole to
a much lower frequency.

Problem 9.76

First we use SPICE simulation with a macromodel to plot the
open-loop gain magnitude and phase. The simulation is stored in
the file named P9_76a. To attain a phase margin of 60° we look
for the frequency at which the uncompensated phase is -30°
because we anticipate that the compensating pole will contribute
-90°. This frequency turns out to be 244 kHz and at that
frequency the gain magnitude is 79 dB. Thus the compensating
pole must contribute an attenuation of 79 dB at 244 kHz. Thus we
have £, = (244 kHz)/10(7%/20) _ 55 4 g,

A simulation for the open-loop gain and phase of the
compensated amplifier is in file P9 _77b. The frequency at which
the phase is -180° is 1.28 MHz. At that frequency the gain
magnitude is -22.5 dB. This is the loop gain because B = 0 dB.
Thus the gain margin is 22.5 dB.

A simulation for the closed-loop compensated amplifier is
stored in the file named P9_76c. The resulting closed-loop gain
magnitude and pulse response are shown below:

1'SUT ------------------------------------------------------- .}
Gain | ;
magnitude | H
] 1
' I
I ]
r i
I ]
I ]
I ]
] 1
] 1
] ]
] ]
(] ]
I ]
1 ]
i I
I 1
1 ]
I ]
] ]
I I
Ut - o g e £
10Hz 1.0KHz 10HHz
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Problem 9.77

First we use SPICE simulation with a macromodel to plot the
open-loop gain magnitude and phase. (See file P9 _77a.) To
attain a phase margin of 60°, we look for the frequency at which
the uncompensated phase is -30° (because we anticipate that the
compensating pole will contribute -90°). This frequency turns
out to be 177 kHz and at that frequency the gain magnitude is
99.6 dB. Thus keeping in mind that g = -20 dB, the compensating
pole must contribute an attenuation of 79.6 dB at 177 kHz. Thus
we have fC = (177 kHz}/10(79'6/2°) = 18.5 Hz.

A simulation for the open-loop gain and phase of the
compensated amplifier is in file P9_77b. The frequency at which
the phase is -180° is 576 kHz. At that fregquency the gain
magnitude is 6.41 dB. Thus the loop gain is 6.41 - 20 = =13.59
dB and the gain margin is 13.59 dB.

A simulation for the closed-loop compensated amplifier is
stored in the file named P39_77c.

Problem 9.78

There is a misprint in the problem statement. It should
refer to the amplifier of Problem 9.76.
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First, we use SPICE simulation with a macromodel to plot the
open-loop gain magnitude and phase of the amplifier without the
pole at f,. (See file P9_78a.) To attain a phase margin of 60°,
we look for the frequency at which the uncompensated phase is
-30° (because we anticipate that the compensating pole will
contribute -90°). This frequency turns out to be 1.80 MHz and at
that frequency the gain magnitude is 79.3 dB. Thus the
compensating pole must contribute an attenuation of 79.3 dB at
1.80 MHz. Thus we have f; = (1.80 MHz)/10(72:3/20) _ 145 g,

A simulation to obtain open-loop gain and phase is stored in
the file named P9_78b. The gain margin turns out to be 17.8 dB
(for g = 1).

A simulation for the closed-loop compensated amplifier is
stored in the file named P9_78c.

Problem 9.79

= ez

n3|T LFII
1" +

< s Y
. < (x

<

d'l%v‘

R
A
L

E;

2 = VBE/RZ Il = 12 i IB IS = I1 + BIB VB = IlRl + VBE

From the circuit we can write:

I

Using algebra, we eventually obtain:

TR R1 + R2 g Is - VBE/R2 il
B BE Rz 1 g+
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Assuming that B is very large, the second term on the right-
hand side of the previous eguation becomes negligible, and we
have:

_ 1 2

Vg * Vg w— (2)

(b) If R1 and R2 are too small in value, the current Is might
not be large enough to cause sufficient voltage drop across R, so
that the transistor turns on.

(c) Substituting values into Equation (2), we have
Rl + 2

2
Solving, we determine R1 = 3 kQ.

1.5 = 0.6

Problem 9.80

Use the library file named Fig9_62.l1ib. The simulation of
the open-loop circuit is stored in the file named P9 80. We use
the simulation to plot the open-loop gain magnitude and phase.
We need to have a phase shift of 45° at the frequency for which
the gain magnitude crosses 0 dB. By trial and error, we find
that C, = 7.2 uF is needed. This value is much too large for
implementation within an IC.

Problem 9.81

For the system of Figure P9.8la we have:

A3,

fa 1 + BA1A2

For the system of Figure P9.81b, we have:

A

A - X
fb 1 + BlAl

Evaluating, we find the values given in the table:
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Al = 100 Al = 90|% change

Afa 99.01 98.90 0.11%

Afb 82.64 81.82 1.0%

Thus, overall feedback is better for obtaining precision values
of closed-loop gain.

Problem 9.82

Refer to the circuit diagram shown in Figure 9.65 in the
book. The differential voltage gain is given approximately by
the equation on page 636 in the book: A, = R,/R, = 12.5. The

current I1 splits equally between Ql and Qz' Thus IcQ1 = ICQ2 -
11/2 = 1 mA. Similarly ICQ3 = ICQ4 = 12/2 = 1 mA. Also ICQS E
I3 = 2 mA and IcQ6 = I4 = 2 mA. The voltages at the collectors

of Q3 and Q, are both equal to V
the output voltages are 4 - Vv

ce = ICQBRS =5 =-1= 4 V. Then

BES 3.4 V.

The simulation is stored in P9_82. The midband differential
gain turns out to be 10.46 compared to the approximate computed
value of 12.5. The bias points agree reasonably well with the
approximate analysis. The half-power bandwidth is 1.80 MHz.

Problem 9.83

See Figure 9.68 on page 637 in the book.

Problem 9.84

The Barkhausen criterion for linear oscillators, states that
the frequency of oscillation is the frequency for which the loop

gain has 0° phase shift. Furthermore, oscillation occurs only if
the magnitude of the loop gain exceeds unity. In mathematical
terms, the Barkhausen criterion is A(f)B(f) = 1.

Problem 9.85

The op amp and the resistors (K - 1)Rf and R, form an ideal
voltage amplifier with an open-circuit voltage gain of K.
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Analysis of the feedback network yields:

vo 1

B(E) = V., 3 ¥ J[@RC - 1/(wRC)]

(Keep in mind that the input is on the right-hand side of the B
network and the output is on the left-hand side.) Then the
Barkhausen criterion requires KB(f) = 1. This eventually yields
K = 3 (or greater) and w = 1/RC.

Problem 9.86

R(JjwL)
o1 - R + jwL _ 1
(a) B(f) = R(jwL) 5 - J[2R/(wL) - 2wL/R]

2R + jw2L +

R + JjuwL

Then AR = 1 yields A = 5 (or greater) and w = R/L. Because A is
positive, a noninverting amplifier is needed.
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B = R d 1
" 3R ¥ JuL -3/(wC) - 3 ¥ J[(WL/R) -1/ (0RC)]

Then A = 1 yields A = 3 (or greater) and w = 1/JLC . Because A
is positive, a noninverting amplifier is needed.

(b)

(c) The feedback network is:

Our approach is to assume that the output Vx is 1 V and to work
back though the circuit to determine Vy. Then B = 1/Vy. This
yields:

1
B =
1 - 5R%w?c? + §(6RwC - R3wICY)

Finally setting AR = 1 yields A = 29 or greater and w = JE/(RC).
Thus a noninverting amplifier is needed.

(d) Here our approach is to set the loop gain to unity.

3
R -
A[R_-+ 170 (Jm"c“)'] ik

AR3

R® + 3R%/(jwC) -3R/(wC)2 -1/ (3uwC)>

This yields w = 1/(RCJ§) and A = -8. Thus an inverting amplifier
with gain magnitude greater than 8 is required.

Problem 9.87

(a) The feedback network is:
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Applying the current division principle, we have

R/ (JwC)
_ x5 o R + 1/jwC » 1
B T; =i ) R/ (jwC) " 4 + J[2wRC -1/ (wRC)]

R ¥ /0w + g 173uc

Then setting AB =1, yields A, = 4 (noninverting) and w =
1/[(Rcd2].

(b) The feedback network is
= b
St 28 2
; J’_
¥ ik ’[ R

Y=1, % i : 1
2 1/(JwL) + jJwC + 1/R + 1/(2R)

_ _ 3
I, =V/2R = I, x 2R[1/(JwL) + jwC + 1/R + 1/(2R))

B =g = 1
I, 3 + J[2wRC -2R/ (WL)]

Then setting Aiﬂ = 1 yields Ai = 3 (noninverting) and w =

436

1/4LC.



Problem 9.88

(a) The feedback network is:

il Z; ) 'For-
+ i (Real
- +rans ves stance
\{Q dhrhgl"‘
1

V, TR+ j(wL - 1/0C)
Setting RmB = 1, yields Rm = R and w = 1/JLC

(b) The feedback network is:
T R

+ c

\é KC R lfji
i x :

v ll(jw?c)
1 = I/(jw2C) - 2 R + 1/(Jjw2C)
1 R + 1/(jw20) R/ (302C)

1/(jwC) + R +

R + 1/ (jw20)

1 1
2 4R + j[2R%wC - 1/(wC)]

Setting RB =1 yields Fgm = 4R and w = 1/ (Rcﬁ') -
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Problem 9.89

(a) The feedback network is:

Z;=
— . & p..- ideal
I \f L c R O, Trass condictace
g a”‘F‘l‘pieh
V. = 1 P : V. =V./3
2 2 1I/3R + jocC + 1/ (300) 3 g
8i% Yo . 1
ol T; ~ 1/R + j3(wC - 1/wL)

Setting G B =1 yields Gm = 1/R and w = 1/JLC.
' (b) The feedback network is:

AS.'- wma -\Z" |

wer Rk buk
R CT C ol To  Find -2
—~ = 1‘ I ) T\I-NP' !-=

i
L B 5

Hy

-
—-f :
<l

B=_=
T2 1/R - 502c?R + j(6wC - wWICIR?)

Setting GmB = 1 yields ] -29/R and w = IE/RC.

Problem 9.90

See Figure 9.73 on page 641 in the book.
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Problem 9.91

With R2 = 2R1, the low-frequency closed loop gain of the
amplifier is 3, and the closed-loop half-power bandwidth is ft/s.
The Bode magnitude and phase plots for the closed-loop gain are:

LION
20,0,?3 = 9548 \f 2048/ 8ocade
+ \ e .‘l..,
7 £ 5
P hese t%/30 ,::/3\ “’iaé I
i
|
-9 |— - - —

The phase shift departs from zero at approximately £,./30.
We conclude that if the frequency of oscillation exceeds ft/30
the op amp will significantly influence the frequency.

Problem 9.92

In Exercise 9.25 we determined that the gain requirement is
given by

R e
- > oy B
A=1+ R2/R1 =1 + RB + CA
Rearranging we have
C
Rzakl':‘aJ'c_B
B A

Assuming 5%-tolerance components and that the nominal value
of R, is 10 kQ, the largest value of right-hand side of this

inequality becomes

R, = 1.05 x 10 kQ x [1'05 + 2205 ] = 23.2 kO

0.95 0.95
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To ensure that the actual value of R2 always exceeds the
required value, we must choose the nominal value of R2 to be 27
kQ.

Problem 9,93

Here is one answer:

CA RA
__._]
15.8K
10000F e
. 5
8
1
cB RB
uAT41
1000pF 15,8k
() D 21K H1na148
! D1 |
! 200k
L R1 D2
10k D1N4148

All resistors and capacitors are 5%-tolerance. The simulation is
stored in the file named P9_93.
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Chapter 10

Exercise 10.1

9:—]—‘-_)_0_02.5,/‘01:/“,

Pp (mw) JA s }orc. e2Smw

62s

Ta %
@ so 150 i

Exercise 10.2

L] -]
P = IT78C Pomaz ™ 15 W @ T, = 25% Py =5
Bog = 1°C/W 8 = 5°C/W
T - 25
(a) 6, = Jmax = 17515 25 _ 10 e
P T, = 25
Dmax C
(b) 63, = 85, + Bog * Bgp = 10 + 1 + 5 = 16°C/W
T.=T, + P8, =50 + 5 x 16 = 130°C

=50 + 5(1 + 5) = 80°C

=
Il
’-]
+
d
D

]

(¢) T, =T, - P8 175 -~ 5(16) = 95°C

Exercise 10.3

T/2
I 1 dt = 0.5 A

Qi

T
(@) Ip.ug ; I;A(t) at =
0

PA i VAIAavg il

(B) Pg(t) = vp(t)ig(t) = 0 for all t Therefore P, = 0.

441



(€) Po(t) = vg(t)ig(t)

ﬁ:(i) syio' A
g % Py
lﬁ; 5@; ia i
T " %
| <ot
E.s -‘jl—"S ‘Pe(*)"’ %j‘ Sxio A 3 = "-f-'[ S’_]Tzq_:! ]o
°
o

& ol E?xloq -rf/h
T 2

= (251100 T

= 6.15&103:: 2”5:"= I2LS W

Exercise 10.4

Po = 0 because of zero signal amplitude

Poe = Pep = vchbias = 12.85 x 1.58 = 20.3 W
Pbias = VEEIbias = 12.85 x 1.58 = 20.3 W
PQ1 =P, + Ppp = Py, = 20.3 W

Exercise 10.5

For an open-circuit load, very little current flows through
the diodes. Then the voltage across the filter capacitor
approaches the peak ac input. Thus Vo 230V dc. However, the

regulator maintains the load voltage at 15 V dc.

Exercise 10.6

Many correct answers exist. One possibility is to change

the value of R, to 8 kQ. (We assume that R, is adjustable so it

need not be a standard value.) The simulation is stored in the
file named Exerl0_6.
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Exercise 10.7

(a) For the circuit of Figure 10.36a, the output of the op amp
is at least 0.5 lower than VA. Furthermore VB must be 2V, lower

than the op amp output for the transistors to be in the active
region. Thus the minimum value for VAB (which is the dropout

voltage) is 1.9 V.

(b) For the circuit of Figure 10.36b, the minimum value of VAB

is the saturation voltage of the BJT, which is approximately 0.2

Exercise 10.8

There is a misprint in the statement of the Exercise, it
should refer to Example 10.8. See Figure 10.42 on page 717 in
the book. The simulation is stored in the file named Figl0o_42b.
Using SPICE, we find that the secondary current is approximately
2.6 A rms {request a plot of rms[i(D1) + i(D2)]}, the capacitor
current is approximately 2.25 A rms, and the minimum load voltage
is 9.5 V.

Problem 10.1

Assuming steady-state thermal conditions, the junction-to-
case thermal resistance is temperature differential (i.e., the
difference between the junction temperature and the case
temperature) divided by the average power dissipation of the
device.

Problem 10.2

As device designers we control junction-to-case thermal
resistance by placing the chip in good thermal contact with a
massive metal case. Also if the junction is of large area, the
power dissipation is spread out reducing the peak temperature
rise.

As circuit designers, we choose devices that have
sufficiently low junction-to-case thermal resistance. Then we
minimize the case-to-ambient thermal resistance by our choice of
a heat sink and its mounting Furthermore, we make sure, perhaps
by using thermally conductive grease, that the device case is in
good thermal contact with the heat sink.
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Problem 10.3

Sometimes we use a mica washer between the case of a power
BJT and the heat sink to provide electrical insulation between
the collector (which may be electrically connected to the case)
and the heat sink.

Problem 10.4

Heat sinks should be mounted in a location and in an
orientation that maximizes air flow over the fins of the sink.

Problem 10.5

A typical power-derating curve for a power transistor is
shown in Figure 10.3 on page 670 in the book.

Problem 10.6

We assume that the junction is at its maximum allowed

temperature for T, = 25° and P, = 40 W. Thus we have

85c = (T3 = T,) /Py = 3.75°C/W

Problem 10.7

(a) The junction-to-case thermal resistance is minus the inverse
of the slope of the derating curve, which is 150 /(100 W) =
1.5 ‘C/W.

(b) The maximum junction is the intersection of the derating

curve with the temperature axis. Thus Vs = 200°c.

Problem 10.8

(@) O30 = (Tguuw = To)/Pyuns, = (200 = 25)/15 = 11.67°C/W
(®) Typax = (€3¢ + Ocg + Oga)Pp + Ty
%sa = Tgmax™ Ta)/Pp = €3¢ ~ Ccs
= (200 - 75)/5 - 11.67 - 1
= 12.33°c/W
(€) Ty = Ty + Po(Bag +05:) = 75 + 5(1 + 12.33) = 141.7°C
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Problem 10.9

(a) 'P
Tmax Sr.re.---L = -0.2 W/°C
50 W | S

U= = -

(%]

< Te
(b) = 275°C (This is a very high value.)

(€) 65, =5°C/W

TJmax

Problem 10.10

The third sentence of the problem should read: "The case-to-

sink thermal resistance is 6,5 = 0.5°C/W." Then we have
61c = (Tymax - To)/Pp = (200 - 25)/20 = 8.75°C/W
Oa = 83c t Ccs t Ogp = (T3 = TR) /Py
65y = 8.75 :- 0.5 + 85, = (150 - 50)/5 = 20
85, = 10.75°C/W
Problem 10.11
Ty = (0.7 = 0.5)/0.0025) + 25 = 105°C
635 = (T3 = T,)/Py = (105 - 30)/(0.5) = 45°C/W
Problem 10.12
(a) From page 867 we find that PDmax = 1.2 W at a case
temperature of 25°C. This is to be derated at 6.85 mW/°C. The
junction-to-case thermal resistance is eJc = 1/(6.85 x 10'3) =
146 C/W. (The thermal resistances are denoted as ReJc and RGJA

on the data sheet, and their values are interchanged.)
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(b) For an ambient temperature of 25°C, PDmax = 0.4 W

derated by 2.28 mW/ C. Thus the junction to ambient thermal
= 1/(2.28 x 107°) = 439°C/W.
3

resistance is ©

(c) PDmax
Problem 10.13

JA

= 0.4 - (75 - 25)(2.28 x 10 °) = 0.286 W

Compared to small-signal BJTs, power BJTs have larger
junction areas, larger junction capacitances, lower Bs, larger
leakage currents, lower ft's, and larger more massive cases.

Problem 10.14

As temperature increases, decreases, the leakage

VBEQ

current ICB increases, and B increases. In most power

e}

amplifiers, all of these effects tend to raise I_.. and dissipated

cQ
power which leads to higher temperature and even higher values of
ICQ and PD. In extreme cases, this can lead to thermal runaway

and destruction of the device.

Problem 10.15

The maximum ratings to consider for a power BJT include
junction temperature, collector current, collector-to-emitter
voltage, and second breakdown.

Problem 10.16

Second breakdown occurs in BJTs with higher collector-to-
emitter voltages that concentrate the current in a small part of
the junction. This causes localized overheating of part of the
junction.

Problem 10.17

Power MOSFETs require very little drive current (i.e., gate
current) compared to that of power BJTs. Switching times are
generally shorter for power MOSFETs than for power BJTs.
Furthermore, at higher currents, drain current of a power MOSFET
tends to decrease with temperature, which makes MOSFETs less
likely than BJTs to experience thermal runaway.
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Problem 10.18

P =1 V.. = (T

Dmax Cmax ' CE Jmax ~ Ta)/8zp

I = (T

ke gmax ~ Ta)/(€3aVeg) = (150 = 50) /(3 x 25) = 1.33 A

Problem 10.19

In a class-A amplifier, current flows through the
transistors for the entire signal cycle (360°).

Problem 10.20

See Figure 10.11 on page 680 in the book.

Problem 10.21

If either the current or the voltage is constant with time,
the average power is the product of the average current and the
average voltage. If both the current and the voltage vary with
time, the average power dissipation is not equal to the product
of average current and average voltage in general.

Problem 10.22

ICQ2 = (15 - 0.7)/(5 kQ) = 2.86 mA = ICQ3 = Ich.
For Ql at cutoff, VL = —-2.86 mA x 1 kQ = -2.86 V.
For Ql in saturation, VL = vcc - vCElsat = 14.8 V.
UL L
T gV -

1

Collectsr base .'lu.uhu\,
o$Q, forward bjased.

My = 0.7

T

Az

? "_5-72 V
A= 2A,
When A_ = 2A I =2 x 2.86 = 5.72 mA.
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Problem 10.23

T
_ .
Po1 = 7T J Veg: (Bl g (B) dt
0
T
Poy = % f{12.55 - 12.658in(2000mt) ][1.58sin(2000mt) + 1.58]dt
0
T T
p.. =3 Izodt =3 Izosinz(ZOOOHt) at
Q1 = T T
0 0

[We have made use of the fact that % sin(2000nt) dt = 0.)

Ot— 3

Using the trigonometric identity 2sin2(x) =1 - sin(2x), we have

T T
Poy = i fzodt -1 Ilo - 10sin(4000mt) dt
0 0
= 20 - 10
=10 W
We have Ic1avg = 1.58 and VCEavg = 12.65. Thus Ic1angCEavg

= 20 W which is not equal to PQl.

Problem 10.24

See the circuit diagram on the next page. For Vo, = 35 V we

have io = 210 mA. Therefore we must choose ICQ3 = 10 mA. (We

are designing for minimum supply current, however in a more
realistic situation, we would allow significant design margin.)
We choose Iref = 1 mA, Az = 1 and Al = Aa = 10. The resistance
i1s R = (10 - VBEZJ/(l mA) 9.3 kQ.
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+ I;-gF\[l j 40
Vi R <
4 ?L
2 Vs Soon
"vge ==|OV
Problem 10.25
(a) ey
SOMA perw—
Va T
30V $ Ve Vg, = Ve =3
T T
T
Poy = % J' Vepy (B)ig, (£) dt = 0
0
Pee = Veeleravg = (15 V) x (15 mA) = 225 mw
P

EE VEEIbias = 22500W
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P = % [v2(t)/R ]at = 225 mW

o

OtY— 1

n = (P /P; ) x 100% = [P_/(Pou* Ppp)] x 100% = 50%

B + P

Ppias = Pec gg ~ Fo ~ Pgp = 225 W

Q1
(b) For vo(t) = 15sin(wt), we have

Ac = |5+ 154imwdt mA

Somh 1

. 2~

30 | Ve

s
;
T

Po ™ VCCIC1avg = (15 V) x (15 mA) = 225 mW
P.. = V..I = 225 nW

EE EE " bias

2 2
Py = (Vg ing) /Ry = (15/42)%/1000 = 112.5 mW

v +V = (15 mA) x (0 + 15) = 225 mW

Ppias = Ibias( oavg EE]
PQ1 = Pcc + PEE = Pbias = Po = 112.5 mW

n = [P /(Poe + Pgp)] x 100% = 25%
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Problem 10.26

T
o
(a) ICCavq i I toe(t) dt
0
T
=z I[4 + 2sin(wt)] at = 4 A
0
Pee = Veclecavg = 60 ¥
27/3 T
! 1 L
(0) Iocaug = 7 J' 5 at + 1 _[ 2dt =4 a
0 2T/3
Pee = Veclccavg = 60 W
(©) Igoyg = 0-5 A Poo = 7.5 W

Problem 10.27

v(t) = Vpe * Vmsin(mt)
i(t) = Vpo/R + (V_/R)sin(ut)
T
Povg = %I v(t)i(t)at
0
T T T
=z I(vgczn)dt + (2VmVDC/R)Isin(ut)dt + V;/stinz{wt)dt
0 0 0
T
=Vv2 /R + 0 + V2/2RI[1 + sin(20t) Jdt
DC m
% .

L3 2
= Vpo/R + V2/2R

= Ppe * Ppe
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Problem

10.28

(a) The peak load current is +VCC/RL when one transistor is on
the edge of saturation and the other is on the edge of cutoff.
Thus the bias currents are I co1 = ICQZ = I o, peak C/RL
- -~ _— - e
Pin = 2Veclcg = Vee/R, P = Vo, rms/Rr = Vee/ (2Ry)
n = (P /P; ) x 100% = 25%
= = 2 = =

(b) For P, = 50 = Vi./(2R;) we have V., = 28.3 V and Ico
Io,peak = Voc/Ry, = 3-54 A.
Problem 10.29

See Figure 10.22 on page 693 in the book.
Problem 10.30

See Figure 9.10 on page 565 in the book.
Problem 10.31

Two reasons that we don’t rely entirely on negatlve feedback

to eliminate crossover distortion are that it requires a very

hlgh loop gain to eliminate severe distortion.

Very high loop

gain requires added complexity and makes frequency compensatlon

more difficult.

Another reason is that if no bias is included in

the class-B circuit, the output of the driver must slew very
rapidly when one tran51stor turns off and the other turns on.

Problem 10.32
See Figure 10.21 on page 692 in the book.
Problem 10.33
For a sinusoidal signal the maximum eff1c1ency of a class-A

amplifier is 25%.
(We are assuming that the saturation voltages of the

78.5%.

For class-B amplifiers it is (m/4) x 100% =

transistors are negligible.)
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Problem 10.34

The capacitor is included so the feedback ratio is unity for
dc, which results in unity closed-loop gain for any dc offsets
that may be present, thereby reducing the dc voltage applied to
the load.

Problem 10.35

(a) Neglecting saturation voltages, the peak output voltage is
equal to Vcc. Thus we have

P = 50 = (VCC/IE)RL

o

VCC = 28,3 V

(b) The peak collector current equals the peak load current
which is (28.3 V)/(8 Q) = 3.54 A. The peak current rating of the
transistors should be larger than this value.

(c) When the load voltage reaches its peak value Voer We have

|V | =V + V = 56.6 V

CE2max ce EE

The peak VCE ratings of the transistors should exceed this value.

(d) The peak power dissipated in the transistors (assuming a
sinusoidal signal) is given by Equation 10.40 on page 696 in the
book.

= (2/n%)p

PDleax = PDQZmax omax

= (2/n%)s0
= 10.1 W
Thus the thermal design should accommodate at least 10.1 W

without exceeding the maximum junction temperatures of the
devices.

Problem 10.36

Following the approach of Problem 10.35 for RL = 50 Q, we

find V,, = 70.7 V, I = 1,41 A, V = 141 V, and PDQmax -

10.1 W.

Cpeak CEmax
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Problem 10.37

(a) Ae
Too ‘—’g_
T T A -
'v:'.ll
(- V.:,_*Vm
Voﬁ‘vn SEUUT R
A T

(b) P, =1V I

in = Veclciavg T VEETc2avg = ?Veclciavg T VeeVn/Rp

Po ™ Vi/RL Ppo1 = Ppoa = (Pin = Po)/2 = Vp (Voo = Vi) /(2Ry)

n = (P /P; ) x 100% = (V_/V..) x 100%

(c)

?owlr n
W Yo

3o

0

10

The maximum efficiency is 100%.
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(d) For a very low frequency, we should design the heat sink to
accommodate the peak power dissipated rather than the average,
because thermal conditions will reach steady state during the
interval of peak power dissipation. The peak power dissipation
for Ql occurs for Vm = VCC/2.

Poimax = (Vee/2) x Voo/ (4R;) = VgCICBRL) = 3.51 W

Problem 10.38

(a) If we neglect vCEsat' at peak output signal, we have

Vo,peak = Vec = Vgp1 = 135V
Io,peak = vo,peak/RL | 2 SEEA
Ry, = (1.5 V){Iofpeak = 0.89 Q
(®)  Ip;,peak = Tc1,peak/Pnin = 33-8 mA
I = ZIBl,peak = 67.6 mA
(¢) I, =1I/4 =16.9 mA
R, = Vgg3/I, = (0.6 V)/(16.9 mA) = 35.5 Q

If we tried to make I2 = 2I then Q3 will be in cutoff. If

we make I2 = I/100, then the base current of Q3 will have a large
effect and VCES will depend on 53. Because B varies considerably

from unit-to-unit, some of the circuits may be improperly biased.

(d) Neglecting I = R, = 35.5 Q.

B3’ Ry = R,

(e) Simulation file name: P10_38. The total harmonic distortion
for various values of R, are shown in the table:

R, ([0 [15 [35.5 [s5

THD % |1.6(0.97| 0.13|0.59
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Problem 10.39

For the class-A circuit, the impedance seen looking into the
primary of the transformer is 8 Q for the ac signal and zero for

dc. Thus VCEQ3 = VC

(a) ICQS = (15 V) /(8 ) = 1.88 A (minimum)

(b) PD = Pin = vcclcqa = 28.1 W (Class A)
P. =P, =0 (Class B)

D in

14.1 W for either circuit.

2
(€) Popay = (15/42)%/R,

(d) Class A: Pin is constant with output signal amplitude.

n = (P_/P; ) x 100% = (1.41/28.1) x 100% = 5%

Class B: For Po = 1.41 W we have Vm = 4.75 V.
n (an)/(4vcc) x 100 % (This is Equation 10.39.)
24.9%

I

Problem 10.40

Vo
(a) ~
vo = vs = 154
vs
V. = _ + 0.7

To eliminate most of the crossover distortion,we need to

have Vbl =z 1.4 and Vb2 &% 0.7 V.
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(b) A, | 1364

-
4.:3 r 133 mA peak

+{,-—‘\}_ -.
k‘ - 1.3CA /\

icu] As mA peak

(c) The current and voltage waveforms for each transistor are
similar to those of the class-B amplifier of Figure 10.22 on page
693. For example, Ql carries a half sine wave of current and its
exactly like

1

collector-to-emitter voltage is VCE(t) = VCC = Ny
Q, in Figure 10.22. The power dissipation for Ql is given by
Equation 10.37 on page 695.

2
VeeVn i

DQ1 mR T AR,
We need to know the peak power dissipation to determine the
specifications for Ql' Thus we set the derivative with respect

P

to Vm equal to zero and solve for Vm.

d:3Q1 o g tfc "~ EVﬁ * Vi = 2Vqe/m
m =, R

Substituting this into the expression for PDQl we have an
expression for the maximum power dissipation.
= y2 2 -
PDleax = Vcc/ (m R.L) = 2.85 W
The peak collector-to-emitter voltage for Q1 is approximately

2V The peak collector current is approximately 15/8 = 1.88 A.

ce*
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The conditions for Q, are similar to those for Q, except

that its collector current is 1/81 = 0.1 times as large.

The approximate peak ratings for the transistors (leaving

very little design margin) are shown in the table:

Icmax  |Pomax | 'VeEmax!
Ql 1.88 A |2.85 W (30 V
Q2 1.88 A (2.85 W |30 V
Q3 0.188 A|0.285 W|(30 V
Q,[0.188 A0.285 W[30 V
Problem 10.41
See Figure 10.30 on page 702 in the book.
Problem 10.42
See Figure 10.31 on page 704 in the book.
Problem 10.43

The emitter and collector terminals of a series pass
transistor are connected to the raw power supply and to the load.
The load current is the collector/emitter current of the pass

transistor.

The 2N2222 transistor in Figure 10.32 on page 704 is
an example of a series pass transistor.

Some alternative

configurations are shown in Figure 10.36 on page 708 in the book.

Problem 10.44

Dropout voltage is the minimum difference between input
voltage and load voltage for a series regulator in normal

operation.

When the input voltage drops below the desired load

voltage plus the dropout voltage, the load voltage dips.

Problem 10.45

The regulator is a negative feedback system that acts to

drive vi to zero.

Thus we have v

2
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input current to the differential amplifier is negligible

compared to the currents through Rl and RZ' Thus we have
i L VLR2 e
2 R1 + R2 ref

Substituting values and solving we find R, = 20 kQ.

Problem 10.46

The load voltage is maintained at three times the reference
voltage. Thus the load contains 15 mV of peak-to-peak ripple.
As temperature increases, the load voltage increases by 24 mv/°c.

Problem 10.47

Equation 10.48 on page 703 gives the load voltage:

v AV
e C + ref

L A+ 1 A + 1

Thus the ripple component of the load voltage will be

v - vC,ripple
L,ripple AB + 1
A U -3 L _
We substitute vL,ripple T I R Vc,ripple =2 V and B 1/3s
Then solving, we obtain A = 6000.
Problem 10.48
For VL = 15 V:
Pin B vinIL =20 x 1 =20 W
Po = VLIL = 15 W
n = (Po/Pin) x 100% = 75%
For VL = 5 V:
Pin = 20 W Po =5 W nm = 25%
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Problem 10.49

- - = 4 _
(a) For Dy: Iy, = (20 - 5)/10" = 1.5 mA.

The small-signal equivalent circuit is:

L Y
P 5

€z x /C%qv

res ™pp l..=

2

?f*rh

(b) For the transistor, IEQ = (5 - 0.7)/4700 = 0.915 ma, IBQ =

Igg/ (B + 1) = 9.06 uA and I, = 0.906 mA. r, = BV,/I., = 2870 Q.
I = 15/104 - I = 1.49 mA
DQ2 BQ b
Inos = Igg = 0-906 mA

The small-signal equivalent circuit is:

50 1

We will see that the base current ib is too small to
significantly affect the value of Vye Thus we have
r
V. 22 x=—92 _ 30 mv

2 R2 + Ty,
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v, + rﬂlb + R3(8 + 1}1b =0

V2
i = - = =21 nA
b X (B + 1)R3

v_ = =Bi

' pfqz = 0.105 mV peak-to-peak ripple

Thus circuit (b) has much better ripple rejection.

Problem 10.50

The input connections to the op amp do not need to be
reversed as suggested in the problem. We remove the op amp,
reduce the value of cF to take advantage of smaller size and
cost, and change the value of Rz‘ The circuit diagram is shown
below and the simulation is stored in the file named P10_50. As
simulated, the output voltage is 15.4 V, however if R, is

adjustable, we could achieve exactly 15 V.

D2
DIN750

Problem 10.51

The important functions of the transformer are to adjust the
input voltage to the rectifier and to isolate the load from the
ac power system.
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Problem 10.52

Important transformer ratings are the regulation, voltage,
and current ratings.

Problem 10.53

V.. =V
Regulation = -2 fl 1503
Vel

where voc is the open-circuit secondary voltage, and V is the

fl
full load secondary voltage with a resistive load drawing rated
current.

Problem 10.54

Important ratings to consider for the diodes in a rectifier
are the peak-current and peak-inverse-voltage (PIV) ratings.

Problem 10.55

The ratings to consider in selecting a capacitor are its
capacitance, voltage rating, and rms ac current rating.

Problem 10.56

See Figure 10.37 on page 709 in the book.

Problem 10.57

v -V
Regulation = *EE?___EE x 100%
fl

Substituting Vey = 24 and regulation = 15% and then solving, we

have V = 27.6 V.
oc
Ren & Vo = VYgy) = 2-8 0
The Thévenin equivalent circuit is:
1.8
276V
Amg

462



Problem 10.58

The minimum input to the requlator must be Yindn = 18 % 2
r

= 18 V. Let Vg = peak open-circuit secondary voltage at a line

voltage of 105 V rms. Allowing 3 V for drop across the

transformer resistance and design margin, we estimate

v_ = + 3 =24V

s vin,min 73 2vdiode
Then at a line voltage of 120 V, the peak open-circuit
secondary voltage is 24 x (120/105) = 27.4 V. Assuming a
transformer with a 10% regulation rating, the rated secondary
e (27.4/1.1) /42 = 17.6 V rns.
Using the estimate for the rms secondary current given in Figure
10.37b on page 709 in the book, we have I £ 1.81 = 0.54

t,rms Lavg
A. We should allow some design margin so a secondary current

voltage (under load) is v

rating of at least 0.75 A rms would seem prudent.

Problem 10.59

The minimum input to the regulator must be Vin min = 16 + 2
r

= 18 V. Let Ve = Peak open-circuit secondary voltage at a line

voltage of 105 V rms. Allowing 3 V for drop across the

transformer resistance and design margin, we estimate

s vin,min Gl Vdicde
Then at a line voltage of 120 V, the peak open-circuit
secondary voltage is 22.5 x (120/105) = 25.7 V. Assuming a
transformer with a 10% regulation rating, the rated secondary
= (25.7/1.1) /{2 = 16.5 V rms (for
each half of the secondary winding). Using the estimate for the

voltage (under load) is v

rms secondary current given in Figure 10.37c on page 709 in the
book, we have It,rms = 1.21Lavg = 0.36 A. We should allow some
design margin so a secondary current rating of at least 0.5 A rms

would seem prudent.
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Problem 10.60

The simulations are stored in the files named P10 60a and
P10_60b. To find the rms value of the current, we request Probe
to plot rms(i(dl)) and use the cursor to determlne the steady-
state value. The results for the two circuits are:

Isurge Irns

(a) [3.5 A [0.65 A
(b) (130 A |0.94 A

The point of the problem is that the formulas given for the rms

currents in Figure 10.37 on page 709 are rule-of-thumb estimates
for component values typically found in power-supply rectifiers.

Problem 10.61

There are many ways to satisfy the requirements of this
problem. One possibility:

Dicdes: | Nfoo

“ D P, S;u:‘!-:‘ru
AC- line g .
il e _{: qbo.sa
C= 2000uF

The transformer secondary ratings are 20 V rms at V
120 V rms and full load,

the transformer is:

line
2 A rms, 10% regulation. The model for

10
‘_TM'\S'F‘OF';IF s«.couh.r,
7.2V modal For V““' = |65y
fea k
¢OH=

-

The simulation is stored in the file named P10_61. The

secondary current is approximately 1.8 A rms and the capacitor
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current is approximately 1.64 A rms. The capacitor should be
rated for a voltage of at least 20 x 42 x (130/120) = 30.6 V.

Problem 10.62

There are many ways to satisfy the requirements of this
problem. One possibility is shown on the next page. We estimate
the capacitance required using Equation 3.6 from the book. C =
ILT/2Vr = 0.1(1/60)/(2 x 10) = 83.3 uF. Thus we pick C = 100 uF

which is a standard value.
D‘ —LC In.'
o T o. 1A

AC- lmc. g”

Next we estimate the peak open-circuit voltage of the

secondary. Vs = 300 + vr/2 + 3 + 10 = 318 V in which we have
estimated 1.5 V for diode drops and 10 V for the drop across the
transformer resistance. Thus the nominal open-circuit secondary
voltage is 313/I5 = 225 V rms. Assuming 10% regulation, the
full-load secondary voltage is 225/1.1 = 205 V rms. Therefore we
choose a 205 V rms rating for the secondary. Using the equation
from Figure 10.37b we estimate the secondary current as 1.BIL =
0.18 A. However for higher voltage rectifiers the current flows
in very brief pulses and the estimate is too low. Thus we
(eventually after several rounds of trial and error) choose a
transformer with a current rating of 1.0 A rms. The Thévenin
equivalent for the transformer is a 319-V peak sine wave source

in series with 20.5 Q.

The simulation is stored in the file named P10_62. The
secondary current is approximately 0.9 A rms and the capacitor
current is approximately 0.9 A rms. The peak voltage across the
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capacitor with high line and no load could be as high as 205 x
1.1 x 42 x (130/120) = 345 V. The diodes should be rated for a
voltage of at least 2 x 205 x 1.1 x 42 x (130/120) = 690 V. To
be on the safe side we selected the 1N4007 which has a PIV of
1000 V.

Problem 10.63

There are many ways to solve this problem. The circuit
diagram for one solution is shown on the next page. The
transformer is rated for 15 V rms and 0.5 A. The simulation is
stored in the file named P10 63. Under worst-case conditions,
the power dissipation of Q, is approximately 700 mW which is too
high unless a heat sink is used.

D, INyoo2
AcC
line e =
500uF "'I
L———w—-—)

Ry =30 IN75D

N3 Vpaak -

Problem 10.64

(a) eJC = (150 - 75)/20 = 3.75 C/W

(b) TJmax is the temperature for zero power dissipation which is

150°C.

Problem 10.65

(a) The power dissipation in the regulator is approximately the
load current times the difference between the input and output

voltages. This is PD = (12 - 5) x 0.5 = 3.5 W.
() " Opnae ™ Tomay = TallFs = 125{3.5 = 35.7°C/W
(€) 65a = €3amax™ €3¢ ~ Bcs = 32:7 C/W
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Chapter 11

Exercise 11.1

Ho

IH(E) | =

2n
1+ (£/£))
For f>>fb this becomes
IH(£)| = Hy(£,/f)

IH(f)IdB = 20log I-lo + 2olog(fb) = 20log(f)

The last term on the right-hand side of this expression
shows that the gain magnitude declines at 20 dB/decade.

Exercise 11.2

Many answers are possible. Three stages must be cascaded.
A good choice is to use capacitors in the range from 1000 pF to
0.01 gF. With C = 0.01 uF, we need R = 3.183 k0. Rf = 10 kQ is

a good choice. From Table 11.1 we find the gain values to be
1.068, 1.586, and 2.483. The simulation is stored in the file
named Exerll 2. Plots of the gains normalized to their dc values
are shown below:

L St T B e e e ot [
|Gain]| : :
: :

I ]

I (]

: i

H Stage 3 H

i i

: ‘
1-aJI— 7 , . :
| T Overall ;

' Stage 1 : :

] { ]

l Stage 2 i

1 ]

i "

] |

I I

1 (]

l |
L P o e B 5 P T
180H2 1.0KHz 10KHz 100KHz
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Exercise 11.3

Many answers are possible. Three stages must be cascaded.
R = 15.92 kQ and Rf = 10 k2 are good choices. From Table 11.1,

we find the gain values to be 1.068, 1.586, and 2.483. The
simulation is stored in the file named Exerll 3. Plots of the
normalized gains are:

_Z.BT -------------------------------------------------------
|Gain|

)
[ )
i
)
1
]
]
:
(]
1
i
1-'1 Overall
:
'
|
|
1
H

8-
180Hz

Exercise 11.4

To achieve 30 dB of attenuation one decade below the lower
cutoff frequency we need a second-order hlgh-pass filter.
Similarly we need a fourth-order low-pass filter. The schematic
for one solution can be found in the file named Exerll 4. Many
correct variations of this answer can be created.

Exercise 11.5

0
-3
R. = Q _ 15.92 x 10
3 nfoc C
O O SR |
2K 2 Ho 20
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R R
R = 3 =

2 2
4Q 2H0
We select R, sufficiently high so that R, is not too low. For

example we choose R3 = 380 kQ and then R2 = 1 kQ, Rl = 19 kI and
C = 41.87 nF. The simulation is stored in the file named

Exerll 5. The circuit diagram is:

3
380

c
all a
i
41.87nF
1.87n ”
380k
R1 c2
o
18k 41.87nF
R2
vin 1k
v i b
0
0 0
Exercise 11.6
WL
Q=3 = = &R - 10Q200) . 35.92 un
0 2110
1 1 1
Q = s C= = = 15.92 pF
WoCR WoQR 2110’ (10) 100
I = L = 10/0° ma

R + juL -3/ (wc)
-3 . $ o
Vp = RI = 1/0 V; = Jw, LI = j1000 x 0.01 = 10/90

Ve

I/(3w,C) = 10/-90°

See Figure 11.24 on page 750 for the phasor diagram.
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Exercise 11.7

\ L
f = = 7. 12MHs
0

<njLc 2y Sx)o % J00x 1072

- R - Rzo‘f
B- 2= 318 ki
Q
fa £- 2= Cmus

@= & = R=uLg = (askn
= s "

L = = C- Tk

B %%1= IMmHe

f2 £-%-=95mH

F":y, f.a. %'—% ]00.S MH;z

Exercise 11.9

'E,': ——\‘_' = 8?‘ JkH’E

JhiLc
Q= £ _ sy.5 . 16.] BHs
Wyl Q

= -2 = 8¢8kH.:
Fur f,+5 = 8384 ks
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Exercise 11.10

@ Q = ‘5-’5—’;‘-= 183.5
Beceuse Gg > Le=Li=L= )up
Re = Q* R, = 35.5.kn
(b) Q.= 2L- jas
Lp=Ls = Iph
Re = @ Rs=15.8%n

Exercise 11.11

]

Re
G- =
Hac
Q= 2.8 Beceuse @>>|

wekp= 21 /07 /100x16"%x 10 Y

Cs=Cp=C=/JoopF

a*
Exercise 11.12
IO I L= ImH
L
e' Q,-uz: 75 @ QOOkH?
R

BLeQQu. > R=2E . g3sa
S

-:-’&;:: QGmax = Roz wL A0me = 188.5k,
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Exercise 11.13

ASSumc 'Hu"’ hly‘u-Q a.ffu.undu-u QM:I)
Q /oo

C = 20pF

g
% Sl

® Tc.,.c,zo,r
ILO‘qD g i

,]. C¢1='2orF

|
f = = 79.¢ MH=
ZITﬂL3<b$
Rp": (> w, = /o0 qur??.GllO‘x?ODthﬁj
= /0 ka
)
8. fi;-ﬁ = /00 Rp= R, 6= lokn
cs
Re

3 = R? " E;p » E;kUL

Both the original circuit and the simplified equivalent are
simulated in file Exerll 13.

The voltages across the circuits
are virtually identical.
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Exercise 11.14

Follow Example 11.8 except with f0 = 5 MHz and Po = 10
Qlﬂtdc‘ = X0

Pln o C‘;_-‘;; = [.1l

Po= (B) L —
0 TT{E1 RL:“ 2s

R.. +Ras = 26270

L s Gloaded ( RL‘ + Pz.s)

g — /.472/4}!
Ris = e D.26271
QUIIQAJ("
R'ZS:: 2'36“.}1—

B = Gez Ras =>0Q,., = 4,519

Xez = Qez R2s = 10.87 2 (We ure hyh-@
approximation,

Xe_i = Wl - X, = "H._GG S Tn prectice

ong v mohl

I s o™ 0!"!""5
C, = e = ZeHipF ok die

) <1 adjustenle. )
o = 2928 ,F
1w, x, v
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Exercise 11.15

g Sk I 2
10 aim2m10” 1 Load

For'- an powew +hns$e.~ (‘L‘" +ke H:.cv\ud‘

-Fre.7.a¢.ncr) Q% =Py

R = ?QT ” ES = 2500
£, [MA= _
= -"'8'" = QO,&H& QO
R R _ _A500

| k= zwot(zof,?'g?’m
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Q= WwgR = sz = 1273pF

Gr.: (Uocqb EQB = 40 (Thl_s 1$ the @ of +he
C-ef ?93 Com llmﬂ."lu.b

P Qﬂz, Sooco
= ‘ q -

on= & R = Q- J_—"—:=J-:/acs

= 3.]25.1

i
Q,

U
5
0D
9
:
\
M
~
)

= 402¢pF

l
C@%-"" -—,1...1 = Cl= ISGZPF

Exercise 11.16

£
Q: -gz So C: ﬁ_..:: 5-07[-!‘:

RP = Qealsl = 200(2mw [07) Srlo . 6.2 ka
R= Q‘%L’ lS.?-kJ‘L

R= RRllva = R.= -LI_J-...L = -85Mx

r Ya
/Ue.;(‘f‘ne R& I1s not Poa-S¢h|e. Thos L= S,.(H s

het a fooa C.‘\o:ce.
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Exercise 11.17

W, = ——= = 4.47 x0’

RLP= Q LIJQL = :22.3Cak.n.

Reg = Reoll Rup

IF Rcb >0 “t1he trensient Aies cot. on the
ot her hand 1 £ E'B <O +he ftransiedt g rewas,

R =
€% B R
Thes (F O> R-"-P > —-22.368n the +l’¢.ns:¢n+7rooc.

.T'p E‘,P’O or R‘P<-Qa'3‘kﬂ +l|-. +h|.h:|c-d‘
dies.

Exercise 11.18

(a) RG provides a path for the gate leakage current.
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S

® bt Ty
& ’[‘ \%,:\7. ‘9“\;’ R d —’J[:-Cz

CC) Write he Qe 00\1'41: Q?ﬂ.ﬂ,"lo\&.

4eq V) +31;L(v,-v,) o
o (%-W) =o

8hv+ -Y3-+J¢oc V +'

GFOUP +Q."Iw$’
% QJ&)V, = O

Gwcl_j—u&r.)vl
(9"‘ | -‘-{;L)vl % (_I% +J.MC2"JI&LL Y,
Set S)ra'|‘¢~| determmmant *+e zero:
1

| e,
*d R dfeoL

wt L'L

& cC
=t # iR =
1C2 b

g sl L

*d i Wz [
!

2 ls"-
o _wiclcz +%*S=o-;w-
L 1,
L C|Cz

IMQ?'. w ¢, |
® L 0% g G

477



Exercise 11.19

|
w2 (L, +L;)
Ly
HL'

= 26.3 rF‘

x
u

Ao

= <.4S0o

i

o

L
ho \2
Ly = L, (2) = 0.333uH
We exrtd\‘ *+het eoseillator circarts 18 whiek
+|1¢2. AEUICC CA.ch;'I‘(llc?s are d.s.aqcﬂer- ‘prq.c{-w-s

of C  wil] have better 'Frt7kcac; s Fability.

Exercise 11.20

The simulation of the circuit shown below is stored in the
file named Exerll 20. After running the simulation, use Probe to
plot 1/II(Vs). Then adjust the scales to obtain the plot shown
in Figure 11.59 on page 790 in the book.

Ls
10.132118mH

Vs
V(o

6pF




Problem 11.1

An active filter is composed of Op amps, resistors and
capacitors. 1Ideally an active filter should:

5 Contain few components.

2’ Have a transfer function that is insensitive to
component tolerances,

3. Place modest demands on the Op amp’s gain-bandwidth
product, output impedance, slew rate, and other
specifications.

4, Be easily adjusted.

5. Require a small spread of component values.
6. Allow a wide range of useful transfer functions to be
realized.

Problem 11.2

Ho

IH(f) | =

1+ (e R

Problem 11.3]

We can use a Butterworth filter with fb = 3.5 KHz. The

problem calls for a dc gain of 10 (20 dB) and gain magnitude less
than 0.5 (-6 dB) at 35 kHz. Thus we need at least 26 dB/decade
rolloff. A second-order filter will provide 40 dB/decade. To
achieve high input impedance and the desired de gain, we use a
noninverting amplifier as the first stage. The circuit diagram
is shown on the next page.

In the circuit, four resistors (Rl' Rz' R5 and R.) affect

the dc gain. By specifying 1%-tolerance resistors we can ensure
that the dc gain tolerance is within the desired 5%. We have
designed for a nominal 3-dB frequency of 4 kHz to ensure that the
3-dB bandwidth is greater than 3.5 kHz. A Monte Carlo simulation
is stored in the file named P11 3. For 20 runs all of the
circuits meet the desired specifications.
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c1
& ” &
1000pF
%

R4

LN LF411LIN f
vin | 39 8k
in 1% 1% Outy 0
1V cz in Out
1000pF
0 R2 5%
523k

Problem 11.4

This is similar to Problem 11.3 except that a higher order
filter is needed. One sclution is:

€, =C,=C5 =Cy = /000 pFt 5%
E;::l?H = R7= l?' = 4CL2.&JL*’°&:

R. = R =/00ks 2% Rs=I50R2%|%
Pﬁ = |24k %1%
R = lookn R, = 287k~ *1%

A Monte Carlo simulation stored in file P11 4 shows that the
circuit meets all of the desired specifications.
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Problem 11.5

@ v, s = /0R 5 -/0
® R + j—‘;;c l-; %
!
rshe ‘PB T 2wRC
\%p_\ 20 dB/&q“&‘
a5 [:
{
© |
pb/:o fs ¥

= 7
(.n‘mv\e .Fﬁ 2w RC.
V
2| 20 7
\Vn\ ) 5"'20‘93/&20.«1&.
B
£s fs
lo
© £]=_ K orqwe |
Vi R § }4-}'
Where T .?Lac.

il o

00 & - - <.
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Problem 11.6

The simulation is stored in file P11_6. The gain magnitude
versus frequency for 20 runs is:

|Gain|
(dB)

Problem 11.7

Using Equation 1.19 on page 47 we have fb ES 0.35/tr = 35 Hz.
Because the gain must rcll off by 40 dB between fb and 1000 Hz,

we conclude that a second-order filter having a half-power
bandwidth between 35 Hz and 100 Hz is required. We decided to
design for fb = 60 Hz. Here is our circuit:

ct
P | .
W
v 3300pF
5%

LFa11LIN x2
R3 Ra

o O A A Lin LFA11LUN
B25k B25k
In 1% 1% ©
c2 |

1% p AAH -

20k

sl

Initially, we designed the circuit as a second-order Salen-
Key stage. However, that resulted in too much overshoot. We
reduced the gain (by reducing Rg) until the desired overshoot was

obtained. The simulaticn file is P11 7.
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Problem 11.8

The simulation file is P11 8. Gain magnitude plots for 10
runs are:

5

) [}

: ;

i '

] ]

) ]

() [ ]
8- ]
1 ]

) )

] 1

[} )

! E
28+ H
] [}

1 ]

) )

] ]

i H

] - * . 1
R e i e e B N e s -, u 1
100H2z 300Hz 1.0KHz 3.8KHz 18KHz

Problem 11.9]

Here is one solution:

X, Ya Xg= LEHI(I
C; =Ca =Ch==cq"/°OOfF:t!;sﬁ Rl=EnI=Rb‘fﬂQh4i4%I
R, = I.:"f =R,=Ry = 53¢ Ratl% R,=281kat|%

Re =/S.0kn 1% Ry= 14kt

The simulation (P11_9) shows that the circuit meets the desired
specifications.
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Problem 11.10

For a bandpass filter having fO/B =z 1 we would cascade a
low-pass filter with a high-pass filter. For fO/B >> 1, we use
the Delyiannis-Friend circuit shown in Figure 11.12a on page 740
in the book.

Problem 11.11

=
ki
C, =
'v'ln PZ fp
.£-:,— = ,.l.g_o....H_* - 5 HD - 5

Q = B <o H2
F:yrs‘{" C.kae!-:q =C2 =C = O'OIB}-\F Then L)'
_E?u.t*‘lnns 230 — 9.3

Ry = --— = 389.2kn  choose Ry = 98700219,
Rs B892k2  cheose R = $87Rn%1%

R~ .
QAH,

?= ""g"—'__ 2 C-oo:.eR -y ?7 *

2% it 182k h ckat|Y,

¥ Choose C as smdl as PGS,SIL,O. hu.+ Ho+

So small thed the ressfors are tes

ltr-?z. EH tus 7“& +. Ft:’ Es" lh)'l-.

Using the Monte Carlo simulation (P11_11) we obtained the gain
plots shown on the next page.
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Using these plots we estimate the center frequency as
approximately 100 Hz * 3% and the center frequency gain as 5 #
5%.

Problem 11.12

See page 744 and Figure 11.19 on page 746 in the book.

Problem 11.13

See Figure 11.20 on page 747 in the book. @ = fofB

Problem 11.14

Q = £,/B = 107/10° = 100

c = 1/[(2nf0)2L] = 50.66 pF

R = (2nf,L)/Q = 3.14 Q

Problem 11.15

£, = 1/(2ndLC) = 1.592 MHz
Q = ©)L/R = 50 B =f /Q = 31.8 kHz

f. = f0 - B/2 = 1576 kHz fH & f0 + B/2 = 1608 kHz
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Problem 11.16

Q = f,/B = 10°/(5 x 10°) = 20 C = 1/[(2nf,)°L = 8.44 pF

R = (2mf L)/Q = 9.42 Q

Problem 11.17|

w,L = @R = /ooo L= 53.05uH
l
c = = S'S,OSrF
W, @ R
+ 91. - "V~
R -
+ 3
V:" R v;
b 100 Q _
| T S S e S
12 + +- T
1 I
! |
: |
8v + s
; |
4v + 'i'
| |
| :
| |
OV ===l Y S
_1.0Mh 3.0Mh 10Mh
The simulation file is P11 _17. At resonance Vol = IV | =10V
and IVRI = 1 V. The peak value of iVLI occurs slightly above

resonance (3.008 MHz) and the peak value of IVCI occurs slightly
below resonance (2.992 MHz).
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Problem 11.18

We have B = fO/Q, fo = 1/(2nJLC), and Q = 2nf0L/R. Solving
for B in terms of component values, we obtain:

Therefore, in a series resonant circuit, to vary the center
frequency with constant bandwidth, we choose a constant
inductance and variable capacitance.

Problem 11.19

1 p
We have f_ . = ——= ____ and f = ——
min max
2ﬂ|LmaxC 2n|LminC

ratio of the respective sides of these equations and simplifying,
we obtain

Taking the

fmax/fmin - Lmax/Lmin
For a fmaxffmin = 2 we need Lmax/Lmin = 4.
Problem 11.20
The circuit must be resonant at £, = 10 MHz = 1/(2m{LC).

The voltage transfer ratio is given by Equation 11.25 on page 745
in the book:

jw/w,

Q[ - (w/wy)?) + 3 (w/w,)

A, (o) =

Substituting f = f2 = 15 MHz, fo = f1 = 10 MHz, setting the
magnitude of Av equal to 0.01 and solving for Q we obtain Q =

120. Then we have B = fO/Q = 83.3 kHz, L = QR/uO = 95.49 upuH, and
C = lf(wOQR) = 2.65 pF. It is questionable whether these values

are practical. See Figure 11.35 on page 760 in the book.
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[iroblem ll.ff]

Let Wq

and wp denote the resonant frequency.

we want wR

fundamental is three times larger than the third harmonic.

we must have:

: 2
IAV(Jw)I

= 3w0

denote the fundamental frequency of the square wave

To pass the third harmonic

At the input, the amplitude of the
Thus

= 3 MHz.

(wg/wg) 2

(wo/wg) %1% + (wg/wg)?

2
o frosiad] L
3 0?1 -

(1/3)°
(1/3)%1% + (1/3)2

2
0.01] I
3 Q%1 -

Solving we find Q = 112.5, L = QR/wR = 298,42 uH and C = 1/(wRQR)

= 9.4314 pF.

Problem 11.22

See Figure
the book.

£ w2

o  omtc

Problem 11.23

The simulation file is P11_21.

11.25 on page 751 and Figure 11.26 on page 752 in

R
Q:——.:R
woL

Hin ]

R = Qu,L = 15.7 kQ Cc = 1/(m§L) = 5.07 pF
B =f,/Q =2 MHz
£, = £, + B/2 = 101 MHz £ = £, - B/2 = 99 MHz
Problem 11.24
1 R
£, = = 1.125 MHz Q=5 = 14.1
2ndLc 0
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B = fo/Q = 79.5 kHz

fH = fo + B/2 = 1.165 MHz £

i

L fo - B/2 = 1.085 MHz

Problem 11.25

1 R
(a) £, = = 100 kHz Q = - = 15.93
0 nlLc Wyl

B =f,/Q = 6.283 kHz

£, = £, + B/2 = 103.1 kHz f. = f_ - B/2 = 96.9 kHz

(b)
Yo\ 10

0207

= —

i
i
\

b 2

|
|
3 7

5 h

(c) The simulation file is P11 25. The results of the
simulation agree very well with the values determined above.

Problem 11.26

As in Example 11.4, the Fourier series for the square wave
igs

i(t) = %?{sin(mot) + %sin(Bth) el

in which A = 1 mA is the amplitude of the square wave and £o =1
MHz is the fundamental frequency.

We design the circuit so the resonant frequency is 1 MHz,.
At resonance, the impedance of the circuit is R, and the peak

voltage due to the fundamental component is 10 V = R(4A/m). This
yields R = 7.85 kQ. For the third harmonic we have 0.2 V =
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12(J3w,) I [4A/ (3m) ] which yields lZ(jawOJI = 471 Q. The impedance

is given by Equation 11.36 on page 751 in the book. Taking the
magnitude squared of both sides of the equation and substituting
values, we have

(3)2
2

(471)2 = (7850)°2 L
Q' [1-(3)] +3

2

Solving we find Q = 6.236. Then L = R/(Qwo) = 200.26 pH and C =

lf(ng) = 126.49 pF. The simulation file is P11 _26.

Problem 11.27

In this problem, we let Wp represent the resonant frequency
0 represent the fundamental frequency of the
square wave. Our approach is similar to that for Problem 11.26.

of the circuit and w

10 = R 3= = R = 22.56 kQ

0.2 = lZ(jwo)I(4A/n) N 1Z2(wy) | = 157.1 Q
2 2 2 (1/3)2

IZ(wO)I = (157.1)° = (23560) 5

Q?[1 - (1/3)%1% + (1/3)°

Solving we find Q = 56.23. Then L = R/(QwR) = 22.22 puH and C =

1/(w§L) = 126.63 pF. The simulation file is P11 _27.

[Problem 11.28

2
o “o Yotr . (a ey L

B =5~ SM(R/w,L)  2nR TR 2mRC

Thus to vary fo with constant bandwidth in a parallel

resonant circuit, we should use a variable inductor. (On the
other hand in Problem 11.18 we found that using a variable
capacitor is needed for constant bandwidth in a series resonant
circuit.)
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Problem 11.29J

Xp = xs = X Qp = Qs =0 = X]Rs Rp =QX = Q Rs
Problem 11.30
For £ = 100 kHz:
- ! = - = y2 [n
Q. = WL/R = 12.6 Lp =L, =1mH Rp- X“/R_ = 7.9 kQ
For £ = 200 kHz:
— = » & = ywo =
QS = wL/R = 25.1 Lp = Ls = 1 mH Rp- X /RS d 31.6 kN

Problem 11.31

Qp = RwC = 12.57 Q. =Q 12.5%7 Rs = RP]Q2 = 6.33 Q

Problem 11.32

Re . 2Q =[50

e

100N ?p= 18.9 ks

)
W
-§; =2Q=/50 = EL = 0.8%8

Problem 11.33

Let us assume that high-Q approximations are valid. Then

Leq =L = 0.5 uH and Ceq = 1/(1/(:1 4 1/C2) = 16.67 pF. Also we

-1
have fo = [2“|Leqceq] = 55,133 MHz.
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L jP
ImA u . R G = /0-39
A G % ‘
T | - i
——t—
: 1Cl
3 3, T
5ka ‘% l
= - .\.'i.')?BA

Toy L‘l | %—L Rey = (.28 R

ImA

A simulation comparing the voltage across the current source

in the original circuit with that of the equivalent circuit is
stored in the file named P11_33.

Problem 11.34

We assume that high-Q approximations apply. Then we have
Leq =L = 0.5 uH and c:'f = 1/(1/¢, + 1/c,) = 18.1818 pF. Also we
have f0 = [2"|Leqcqu = 52.79 MHz.

—
Z.0ppF loon = 200pF 2,27

492



O.Sull  an aofF
e i
A} C& sza*p LT /00

-h

Ees’ 4.27 0

B- e ’-3")"9

£ f»

The simulation file is P11_34. The original circuit and the
series equivalent have nearly identical impedances over the
frequency range from 50 MHz to 55 MHz.

Problem 11.35

The functions of the matching network in a class-D amplifier
are to filter out undesired harmonics (or the dc component) and
to step the amplitude of the desired term either up or down as
needed to achieve the desired output power.

Problem 11.36

Following the approach of Example 11.8, we obtain

L = 23.05 nH C1 = 77.6 pF C2 = 160 pF

As in the example we have assumed an unloaded Q of 200. A
simulation can be found in P11 36. We ran the program and
adjusted L (ending up at 22.94 nH) to achieve a resonant
frequency of exactly 145 MHz. (Because of inaccuracies of the
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high-Q approximation, the computed values are not exact. 1In
practice, the inductor and/or capacitors would be adjustable.)

Problem 11.37

/B = (10 MHz) /(100 kHz) = 100

The parallel equivalent circuit is:

V. o R
'I;=='i f?EL R“l L f“\C:ga

Lﬁ"ﬂr~__/ *

f?e1" ELII‘&\ '-QS?O.n-

1

L = Rgq/(Quy) = 39.8 nH G o 6364 pF
0
Cey c,

i —{¢ _I_ 5

L
th C.sﬁ e‘ - Cz T SQI'I.
. :
R= P _ 455 m Ra
Q=zoo S ch

2 _ = e -
Q5 = R /R, = 63.24 = w,C,R;, » C, = 20.13 nF

= 1 =
Ceq 1}C1 = l/Cz > Cl 9.305 nF

The simulation file is P11 _37.
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Problem 11.38

Following the approach used in solving Problem 11.37, we
obtain Q = 5, L = 795.8 nH, Coq = 318.18 PF, R, = 2.5 Q, Q, =
4.47, C, = 1423.5 pF, and C, = 409.77 pF. The simulation file

2 1
is P11_38. Because Q, is relatively low, the results are not

exact. However we can make minor adjustments by trial and error

to achieve the desired performance. This yields L = 795.8 nH, C1

= 459.93 pF, and C, = 970 pF. 1In practice, some of the

components are usually adjustable.

Problem 11.39

Following the approach used in solving Problem 11.37, we
obtain Q = 50, L = 795.8 nH, Ceq = 31.831 nF, Rs = 0.50 mQ2, Q2 =
31.63, C, = 100.66 nF, and C, = 46.55 nF. The simulation file is

2 1
P11_39.

Problem 11.40

Here is one answer. Other correct answers exist. The
simulation file is P11 40.

Rs c2 /9
| Y -

50 186.3pF

Vs L
1V C1
402.6pF 79.15n

RL
§ 500

< '
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Problem 11.41

R,-S'o;o. C" 231
3 Ca
Tt 2: |
(5
J—-—ﬂ

2|

Q"J[- e i—--»-z-som

Now Z= (—i—)" RP +hos Rf“ 12000

! +he = -?53.319\"'
wo- S
Gl
For C.t Rf k, we l'\uc ‘::' a H ‘

T

c:;
R.
Fias c. 1R cp,=J—g; = 3,399

Rs
s

Cc‘B i C1“Cz = C, = 318.25F

® = = C = 1241/pF
!
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Incfua\n-, n#e.r.i-cﬁ ll\P-+ 'I‘I-Jm{'-uc. OFQ, )
+he Ftsuhuce i qu”d with &, s

Ro= Re | 20000 = 7502

(] F°
Q= r?f:' ey B= I - 938 ki

Problem 11.42

G acts as a shot at +he
resenen + -Frd?utur.)f. Beceuse ’V,I”[V;J
we can (q_f,f,.o“...;hly) assume thet ng Is
o parellel with C. Thes
C‘b £ C+Cyy =31pF

—— = 40.943MmHe

R
RP‘ Ge.;; Wo L = /)905kn
Rey= RIRp I ry= 2.84ka
C?== -EEE,, AX.3

B= /-W’JHQ lel' ;hgﬂg" 7l

AL}

S+ -- —f\v
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Problem 11.43

The circuit configuration is shown in Figure 11.48 on page
776 in the book. We can use a 1:1 turns ratio and cneut = cgd

1 pF. Other combinations will also work such as a neutralization
coil with half as many turns as L and C - 2cgd = 2 pF.

neut

Problem 11.44

5
= — = §50
q B

Fr‘on Fl’q,u 11.35 we c.\noa;c

L= /00 /ﬂlH (Pru.*u:;\ range ® S)u,H‘— 5-90;1&“)

|
= = '3 F
C o L 253 e

Rp= @, Wol = 1257 ka

R'= @A wel = 21.42 kJL

R= RIR N = R =-90.9 kn

bot +_l'n5 s not possible, There fore

Wwe must make a new chowce for L .
Sey b= Q0pH  Then
Ce= /1266pF Rp=2514kn R=6.257x
and thew R .=/, | bn

Ay(wo = —;h R=-37.?

The simulation file is P11l 44. The simulation results agree very
well with the design calculations.

498



[Eroblem 11.45]

. % _ . 2
(a) K= I . /Ve = (4x1072)/(-2)%2 =1 masv
T & B Wee = T Y% " e = SDLERE v
DO 6sQ ~ Vto GSQ '
Rgy = Rg, = (15 + 0.585)/I, = 7.79 kQ
Thus we choose the standard value Rsl = Rsz = 8.2 kQ.
() Q = £,/B = (10 MHz)/(500 kHz) = 20
= 25 o
ceq = lfwoL = 253:3 pF
Rgyq = oL = 1257 0

2 _
Roq/Q” = 3.142 @

Q, = 1/w,C,R, = |Rs/R1 = 3.99

2 0
|
|

0

O
0 o

H
"

1 = 1269 pF
c 5 1
=
{L eq 17c1¥'1/cé
C, = 316.43 pF
R (-
rA
3
icl
(c) This part is very similar to part (b). The results are Cy =
256.51 pF and C4 = 20,21 nF.

(d) First we compute g, for the transistors.
_ 2 TpssTne
o Weo!

The voltage gain at resonance is the product of three terms:

= 2.83 mS

g
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(1) voltage step up in the input circuit
(2) voltage gain of the differential pair
(3) voltage step down in the output circuit

Factors 1 and 3 offset one another and the voltage gain is

A, = gyRe./2 = 1.78

(e) The simulation file is P11 _45. The results of the
simulation agree very well with the design calculations. Keep in
mind that the overall bandwidth is less than 500 kHz because two
tuned circuits are cascaded. Also, the resonant frequency is
slightly low because of the approximate calculations. In
practice, we would have adjustable elements to set the resonant
frequencies.

Problem 11.46

Recall that fo = 1/(2nJLC). Thus to reduce the resonant

frequency by a factor x we must multiply the capacitance by xz.
First we adjusted the circuit designed in Problem 11.45 so the
resonant frequencies were almost exactly 10 MHz. (Because we
used high-Q approximations in the design the resonant frequencies
were slightly different from 10 MHz.) Then we adjusted the
resonant frequency of the input circuit to 9.75 MHz by increasing

the capacitances by the ratio (10/9.75)2. Similarly we tuned the
output circuit to 10.25 MHz. Both circuits are simulated in the
file named P11 46. The resulting gain versus frequency plots
are:

Synchronous tunin

|

Stagger'tuning
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Problem 11.47

See pages 780-781 in the book.

Problem 11.48

@) 8 —l:vr' - < __Vr.
I."‘_% ¢ v

- |
A
[

n

Ve
(D I3 Lol _'f:-;-
Wr te hode ¢7u¢’(‘|ms:

Y, , ;
Y b e pat-e

E’- +-3¢.uC(vc Vg) - F

S¢+ s;:a"ren dater mivant +o pero:

[ng . 5—-;: +gw(q+¢‘=)1 ~jwe,

= 0O
(-jot - £ ot =it

N¢x+ we e.xfunﬂ +he Ac'&‘crn\mn\‘}‘ a'\d Set
+he recl fu--\- te gare
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+his event u.q“)r )/\e]&g

l |
W= wheve Cpp & ———
d L C.,a B ‘/Cl " lé;
Then we set +he imeginery Fnr+ cyoq,l +o
2ere and nu.d-uq.!ly o btain

% B e A TR

—_—

Re
€) From Fr7t.r¢ 11.35 we select La SopuH, Alse

we ACSI’?IA 1ror Fm“ﬂ 50 (Thla 15 +he N e

h!,‘e X;.B at IC,--!».A- MLOFJI\’ te +he Deka

S‘uc-‘.) Now Re%® -Y-I'Efq = ISk,
BV so (26mY)

&
Ca _ o . - SO - o 4e¢
< e I+ 42
Ek s

| = | 3
w*L (2,,., ,O‘JL;‘SOHD“

Thos we choose hnommal valves s

So'?fF‘

Ceg »

C‘-'-' SCOrF C2=27000ri: and
Fln.“r settle ow L= 4‘-2/.}4

(d) The simulation file is P11 _48. Initial conditions close to
the eventual operating point were selected so the simulation
settles into steady state sooner. The freguency is about 6% low.
In practice the inductor could be variable so the frequency coulc
be adjusted to the desired value.
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[Problem 11.49—]

(a) S %

o)
3
L&
H
P IS,

Uﬂ) Wr te ho&l VOH‘I.TG. ¢7lu.+um5:

-Y-E -l-FiE 4-—\{-'..4. —VL....'.VE"V‘-

Y Yir R J.““"l Juj_z= o
_LE Vc“ B ) -
. + s—-! P IS | _—'.—
Re % Joh  gelg Juka
=0
BT - R
Py J"’Lz gwc' JML,

Elrl.n"‘uq.“y we J‘\Q#‘%

= i = Ll Er
N V(L Ly Pan ol

@ Design fon B, =S50

Rﬁ_z Vﬁ;\éﬁw: ISk

Tee
hrr = F.EVT = S-""——---—--“"".:' I(f:-.v)‘ 1300
cq
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C'Aouc C = '270"’:'

- | Jdl =
L+l = e ?3.8}.1” i [: 923}4:
& " i s
— __13__;__, 4¢ e F
Lqy I+ "/Re

We selected Cc = 0.01 uF so it appears as nearly a short circuit
at the frequency of oscillation.

(d) The simulation file is P11_49. Initial conditions close to
the eventual operating point were selected so the simulation
settles into steady state sooner. The frequency is about 6% low.
In practice, one of the components could be variable so the
frequency could be adjusted to the desired value.

Problem 11.50

@ G D Vi K. (_:D‘

Tdeal

n
(D v:s Sl -"I_T V,Lr, Frans fornar

Nocﬂe Vo'+4'7e. e7u¢.+mn CL'\’ nocQQD:

. Ja : Vd Vs
g () Vae + joCVas oL, * Ry
Lin,

Set rv-\47|q¢r)( terms 'eyuq.’ +o 2ero
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!
Vi, c’

SQ“‘ real termg E?Utl to gero. Thus )nel&..'o:

_ (nz =N
3"‘ min -"’_1) R.
€ Accord 9 to dlata sheet * for Vp‘¢=!‘5V
and Ve =0 Gmi = 3500 S

This )'mlc‘is : U=

We o\es:jn CLSS«.hm] j,,,mn=25‘ooFS to

allow Aes;?n margiu,

Pek C = 270pF
.Tkzh Lq =

e 93.8 uH

" <
= = Gmn. R = 250046 450 = 0,126
|

La= (32)°L = Ldopuh

* Look for the 2N5485 data sheet at:

http://www.fairchildsemi.com/pf/2N/2N5485.html

Problem 11.51

In the piezoelectric effect, application of an electric
field produces forces on the charges in certain crystalline
materials resulting in deformation. Similarly deformation of the
crystal by an external force displaces charges, resulting in an

electric field.
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Problem 11.52

As an electronic component, a "crystal" is a piece of
piezoelectric material (usually quartz) that has electrodes
plated on it and is mounted so it can vibrate freely in certain
modes.

Problem 11.53

See Figures 11.56 and 11.57 on pages 787 and 788 in the
book.

Problem 11.54

The second overtone is at approximately double the
fundamental mode.

Problem 11.55

-3
1l ms _ +10 = o e
T ey ~ I B0 5 es ~ Y1:16 X 30 +0.0116 ppm

Most crystal oscillators are not capable of this degree of
accuracy over several days.

Problem 11.56

The equivalent circuit is:

Ce
—
L L-’- Cs Qs

For frequencies close to series resonance of the crystal, we can
neglect cp because the impedance of the series branch of the

crystal is very small in magnitude. Then the circuit is a simple
series resonant circuit, and the resonant frequency is

1/JCS(L + Lsf. Thus adding series inductance lowers the
frequency of oscillation.

506



Problem 11.57

Adding capacitance in parallel with the crystal has the
effect of increasing the value of Cp. Therefore, the
antiresonant frequency is lowered. (See Figure 11.57 and

consider the effect on fp when [X. | is lowered in magnitude.)

P

Problem 11.58

Ly = RQ/w, = 31.8310 mH C_ = 1/(Qu_R.) = 0.0318310 pF
£ omoaa e where C__ = . = 0.0317468 pF
eq 1/CS + 1/Cp i

P 2n|LsCeq

o 5.0066 MHz

P

Problem 11.59

(a) Set up the system shown below.

AC sowrce with Cry.d'q.l wnder +ast
fine ‘p?‘? contrel {

0

+
Cnn*‘:r\ V«\ QL veurr

+

Use the counter to accurately measure the frequency of the
source. Choose R, = R, of the crystal. Start with about 50 Q
and adjust as needed. Observe the voltage transfer function
magnitude IVO/VinI which will appear much like the sketch shown
on the next page. From the plot, determine the peak Amax' fs at
which the transfer function peak occurs, the half-power bandwidth

B of the peak, and fp which is the frequency of the null.
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1
i
1
]
L
i
i
\
I
|

zl% fﬂ'ﬁp

Then the crystal parameters can be calculated:

RL 1 -2
max

A T = R, = —— = x
max RS - RL s Amax RL

circuit B RS + RL wcs(Rs + RL)
2 (Rs = RL)Qcircuit

S W

S

c. = 2

. stcircuit(Rs T RL)

(b) Given fs = 1.000000 MHz, fp = 1.000500 MHz, Rs = 300 Q and Q
= 10,000 we have:

L, = R.Q/w_ = 477.465 mH

15

(p]
Il

1/(Qw_R) = 53.0516 x 10" "7 I
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i 1 -
Let Ceq = 1/CS T lch denote the parallel equivalent

capacitance. Then we have:

1
(o =
eq 2
prs
= 52.9986 x 10 2 F
5 1

P~ T/Cqq - /¢,

= 53 pF

]Prcblem 11.60]

(a) For the current through cneut to cancel the current through

Cp' we need Cneut = Cp = 6 pF

(b) Consider the circuit of Figure P11.60a on page 798 in the
book. Near the series resonant frequency, the reactance of C_ is

much larger than the impedance of the series arm of the crystal.
Thus, we can ignore Cp, and we have a simple series resonant

circuit for which:

Welg

Rsa ¥ RS i RLa
3

_ 2m10’ (10.132 x 1073)
50 + 15 + 50

5536

B=f_/Q=1.80 kHz

In the circuit of Figure P11.60b, the current through Cp is
canceled by the current through Cneut so the half-power bandwidth
is approximately 1.8 kHz as well.

(¢) Both circuits are included in the simulation file P11_e60.
Plots of the transfer ratio magnitudes are shown on the next

page.
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I
i
1
I
L]
1
I
(]
]
]
I
]
4
]
1
i
L]
]
i
i
L
i
]
1l

9 .9MHZ 10.8MHz 10.1HHz

In the passband, both circuits have about the same
performance. The half-power bandwidth agrees very well with the
value calculated earlier (1800 Hz) However, circuit b has better
attenuation for signals well outside of the passband.
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Chapter 12

Exercise 12.1

—
+

U, >
i

The voltage across R, is equal to voflo. Thus, the input to the

1

-V - gl a Vs S po Ue V.

remains at zero. When Vi becomes negative, vy becomes positive,

and the output switches to +5 V.

When Vg . 0, this becomes ol
is negative, and the output

When Vo +5, we have My - 0.5 = Vin: As long as vin is

less than 0.5 V, vy is positive, and the output remains at +5.
However, when Vi €Xceeds 0.5, the output switches to zero. The

transfer characteristic is shown in Figure 12.13 on page 808 in
the book.

Exercise 12.2

f!, =Qkn
?‘ -'Uk RR
- ANAs +
IRz - +
v, 7
. i

Solving for v, and substituting values, we have:
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V., = 0.667vin + 3.333 for vo +10

X

=10

vx = 0.667vin = 3,333 for vo

Thus if N +10 and if vin is greater than -5, Ve

and v remains at +10. However, if Vi becomes less than -5, the
output switches to -10.

is positive,

Similarly, if V, = -10 and if Viee is less than +5, Vi is

negative, and v remains at -10. However, if ¥in becomes greater

than +5, the output switches to +10. The transfer characteristic
is shown in Figure 12.14 on page 808.

Exercise 12.3

Using the same approach as in the solution to Exercise 12.2,
we obtain

v

5 0.667vin - 1.667 for vo =5

v

S 0.667vin for vo =0

Thus, if = 5 and if Vi is greater than -2.5, Ve is positive,

and V& remains at 5. However, if ¥in becomes less than -2.5, the
output switches to 0.

Similarly, if vV, = 0 and if Vis is less than 0, Ve is

negative, and v remains at 0. However, if Vin becomes greater

than 0, the output switches to +5. The transfer characteristic
is shown in Figure 12.15 on page 809.

Exercise 12.4

R,
o MN Q; r;r\-\

n 1’3' +I5Y

'Hlsfl
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Cu.r-n“ + crn_d‘m-\ at nen inver ‘l‘w? lnfu"‘;

'U;-'?)?u+ Uy -Ve o
R R

Solve For Yy o

R, -
v v, cy R

X R, +R, R +%,
Also R.,
'2)5 e - .
R:S*E"I
Desived “+ransfer charccteristice:
A
He +
,}_4.1 5.| e
=7y
For Vo=~ 146 'U}:’U’é w‘\m\ Vi,= S.| :
?:. R RH
. - " = ‘ e
I R +%, M. R +R, 2 R, + R, &
For v, = +14.¢ 'L"‘x='v'-; when vy,=4.9:
By, Sl o B e MG
e.""Pa ?l.‘.?z R;f?q

SOL“‘FC&{' Efuq.‘hon (2 from Eru.q}mh(ls'.'.

Rz Pi |
— 2 by ————— - = =
Rl"’ Pz ? 2 Rl"‘?l o X Pz ,46 R\

0.2
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Sulbahs '}'u‘hn? 22 = |4¢ R, mte Efu,q.“”uh )
eventually  yields

Ry = 2.020S5 xR,
Now we try 4o Fiud practical 1% tolevesce
Values sweh thet R, =46 R, ana R=202 Ry
Ohe, 70090 c.‘ﬁolc:c I1>%

f\’, =blSkn R,=97kxa
R, = 20ka R, = /0%

Exercise 12.5

FO‘I" 'U; = +A ’1)2 = 2(3 B and q 'Fbruqroq biesed
FG"' '2}5 _,_._A P s % A and Dz ‘For'mqn' biased
@ S ehm i+t chdn,:.s s tate Ffor "))'& = 4 % A

W Waveforms are shown 1 Ff?uu 12.21 |n text
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(@] -:—E‘- =9 becawse The Fime conshant hes
H

a 231 ratio Aue. to +the a'lmﬂe.t..

(d) For oct < T» (See Figure 12.21 in the book.)

- *
VW= K+ k, €

Velo)= -28 = K, +k,

3
. > k-
L (e0)= A = K,
Tw
U(T)= A-Fe” T 22
This yields Ty= RCAmS
g:m;fcr’y To= QRC 2w S
T= Tu+Ti= 3RC Ans—
- |
F= :Lr = /[3Rc.04.s_'|
Exercise 12.6
R
AW
S S
C'T’ u v 2
1 R - Re 1
R;? -
+A s
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e

Curren‘\' ¢7u..¢.+lon 4'}‘ bohmvc.l-‘hu? h.ocoez

Vi —-A . Vx W=
-+ ——
R.; ?.f. Q;

Solve forvx = £ A4 +17;

=0

F:D*‘ 'U;'-'-A SWI‘I'chll;} s at ‘7};:-'2};-; _.i_A
For ;=20 swchigis at 2c= vz =+A

(L) The waveforms are Shown In Figure 12.23.
Ao
© Y= k +k, e

’LE[O)-.-. % 3 kl+kz (Sc: Figure 12.23.)
'2.’:._(@): A = Kl
2 po—Vee
V(M= A - LAE

- A
(%) A-FaeT e B2

e—Téec 2 é
= 2 RC A

-
[
= 2 RC An2

Exercise 12.7

Refer to Figure 12.27 on page 821 in the book.
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+*

@ VS (#) = k‘[ r K, e'(e“e.)c
Ve (0)= %‘& = K+k
Vo= Vee = K K= - Bk
= et
Q{:C*ﬁ” lVL¢ - §'LL¢ € Ratre)
TE
@) W (T)> 2_%5 L .“;L Ve € (RatRdC

e_('%_*ﬁ'ﬁ-:-é

Ty = (Rn "EQBC In

Exercise 12.8

x
@ V= k & Rac

PAOE

*
VW= Hee e
.T_L
® ()= ‘-}-g-‘= a—%’—‘-"e" Rsc

e T - L



Exercise 12.9

@

Dz s 'FOI'HI.VJ Bltaté

D, 1s reverse bicsed

Ay =© Vy=—84 =0
Up = Vx = O

| %
® T L g
v '% 2
A TS
s 2

S 4 J|=—Rl ~l i I

1 e

D, ©

D, s reverse biased
D s forward biased

Vi= R A= %(5)'* lov

+hat

@._) T]-\us we See

v, = O For V>0

Uo _Q 'D-I'\ 'Fov- vin <0

518



I‘F "})‘i“-; S-.Slv\wi“ -

%
/1o
WAH LD

Thug. 'lr-)-.._ circurty Funetions as an 1deal

half- wave rect fier

Exercise 12.10

See Figure 12.32 on page 826 in the book.

Exercise 12.11

RC“cr '}o Fr’grc. IR.BI.

Saummer we l'«we :

For +he

R R
_?J;= "'_E-u-n\ -Q-——?-)j;

o B (WA }s voH‘-LTg o
]

Pond‘ &')

@ For V= +5v;
D, is revevse biased
D, s Forwand biesed

'));:—'U;hs -5y (ad'ru*crp X, la.-‘S.GV)

Y, = =25, -2(2)(-%,) = 2V = Jo¥
®) For Yy, = -SV?2

q s 'Ferm.r‘ b!tsej (Dui‘p-i‘n# X, Is 'fO.f.V_)
D‘Z 1S reveriese hlﬂ;e&

% -0
v;:*a-v;“ L ""IOV
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© Thos 23227, For V=0
Wp= -2Y, For V<O

or V5= :3'22;\

Exercise 12.12

Refer to Figure 12.34 on page 827 in the book.
Tl‘lc l:.ll.!“‘l"'(.n"' 'r' ahﬂm? 'Frpn. +J'Ie_,.

C-C.Pd.cl*-bi" Is QIB (IB ‘p*rn- ecch ofﬂ.nr),

AV AV
AMgde = C 5 = C 4x
_ QIsar 200x5 " x10*I6™
a) = bt v L
@ C A% = ;)/,F
-9 -3
10
B c = 9”"’}:_’3" = 0.0ZuF

Exercise 12.13

See Figure 12.35 on page 829 in the book.

Exercise 12.14

See Figure 12.38 on page 833 in the book.

Exercise 12.15

The minimum sampling rate is twice the highest frequency of
the signal. Thus fs = 2 x 18 = 36 kHz.

Exercise 12.16

There are N = 212 = 4096 zones. A = 10/N = 2.44 mV.
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LExercise 12537

The data rate is the product of the number of bits per

sample and the sampling rate. 8 x 8 «x 103 = 64 kbit/s.

Exercise 12.18

- -1 -2 -3 -n

D = dlz + dzz S d32 - I dnz
=02+ 2T L w2 oDy gD
= 0.41016

Vo = V_ D = 10 x 0.41016 = 4.1016 V

Exercise 12.19

Refer to Figure 12.45 on page 840 in the book. The emitter
current of Ql is IEl = vreszk. Then Ic1 = aIEl = avrefsz. 5

dl is high, o times this current is steered through the current
switch to the inverting input of the op amp. If d, is low, the

current is steered to ground by the current switch. Thus, the
current taken from the inverting op amp input by the first
current switch is dlaz

or 1). The analysis for Q2 is the same, except that the current

Vref/ZR (where we are assuming that dl =0

is half as much. Finally, the sum of the currents flows through
Rf, and the output voltage is Rf times the total current, so we
can write

R
- £ 2

o refRE‘D

Exercise 12.20

Refer to Figure 12.48 on page 844 in the book. There is an
error in the figure. The number of comparators needed is equal

to the number of amplitude zones minus one, which is o = 1, not

2" T~ ! as indicated in the figure. Thus for n = 8, the number of
comparators is 255, and for n = 12, the number of comparators is
4095.
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[ﬁxercise 12.21J

We assume that the largest value allowed for Ve is vref'

Then the maximum conversion time is 2T, . Solving the equation
given on page 846 for T1 and doubling its value, we have the
maximum conversion time:

= 2T, = 2RCV

Tconv 1 peak/vs = #REY,

peakfvref
Then solving for C and substituting values, we have

c=V = 250 nF

rechonv/(zRv

peak)

Exercise 12.22

Each step results in 1 bit of the result. Thus a 12-bit
converter requires 12 steps. At 0.2 us/step, the time required

is Tconv = 2.4 us. The conversion rate is fconv = 1f’I‘conv =

416.7 kHz.

Problem 12.1

An ideal comparator compares the voltage at its noninverting
input with the voltage at its inverting input. If the voltage at
the noninverting input is higher (lower) than the voltage at the
1nvert1ng input, the output of the comparator is high (low). See
Figures 12.1 and 12.2 on page 800 in the book.

Problem 12.2

Op amps are frequency compensated so they have good response
characteristics and do not oscillate when used with negative
feedback. Comparators are not intended to be used with negative
feedback, and compensation is not needed. Otherwise, the
circuits used for op amps and comparators are similar.

Problem 12.3

If the output stage of a comparator is a BJT with the
collector connected to the output terminal (and no internal pull-
up resistor), we say that the comparator has an open-collector
output. A resistor connected from the collector to the power
supply is called a pull-up resistor. Figure 12.4 on page 802
shows an example of such a comparator.
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Problem 12.4

Unless positive feedback is used, the output of a comparator
can switch many times each time the input signal goes through the
reference value, due to noise and/or oscillation. Another
problem is that the output may not switch quickly enough.

Problem 12.5

Figures 12.13, 12.14 and 12.15 on pages 808 and 809 in the
book show examples of transfer characteristics with hysteresis.

Problem 12.6

See Figure 12.9 on page 805 in the book.

Problem 12.7

If the resistances are very small, the currents may be too
large, resulting in an unnecessary load for the power supply. If
the resistances are too large, noise coupled from other circuits
can be a problem. Furthermore, large resistances lead to
inaccuracy caused by the comparator bias currents. Finally, very
large resistances may consume too much chip area if they are to
be integrated.

Problem 12.8

(a) Y

0

-5 2.5 Vi

=lo
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(b)

(c)

(d)

lo
Y +
-a.5 a5 v
=l
Vo
jo
1
4 647
Vin
-6
Ve
/o ¢
| 4
13 g
Vi
-0
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Problem 12.9

(a)

Ve
lo

(b)

(c)

(d)

.5 Ula
2
Jo
Y A
"2:5 wl
Vo
le
233 (.67 Vin
Uy
+1o
Y A
4 ¢ Vi,
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Problem 12.10

Vo
1 e
DC’I'CQ A \ -3
characterstics -5 Vis
-4
Fe llow Eunr'e 2,)
+I5 Note: R 15
reterned
- - -8V vathar
-U:h Vt 1:'; +han +ISY
- ] E.’o I because the
R R:l threshold VS
X <re l\!-71.+|\l'¢-
-5y
N, Vgeoh T B R s
Rz R‘ . Ry For Vp=s=H.L \4:-—5'

Thus we "uuc +un zf&&;h.'tS%
-3 A -3+I5‘ —3-H.6-

_R-; R\ 23 o
.__{ X -E +I5 " -S4 H.k=
Ra 9\ ?3

AhLi*ftlﬂl? w e cheoesre R3“l°0-h.&. d.ndn
Solve te obtain Rl= 25,68k and R,.,=l(>3ok.m

Fll'll.“y we f_ln.ou'l +k¢. mz«wu"' J"./a +°‘l\l’¢hr--

velves: R,= 25.5kn aud R, =/02kn
The simulation file is P12 _10. After we run the program we use
Probe to plot V(out) versus V(in) and obtain the transfer
characteristic, which agrees with the sketch shown above.
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Problem 12.11

146
I
Desired { P 1
ch tewisthes &
arac | 3 .v_m
+_ H"
R‘l Pa

+ }1&-——.4-
L Vi b9 %
& Rj R” ~
: 1

~Isy

A+ +he 3w|+¢“\|n] fau\’h) + he veH't?c. -t
hur.ﬂa. 2 Hus{‘ Q?u.-(.f Vto wh|+|\\7 < cu.n-c\;'?'
e,u,q_{-nan q.+ h.ole:

Un-Ve  Ve-75 For V3u 1.6 V= -S
R, R,

For Vpu-le w7, =-3

Thes we have +wo @ guations:

-s-%= Vt-Hob n —3-\}*‘ Vg*”-b
R - R, 72

O.v-\.t’rp..-.l./ s e c]neasn. ?‘ ‘]Dk)l.’ + hew sa\ve

for Ras 146Bn and Vem =3.7¢Y. (We choosa
'H\e S fendand valve EZ__: ’47-&.&. - /Uu*‘wf-

have

"

Ve=-374= -5 2% _
¥ R;"‘ Pﬂ}
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Oﬂ"'bl*"rnh 'Y we c..\\oesc ?! = IOk.ﬂ. and +hew
So\vc to obtawm Ei.lSCL"k't'

The simulation file is P12_11. After we run the program, we
use Probe to plot V(out) versus V(in) and obtain the transfer
characteristic, which agrees with the sketch shown earlier in
this problem solution.

Problem 12.12]

1#—',J$+

The circuit has negative feedback. Therefore Vx = Vgy. We

have iin = (vin - VB)/R, and iin flows through the diodes. For
Vin> VB' D1 is forward biased and D2 is in reverse breakdown. We
have:

Vo ™ VB + 4.7 for Vi > VB

On the other hand, for v._ < VB' D. is in reverse breakdown and

in i

D2 is forward biased. Then we have:
v° = VB - 4.7 for Vin > VB

I Ve

= (O* a7 ¥V
For VB 0:
Un

_407 v
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U
For Vg = 3 V: 7.7 V 3

L

1.3 —- VM

The simulation file is P12 _12.

Problem 12.13

Here is one solution for the problem:
P'- | M +5

N\ B2
R=2bn " Ro =l
M- &

Ry A5 % 8
+ 4o 2 Rg =0k B
YV, -ls 1
HIS
g Xa
Re=13kn .
+HEY e—MWr——— =
: | R Noft: R} Rl
;::7 ‘f ¢ *Iha d.\\d ?’ Cm-u.
s ke 5% h’\'

Rl’ Rz, and Rg can be 5%-tolerance. The remaining resistors

should be 1%. The Schematic file is P12 13.

Problem 12.14

See Figure 12.16 on page 810 in the book.

Problem 12.15

To achieve very low frequency, we need to choose large
Thus, the charging current for the capacitor

(a)
values for R and C.
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will be very small. We should choose a comparator with the
smallest possible bias current. If the choice is between the
uA741 and the LF411, we should choose the LF411.

(b) We choose the maximum allowed resistance and capacitance.
Then the frequency is given by Equation 12.7 on page 812.

1 1
£f = = = 0.0228 Hz
2RCINn(3) 550 x 10%)10"%1n(3)

@) For a ’on?cr faqmo& we want o pase

4+he threshold vn"hl?c. ’. choose R>R;.
For R,:QEZ + he 5u.a|+c.|v\|u7 +hreshold s are

at rFo.9 A The waveforms are:
+A Iv;t* ' jiame

P! e |
sl p 5

(e O-q A

as g Em_mbv'z 12.2:
U ()= 03A = A- L3AE
| [
= >+ = = 0.008849 H
F= 3 2 Re £ (19) o
(d) T he Fro\ole.m ls 4 het I'F + he f;c,mran.\‘on
bias current 15 lavse on 1§ the Cmrﬂ.c.l"'w-

| s ]¢¢|<)¢j T he Fﬂwo& will bhe a.-f:ﬁcc:\‘v.h.

"'T/é RC
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Problem 12.16]

Here is one solution:

IS
R
o ‘ : R,
CI—- ?‘,; D" v; JOkA
T y

Choose (| = /000pF  thew R = =22 7kA
choose R‘ 2R

R'i = Rg = /00 kA Rg =47k
-D Dz |N 750 Qg - Lsk.ﬁ-

The simulation file is P12 16. (It is necessary to specify
a nonzero initial condition on the capacitor for the circuit
operation to start rapidly.) Waveforms from the simulation:

B e e e e cdcr s nsssss s s e m e m———————— %
] ]

: zi T ' :

| o : :

[) ()

i i
/ v . : '

‘u.: . . - . . . :
(] 1

! ' :

: . ; :

] ]

: : : :

1 ]

1 . _ 1

! :
L e e e e R e M i i
0s S58us 100us 150us
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Problem 12.17

(a) WA

P to *ISV
(‘ time Cons +¢u+

NO-SV - -

Ves of @, fl"“ Vepses ©F @2

(b) The simulation file is P12 17. The voltage across the
capacitor is very similar to the sketch shown in part (a).

(C) First redefing =0 to be at +he
Start of the second c)ec.le (because + hea

"rihs"f C}C‘c S ho+ +rFl€.¢.1) . Then

X
WA - A Ber TR

bot
V()2 O.BY and V() =(5V
Th¢5€. Condﬂ\*'uua ;.g\uﬂ

=
VW)= IS - H.2e fibs
~T/pe

now VL (Mese= Is- 42 €
}'le(&s T2 o0.4|25 RC
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; l
F= /r = cues ke = 242 kis

(d) Ne.7l¢c.+\n7 +he basa Curreut of Q, e

have Icﬁt' !&%—?—i (.{nz have alseo hejleghﬂ
|

+k€ CLL'P‘M:»;* ) R'), ASJu.s-uu;? +J'Iq,_+ {-1-1-..

+'r¢.n5|3+o\-s. are 5;_“‘:.?1.‘{'!& avd +het the
current From C has Sallex +o 2ere, we

hive Egy BEgdt 2 ;"'9,

In S¢+uu+[¢hj we h&&'{‘ hqu

Icz, < F; IBZ

Now For @,

+° remaiy

e e p W
ASSkh\ln? that Vee>>0.8V 44, Slmfllplt.s
to R< F>, Ri. Thus For oscillatiens o
continve, we must have R> 53, S

Te demonstrcdte Meduce the value of R +o

Joo kar awd run the pres ram. After t+he

'?I\M;‘{‘ C}r_lcj the transistors remarn iu saturation.
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Problem 12.18

Each time a monostable multivibrator is triggered, it
produces a single output pulse of predetermined duration. See
Figure 12.25(b) on page 819 in the book for typical waveforms.

Problem 12.19]

See Figure 12.24 and the related discussion on pages 817 and
818 in the book.

Problem 12.20

The duration of the pulse is the time that it takes for C to
charge to 2vcc/3 starting from zero. Define t = 0 as the
beginning of the transient. Then we have

Va(t) = Vg,

c = Vac®XP(-t/R,C)

Then at t = T we have
VC(T) :ZVCCIB = VCC T Vccexp(-T/RAC)
éxp(~T/RAC) = 1/3
-T/RAC = 1n(1/3) = -1In(3)

T = R,Cln(3)

Problem 12.21

The circuit is shown in Figure 12.25 on page 819 in the

book. We pick C = 10 uF and then we compute RA using Equation
12.8.

T 1
R, = = = 910 kO
A" CIn(3) ~ 1576153

This happens to be a standard value for 5%-tolerance resistors.
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Other values of components will also work. However, RA
should not be larger than a few megohms or the current taken by

the discharge and threshold inputs will affect the pulse duration
too much. Usually, we want to keep C small so it does not occupy

too much volume.

Problem 12.551

The circuit diagram is shown in Figure 12.26 on page 820 in
the book. The duty ratio d is given by Equation 12.15:

Byt By

+

d = 75% = o———— x 100%
RA + 2RB

Solving we find RA = ZRB.

The frequency is given by Equation 12.13.

f =

1
(R, + 2Ry)CIn(2)

Let us select C = 0.1 puF. Then we have

- ) 1 -
RA + 2RB - = = 7.213 kQ

£CIn(2)  ,500 x 1077 1n(2)

Finally, using RA = 2RB, we obtain RA = 3.6 kQQ and RB = 1.8 k0.
These are standard values for 5%-tolerance resistors.

Problem 12.23

We use a precision rectifier in instrumentation applications
where accuracy is important. We use simple rectifiers for power
supplies, in high-frequency applications, and where accuracy is
less important.

Problem 12.24

One solution is shown on the next page. The simulation
shows that the desired waveform is produced. The simulation file
is P12 24.
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R2

20K
D1

WNN  DiN4148

~

D1N4148

Problem 12.25

One solution is shown below. The simulation shows that the
desired waveform is produced. The simulation file is P12 25.

R2 R3
—ANA—= NN
20k 38k
D
VNN p1n4148 i %
i

D1N4148

Problem 12.26

One solution is shown on the next page. The simulation
shows that the desired waveform is produced. The simulation file
is P12 26.
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10k
+
i | u2
0
VNN D1N4148 .
N D2
7 D1N4148

thy o

Problem 12.27

A peak detector produces an output that is equal to the
previous peak value of the input signal. A circuit for a simple
peak detector is shown in Figure 12.33 and a precision peak
detector is shown in Figure 12.34 on page 827.

Problem 12.28

To modify the circuit of Figure 12.34 to produce an output
that is the previous minimum value of the input voltage, we

simply need to reverse the connections to the diode.

Problem 12.29

Full wave

of Problem
12.26 with
diodas

lh reversad
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As shown in the diagram, we use a precision peak detector as
the first stage to obtain the absolute value of the input signal.
The second stage is a precision peak rectifier. We include a
switch so the circuit can be reset.

The simulation file is P12_29. We have used the linear
model for all of the op amps except X3 because the student

versions of PSpice will not allow a circuit of this complexity
with the full nonlinear model. We set up the input source as an
exponentially growing sine wave by including a negative damping
factor (DF) in its specification. The resulting waveforms are:

Problem 12.30

A sample-and-hold circuit has two modes. 1In the sample (or
track) mode, the output follows the input signal. In the hold
(or store) state, the output is constant and equal to the value
of the input immediately prior to entering the hold state.

See Figure 12.36 on page 830 for the circuit diagram of a
sample-and-hold circuit.

Problem 12.31

dv

- c

(@) 1, =C 3¢
100 x 10712 = ¢(2 x 1073)

C = 50 nF (or greater)
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[Av_| % C
(b) maximum acquisition time = O nags

|1C|

_ 10 x 50 x 1077
10 mA

= 50 us

Problem 12.32

A clamp circuit produces an output that is equal to the
input plus a constant. The constant is adjusted so the positive
(or negative) extreme of the output is a predetermined value.
The circuit diagram of a precision clamp circuit is shown in
Figure 12.37 on page 831 in the book.

Problem 12.33

X1
" n IRLFA11LN
Ouwl
in RL
10k
Vin

The simulation file is P12 33. Other values of R and C will
work as long as the RC time constant is long compared to the
period of the input. The input and output waveforms are:

ettt




Notice that the first cycle is distorted but after that the
circuit performs as desired.

Problem 12.34

The primary consideration for the sampling rate is the
frequency distribution of the significant components of the input
signal. The sampling rate should be at least twice the highest
frequency.

The primary consideration for the number of bits per sample
is the amount of quantization noise that can be tolerated.

Problem 12.35

The sampling rate is 1.5 x 2 x fH = 300 Hz.

Refer to Figure 12.39 on page 834 in the book. The peak-to-

peak signal amplitude that can be accommodated is 2"”A where n is
the number of bits per sample and A is the width of a
quantization zone. The peak quantization noise amplitude is A/2
(assuming that the reconstructed signal has amplitudes in the

centers of the quantization zones). The problem requires that
n
2°A  _
1000 ~ /2

Therefore, the requirement is that 2" = s500. This requires
n = 9 or greater.

The data rate is (300 samples/s) x (9 bits/sample) = 2700
bits per second.

Problem 12,36

n-1

The peak signal amplitude is Vi ™ 2 A. Therefore, the

signal power is Psigna1= V:/(ZRL) = 22n-362/RL. The guantization

noise power is given by Equation 12.18&.

The problem requires that

10log (P ) = 50 dB

signalfpnoise
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= 10°P

signal noise

JAA342 105 A2

RL 12RL

22873 . 8333
(2n-3)1log(2) = log(8333)

From which we obtain n = 8.
Problem 12.37
(a) For a sine wave, we have vrms = vpeakxiz . Therefore the

peak factor is vpeaklvrms = {2.

(b) The ADC can accommodate the same V for both the sine

peak
wave and the music waveform. We can write
Vpeak i Igvrms,sine T 1oovrms,music

Squaring both sides and dividing by the load resistance:

2 4.2
2vrms,sine 3 9 vrms,music
Psine y sooopmusic
P . P P ; P
SNR = _music _ “sine = “music _ sine 1

. = b4
Ty Pnoise Pnoise Psine Pnoise 2GR0

In decibels this becomes:

SNRmusic,dB > SNRsine,dB ~ 37 a0

For a sine wave the SNR is given by Equation 12.23, so we have:

SNR = 6én - 35.2 dB

music,dB

For SNR to exceed 60 dB, we need n = 16.

music,dB

541



Problem 12.38

The weighted resistance DAC contains a wide range of
resistances. If the same material is to be used, the larger
resistances need a large L/W ratio. W cannot be made smaller
than the minimum that the process can provide. Thus L must be
large and the resistors consume large amounts of chip area.
(Using a wide range of materials is not practical.)

On the other hand, the R-2R DAC requires only a 2-to-1 ratio
of resistances, and all of the resistors can have W/L close to
unity so they consume relatively little chip area.

Problem 12.39

If the switches did not connect to ground, the current
through the V,.ef Source would vary greatly depending on the

switch settings. Practical sources have internal resistance and
variable current would cause V. eg to vary resulting in

inaccuracies in the analog output.

Problem 12.40

The current flowing through the weighted resistances is:

1 =

6 Vref/R + Vv

ref/2R + Vo g/4R + ...

= 10 '+ 8 % 2.8 + 1.25 * 0.625 '+ . ..
19.92 mA

v = 1°R/2

9.96 V

Problem 12.41

For the weighted resistance DAC of Figure 12.42 on page 838,
the total resistance is:

R + 2R + 4R +...128R = 255R

Because each R-{] resistor consumes 100 (um)z, the resistances
2
consume 25,500 (um)".
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For the R-2R DAC of Figure 12.44 on page 840, a total of 7
resistors of value R and 9 resistors of value 2R are needed.
Thus the total resistance is 25 R and the area consumed is 2500
(um)z. Notice that the R-2R DAC consumes much less chip area.

[Eroblem 12.42

(a) Vy, must be high enough so that all of the transistors can
operate in the active region. The negative power supply terminal
is at -15 V. Because vref = 5 and VBE = 0.7, the bases of Ql'
Qz' etc. are at -9.3 V. As a minimum the collectors of Ql, Qz'
etc. should be at the same voltages as the bases. Thus, the
bases of the switching transistors must be at -8.6 V as a
minimum. On the other hand the bases of the switching
transistors should not be at a higher voltage than that of the
collectors of the switching transistors. Since the collectors
are at 0 V due to the op amp, the upper limit for the base

dz, etc. to
Thus the

voltages is zero. Furthermore, we must allow for dl,
be at least several tenths of a volt higher than Vb‘

allowed range is -8.6 < v, < 0.2.

(b) If we select Vy, = =5 V, the suitable logic-high range for
e Tl
differential is sufficient to steer the current.) The range for

etc. runs from about -4.8 V to 0 V. (Approximately 0.2 V

the low state is downward from -5.2 V. However the low logic
level should not be so low that breakdown of the base--emitter
junctions may occur. Typically the base--emitter breakdown
voltage is about 6 V in magnitude. To be on the safe side, we
design for a maximum base-emitter reverse voltage of 3 V. Thus,
a reasonable range for the low state is -5.2 to -8V.

(c) Using Equation 12.26 on page 841, we have

R
.| £ 2
Vo * VrefR“ b
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1000

= 51000(0 99) (0.5 + 0.25)

3.675 V

Problem 12.43

In the weighted resistance DAC shown in Figure 12.42 on page
838, the most critical resistance is the left-most one, whose
value we denote in this solution as Rleft which has a nominal
value of R. For this circuit, the smallest increment in the
output voltage occurs when switch dn changes. Then the change in
the current is
Vref vref

Al = =
Rzn - 128R

The current through the left-most resistor must be within &iofz
of its nominal value, which is V. eg/R-

vref/Rleft = V*.r:ef/R G vref/(zssR)

256R

Rieft =356 : 7 - R * 0.39%

Of course, the other resistors will also contribute to
inaccuracy of the output, so tolerances of about *0.2% would be

needed overall.

Problem 12.44

In the weighted resistance DAC of Figure 12.42, the current

drawn from the reference source is

I n- 1

f[1/R + T/(2R) ¥ ...* 1f(2 R)]

ref

1-n
Vref(Z 2 ) /R
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Thus the resistance seen by the reference source is

R - Vref - R
load Iref 2l 21-

n

In the R--2R DAC of Figure 12.44, the resistance seen by the

reference source is Rload = R.

Problem 12.45

A flash ADC is best if high speed is the primary
consideration. Usually a dual-slope ADC is best if accuracy is
the primary consideration.

Problem 12.46

The interval T, corresponds to a count of e which requires

18 _ .18 _ ;
2 Tclock = 277(0.2 pus) = 52.43 ms. Conversion can take up to

2T, = 0.105s which corresponds to a conversion rate of 9.53 Hz.

Refer to Figure 12.50 on page 846 in the book. The slope of

v, 1s vS/(Rc) = vpeak/Tl‘ Solving for C and substituting values
we have

C = v T,/ (RV = 10(52.43 x 10 >) /(1000 x 10)

peak)

52.43 uF

(Larger R and smaller C would be more practical.)

The accuracy of the converter is independent of R within

reasonable limits. If R increases, vpeak will decrease.

Problem 12.47

The diagram of the flash converter is shown in Figure 12.48
on page 844 in the book. Because the peak signal is 5 V, we
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choose V__. = 5 V so the entire range of the converter is
utilized. Any value of R in the range from 1 kQ to 10 kQ is
suitable. The number of comparators indicated in the figure is
in error (at least for the first printing). The number of
comparators should be 2" < 1. For n = 4, a total of 15
comparators are needed. The truth table for the decoding logic
b £

Input to decoding logic d.d.d.d
read from top to bottom| 1727374
1111113111111111 0000
11111111113111110 0001
111111111111100 0010
111111111111000 0011
111111111110000 0100
100000000000000 1110
000000000000000 2113

Other combinations Don’t care

546



Errata for the first printing of Electronics, 2 edition
by Allan R. Hambley

Page |Location Correction (underlined)

iX Line 5 ..Chapters 4 and 5 can be reversed...

80 Figure 2.23 Delete the vertical line through the
voltage source v;,

83 Sentence above The voltage across Ry is given by

Equation 2.25

125 D2.33 line 8 Wieee = 10 um . (For consistency with the
solutions manual.)

301 First margin using SPICE to play with circuits.

comment

476 Problem 7.20 line 5 | percentage does I change?

476 Problem 7.22 line 3 | Derive an expression for the current Ip
for the circuit

479 Problem 7.38 line 2 | Figure P7.38. Allow...

563 Line 4 Interchange pnp and npn.

592 Lines 9 and 10 ..Rif = 24.6 MQ

651 D9.40 line 2 Insert magnitude bars around beta: |f|

651 D9.49 line 3 ...with a gain magnitude ...

653 Problem 9.78 Should refer to Problem 9.76 rather than
Problem 9.75.

703 Equation 10.49 R, . R+R

q Replace R+R with R

717 Line 6 10.8 Repeat Example 10.8, ...

721 Problem 10.10 The third sentence of the problem should
read: "The case-to-sink thermal resistance
iS O¢s = 0.5NC/W."

725 Hint for problem The input terminals do not need to be

D10.50 interchanged.

750 Line 2 from bottom | fL -6.96 MHz

777 Line 12 RL = -1.875 MQ

791 Problem 11.2 Write the transfer function magnitude...

844 Figure 12.48 There are 2"- 1 comparators not 2" as
indicated in the figure.




‘ 852 ‘ Problem 12.17 line 9 ‘ Replace vz with vi.

Please contact the author at arhamble@mtu.edu with any additional
corrections.
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