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Preface

This book is an undergraduate level textbook presenting a thorough discussion of state-of-the art
electronic devices. It is self-contained; it begins with an introduction to solid state semiconductor
devices. The prerequisites for this text are first year calculus and physics, and a two-semester
course in circuit analysis including the fundamental theorems and the Laplace transformation. No
previous knowledge of MATLAB® is required; the material in Appendix A and the inexpensive
MATLAB Student Version is all the reader need to get going. Our discussions are based on a PC
with Windows XP platforms but if you have another platform such as Macintosh, please refer to
the appropriate sections of the MATLAB’s User Guide which also contains instructions for
installation. Additional information including purchasing may be obtained from The MathWorks,
Inc., 3 Apple Hill Drive, Natick, MA 01760-2098. Phone: 508 647-7000, Fax: 508 647-7001, e-
mail: info@mathwork.com and web site http://www.mathworks.com.This text can also be used
without MATLAB.

This is our fourth electrical and computer engineering-based text with MATLAB applications.
My associates, contributors, and I have a mission to produce substance and yet inexpensive texts

for the average reader. Our first three texts are very popular with students and working
professionals seeking to enhance their knowledge and prepare for the professional engineering
examination. We are working with limited resources and our small profits left after large discounts
to the bookstores and distributors, are reinvested in the production of more texts. To maintain
our retail prices as low as possible, we avoid expensive and fancy hardcovers.

The author and contributors make no claim to originality of content or of treatment, but have
taken care to present definitions, statements of physical laws, theorems, and problems.

Chapter 1 is an introduction to the nature of small signals used in electronic devices, amplifiers,
definitions of decibels, bandwidth, poles and zeros, stability, transfer functions, and Bode plots.
Chapter 2 is an introduction to solid state electronics beginning with simple explanations of
electron and hole movement. This chapter provides a thorough discussion on the junction diode
and its volt-ampere characteristics. In most cases, the non-linear characteristics are plotted with
simple MATLAB scripts. The discussion concludes with diode applications, the Zener, Schottky,
tunnel, and varactor diodes, and optoelectronics devices. Chapters 3 and 4 are devoted to bipolar
junction transistors and FETs respectively, and many examples with detailed solutions are
provided. Chapter 5 is a long chapter on op amps. Many op amp circuits are presented and their
applications are well illustrated.

* These are Circuit Analysis I, ISBN 0-9709511-2-4, Circuit Analysis II, ISBN 0-9709511-5-9, and Signals
and Systems, ISBN 0-9709511-6-7.




The highlight of this text is Chapter 6 on integrated devices used in logic circuits. The internal
construction and operation of the TTL, NMOS, PMOS, CMOS, ECL, and the biCMOS families
of those devices are fully discussed. Moreover, the interpretation of the most important
parameters listed in the manufacturers data sheets are explained in detail. Chapter 7 is an
introduction to pulse circuits and waveform generators. There, we discuss the 555 Timer, the
astable, monostable, and bistable multivibrators, and the Schmitt trigger.

Chapter 8 discusses to the frequency characteristic of single-stage and cascade amplifiers, and
Chapter 9 is devoted to tuned amplifiers. Sinusoidal oscillators are introduced in Chapter 10.

There are also three appendices in this text. As mentioned earlier, the first, Appendix A, is an
introduction to MATLAB. Appendix B is an introduction to uncompensated and compensated
networks, and Appendix C discusses the substitution, reduction, and Miller’s theorems.

A companion to this text, Logic Circuits, is nearly completion also. This text is devoted strictly on
Boolean logic, combinational and sequential circuits as interconnected logic gates and flip-flops,
an introduction to static and dynamic memory devices. and other related topics.

Like any other new text, the readers will probably find some mistakes and typo errors for which we
assume responsibility. We will be grateful to readers who direct these to our attention at
info@orchardpublications.com. Thank you.

Orchard Publications

Fremont, California 94538-4741
United States of America
www.orchardpublications.com
info@orchardpublications.com
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Chapter 1

Basic Electronic Concepts and Signals

lectronics may be defined as the science and technology of electronic devices and systems.

Electronic devices are primarily non-linear devices such as diodes and transistors and in gen-

eral integrated circuits (ICs) in which small signals (voltages and currents) are applied to
them. Of course, electronic systems may include resistors, capacitors and inductors as well.
Because resistors, capacitors and inductors existed long ago before the advent of semiconductor
diodes and transistors, these devices are thought of as electrical devices and the systems that con-
sist of these devices are generally said to be electrical rather than electronic systems. As we know,
with today’s technology, ICs are getting smaller and smaller and thus the modern IC technology is
referred to as microelectronics.

1.1 Signals and Signal Classifications

A signal is any waveform that serves as a means of communication. It represents a fluctuating elec-
tric quantity, such as voltage, current, electric or magnetic field strength, sound, image, or any
message transmitted or received in telegraphy, telephony, radio, television, or radar. Figure 1.1
shows a typical signal f(t) that varies with time where f(t) can be any physical quantity such as
voltage, current, temperature, pressure, and so on.

f(t)

Figure 1.1. Typical waveform of a signal

We will now define the average value of a waveform.

Consider the waveform shown in Figure 1.2. The average value of f(t) in the interval a<t<b is

b
b _ Area I a fiodt
f(t)a"e|a ~ Period  b-a (1.1
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f(t)
f(b)

f(a)/\

Area \

4 «<—Period——> b
Figure 1.2. Defining the average value of a typical waveform
A periodic time function satisfies the expression
f(t) = f(t+nT) (1.2)
for all time t and for all integers n. The constant T is the period and it is the smallest value of
time which separates recurring values of the waveform.

An alternating waveform is any periodic time function whose average value over a period is zero.
Of course, all sinusoids are alternating waveforms. Others are shown in Figure 1.3.

t . SNt
! \/I
- T = <—T—>:

- T

Figure 1.3. Examples of alternating waveforms

The effective (or RMS) value of a periodic current waveform i(t) denoted as I is the current

that produces heat in a given resistor R at the same average rate as a direct (constant) current
l4c, that is,

Average Power = P, = Rlezff = lec (1.3)

Also, in a periodic current waveform i(t) the instantaneous power p(t) is

p(t) = Ri%(t) (1.4)
and
1 ! 1 ! R !
2 2
P.ye = ?J. p(Hdt = $J‘ Ri“dt = ?J‘ i“dt (1.5)
0 0 0
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Equating (1.3) with (1.5) we get
2 R( .2
Rl = =| i°dt
eff T'[O
or
1",
12 = T_jolzdt (1.6)

or
.
lams = logr = %joizdt = JAve(i’) (1.7)

where RMS stands for Root Mean Squared, that is, the effective value I ¢ or Igyg value of a cur-
rent is computed as the square root of the mean (average) of the square of the current.

Warning 1: In general, Ave(iz) # (iave)z. Ave(iz) implies that the current i must first be squared

and the average of the squared value is to be computed. On the other hand, (i a\,e)z implies that

the average value of the current must first be found and then the average must be squared.
Warning 2: In general, P, o # Ve - laye - If V(1) = V cosot and i(t) = 1,cos(wt+6) for exam-

ple, V.. = 0 and I, = 0, it follows that P,,, = 0 also. However,

T T
P.,. = %jo pdt = %jovidt;to

. . . . . . * . .
In introductory electrical engineering books it is shown that if the peak (maximum) value of a
current of a sinusoidal waveform is s then

lams = 1,/+2 = 07071 (1.8)
and we must remember that (1.8) applies to sinusoidal values only.

1.2 Amplifiers

An amplifier is an electronic circuit which increases the magnitude of the input signal. The symbol
of a typical amplifier is a triangle as shown in Figure 1.4.

TVIDFI TU_

Figure 1.4. Symbol for electronic amplifier

* See Circuit Analysis [ with MATLAB Applications, ISBN 0-970951 1-2-4, Orchard Publications.
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An electronic (or electric) circuit which produces an output that is smaller than the input is
called an attenuator. A resistive voltage divider is a typical attenuator.

An amplifier can be classified as a voltage, current or power amplifier. The gain of an amplifier is
the ratio of the output to the input. Thus, for a voltage amplifier

Output Voltage
Input Voltage

Voltage Gain =

or
Gy = Vou/Vin

The current gain G; and power gain G, are defined similarly.

1.3 Decibels

The ratio of any two values of the same quantity (power, voltage or current) can be expressed in
decibels (dB). For instance, we say that an amplifier has 10 dB power gain, or a transmission
line has a power loss of 7 dB (or gain -7 dB). If the gain (or loss) is 0 dB, the output is equal to
the input. We should remember that a negative voltage or current gain G, or G; indicates that

there is a 180° phase difference between the input and the output waveforms. For instance, if an
op amp has a gain of —100 (dimensionless number), it means that the output is 180° out-of-
phase with the input. For this reason we use absolute values of power, voltage and current when
these are expressed in dB terms to avoid misinterpretation of gain or loss.

By definition,

Pout

dB = 10log (1.9)

in
Therefore,

10 dB represents a power ratio of 10 .

10n dB represents a power ratio of 10" .
[t is useful to remember that

20 dB represents a power ratio of 100.
30 dB represents a power ratio of 1, 000

60 dB represents a power ratio of 1, 000, 000
Also,

1-4 Electronic Devices and Amplifier Circuits with MATLAB Applications
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1 dB represents a power ratio of approximately 1.25
3 dB represents a power ratio of approximately 2
7 dB represents a power ratio of approximately 5

From these, we can estimate other values. For instance, 4 dB = 3 dB + 1 dB which is equivalent
to a power ratio of approximately 2 x 1.25 = 2.5. Likewise, 27 dB = 20 dB + 7 dB and this is
equivalent to a power ratio of approximately 100 x 5 = 500.

Since y = logx® = 2logx and P = V2/Z = 1% Z, if welet Z = 1 the dB values for voltage and
current ratios become

2
Vout

in

\/out

in

dBV = 10log = 20log (1.10)

and

dB; = 10log|lou’ (1.11)

= 20log

IOUt

n n

1.4 Bandwidth and Frequency Response

Like electric filters, amplifiers exhibit a band of frequencies over which the output remains nearly
constant. Consider, for example, the magnitude of the output voltage |V, of an electric or elec-

tronic circuit as a function of radian frequency o as shown in Figure 1.5.

As shown in figure 1.5, the bandwidth is BW = o, - ®, where ®, and o, are the cutoff frequen-

cies. At these frequencies, |V, = +/2/2 = 0.707 and these two points are known as the 3-dB
down or half-power points. They derive their name from the fact that since power

p = V2/R = iz-R, for R = 1 and for v or i = /2/2 = 0.707 the power is 1/2, that is, it is
“halved”.

0707 —

Bandwidth———— =

®

|

|
| |
1 |
(O3] Q)
Figure 1.5. Definition of bandwidth

Alternately, we can define the bandwidth as the frequency band between half-power points. We
recall from the characteristics of electric filters, the low-pass and high-pass filters have only one

Electronic Devices and Amplifier Circuits with MATLAB Applications 1-5
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cutoff frequency whereas band-pass and band-stop filters have two. We may think that low-pass
and high-pass filters have also two cutoff frequencies where in the case of the low-pass filter the

second cutoff frequency is at @ = 0 while in a high-pass filter it is at ® = .

We also recall also that the output of circuit is dependent upon the frequency when the input is a
sinusoidal voltage. In general form, the output voltage is expressed as

Vou(®) = [Vou(@)] e’ (1.12)

where |V, (o)| is known as the magnitude response and e19(®) is known as the phase response.

These two responses together constitute the frequency response of a circuit.

Example 1.1

Derive and sketch the magnitude and phase responses of the RC low-pass filter shown in Figure

1.6.
R
Vin C= Vout
Figure 1.6. RC low-pass filter
Solution:

By application of the voltage division expression

_ _YjoC |,
out = R4 1/joC N
Vour . __1 (1.13)
V,,  1+joRC
or
Vout 1 1 -1
= = Z~tan (oRC) (1.14)
Vin 1+ 02R%C? stan (@RC) 41+ 02R2C?
and thus the magnitude is
Vou| - 1 (1.15)
Vinl 1+ 02R?C?
and the phase angle (sometimes called argument and abbreviated as arg) is
Vout -1
¢ = arg = —tan (wRC) (1.16)
)
1-6 Electronic Devices and Amplifier Circuits with MATLAB Applications
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To sketch the magnitude, we let ® assume the values 0, 1/RC, and o . Then,

as @ —> 0, |Vqu/ Vi 21

for o = 1/RC, |Vo,/ Vi = 1/(42) = 0.707

and as ® — o0, |V,/V; | =0

To sketch the phase response, we use (1.16). Then,
as ® —> -0, ¢ = —tan_l(—oo) =90

as ® >0, ¢;—tan710;0

for ® = 1/RC, p=—tan 1= 45

as ® —> oo, ¢= —tan_l(oo) =90

The magnitude and phase responses of the RC low-pass filter are shown in Figure 1.7.

Vout 9OOA

Ve | T — — - |\ — — — -
T45° 1/RC
1 —1/RC /
0.707 ok "o

—45°T
o  --——— - — — — -

-90°

Figure 1.7. Magnitude and phase responses for the low-pass filter of Figure 1.6

1.5 Bode Plots

The magnitude and phase responses of a circuit are often shown with asymptotic lines as approxi-
mations. Consider two frequency intervals expressed as

(O]
U,—u; = log,yo,—log,;qm; = Iog[ 2] (1.17)

©
then two common frequency intervals are (1) the octave for which ®, = 2w, and (2) the decade

for which o, = 100, .
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Now, let us consider a circuit whose gain is given as

G(»), = C/o" (1.18)
where C is a constant and k is a non-zero positive integer. Taking the common log of (1.18) and
multiplying by 20 we get

20Ioglo{G(m)V} = 20log,, C - 20klog 1 ®
{G(®),}4g = 20log,, C - 20klog g © (1.19)

We observe that (1.19) represents an equation of a straight line with abscissa log,y®, slope of
-20k, and {G(w),} intercept at 20log,,10C = constant. We can choose the slope to be either

—20k dB/decade or —6k dB/octave. Thus, if k = 1, the slope becomes —20 dB/decade as
illustrated in the plot of Figure 1.8.

dB
{G(w) ,}4

0-_

slope = —20 dB/decade

-201
/
log, o0

-40 , i .

1 10 100

Figure 1.8. Plot of relation (1.19) for k = 1

Then, any line parallel to this slope will represent a drop of 20 dB/decade. We observe also that
if the exponent k in (1.18) is changed to 2, the slope will be —~40 dB/decade.

We can now approximate the magnitude and phase responses of the low-pass filter of Example
1.1 with asymptotic lines as shown in Figure 1.9.
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dB o(®)
0.1 1 10 100
0 N - logw
| —20 dB/decade O :
-10{ | N |
| 45— - - I
—20' ______ : ————— \ . :
| N !
30 ! ! logo  god N
0.1 1 10 100

Figure 1.9. Magnitude and phase responses for the low-pass filter of Figure 1.6.

1.6 Transfer Function

. . . * . 0 . . . .
Let us consider the continuous-time,” linear,’ and time-invariant* system of Figure 1.10.

Vi, (1) Continuous —time, Voui(t)
S linear, and time- |———>
invariant system

Figure 1.10. Input-output block diagram for linear, time-invariant continuous-time system

We will assume that initially no energy is stored in the system. The input-output relationship can
be described by the differential equation of

dm dm -1 m-2
bmdFVout(t) +b,_ leout(t) + bm—zdtT—ZVOUt(t) + .+ bV (t) =
(1.20)

n n-1 n-2
anﬁvm(t) + an_ldtn_lvln(t) + an_zdtn_zvln(t) + ...+ aOVm(t)

For practically all electric networks, m > n and the integer m denotes the order of the system.

Taking the Laplace transform” of both sides of (1.20) we get

(bys™ + by s b ST TP bV (S) =

n n-1 n-2
(a,s +2a,_4S +a,_,S +...+ay)V;,(5)

* A continuous-time signal is a function that is defined over a continuous range of time.

1 A linear system consists of linear devices and may include independent and dependent voltage and current sources. For
details, please refer to Circuit Analysis I with MATLAB Applications, ISBN 0-9709511-2-4 by this author.

T A time-invariant system is a linear system in which the parameters do not vary with time.

** The Laplace transform and its applications to electric circuit is discussed in detail in Circuit Analysis 11, ISBN 0-9709511-
5-9, Orchard Publications.
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Solving for V,(s) we obtain

(a,s"+a, ;5" T+a, ,s" P+ ... +ap) v () = NG,
_ ) in(S) - in(S)
(b, +by,_ 48" m D(s)

Vour(S) =
ot 1+bm723 +...+Dbp)

where N(s) and D(s) are the numerator and denominator polynomials respectively.
The transfer function G(s) is defined as

Voui(s) _ N(s) (1.21)
Vin(s) D(S) .

G(s) =

Example 1.2

Derive the transfer function G(s) of the network of Figure 1.11.

L
a2 e s
+ 0.5H +
! + T
Vin(t) C_ IF R>10Q Vout(t)
J V

Figure 1.11. Network for Example 1.2

Solution:

. . . . . - >k . . . -
The given circuit is in the t —domain The transfer function G(s) exists only in the s —domain ¥
and thus we redraw the circuit in the s —domain as shown in Figure 1.12.

. YV

+ 0.5s
1

Vin(s) ;

v

— +

1 Vout(s)

|+
~
o

| <—

Figure 1.12. Circuit of Example 1.2 in the s —domain

* For brevity, we will denote the time domain as t—domain

T Henceforth, the complex frequency, i.e., s = o+ jo, will be referred to as the s —domain.
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For relatively simple circuits such as that of Figure 1.12, we can readily obtain the transfer func-
tion with application of the voltage division expression. Thus, parallel combination of the capaci-
tor and resistor yields

1/sx1 1

1/s+1  s+1

and by application of the voltage division expression

. 1/(s+1)
Voul®) = 555 i1/ + 1y V™

or

_ Vout(s) _ 2

o) = Vin(s) s 4542

1.7 Poles and Zeros
Let

F(s) = NG) (1.22)

- D(s)
where N(s) and D(s) are polynomials and thus (1.22) can be expressed as

m-2

N(s) _ bm3m+bm_15m_l+bm_25 +...+b;s+by

F(s) = (1.23)

n n-1 n-2
D(s) a,s +a,_ (S = +a,_,S +..+a;S+a,

The coefficients a, and by for k = 0, 1, 2, ..., n are real numbers and, for the present discus-

sion, we have assumed that the highest power of N(s) is less than the highest power of D(s), i.e.,
m < n. In this case, F(s) is a proper rational function. If m >n, F(s) is an improper rational function.

It is very convenient to make the coefficient a, of s in (12.2) unity; to do this, we rewrite it as

Lo s"+b, s" tab " 244 b,s+bg)

F(s) = NO) _ (1.24)

D(s) Sn_}_an—lsn—l_i_an—zsn—z+ +a—18+a—0
—_— o

n n an an

The roots of the numerator are called the zeros of F(s), and are found by letting N(s) = 0 in

(1.24). The roots of the denominator are called the poles* of F(s) and are found by letting
D(s) = 0. However, in most engineering applications we are interested in the nature of the poles.

*  The zeros and poles can be distinct (different from one another), complex conjugates, repeated, of a combination of these.

For details please refer to Circuit Analysis I with MATLAB Applications, ISBN 0-9709511-5-9, Orchard Publications.
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1.8 Stability

In general, a system is said to be stable if a finite input produces a finite output. We can predict
k
the stability of a system from its impulse response h(t). In terms of the impulse response,

1. A system is stable if the impulse response h(t) goes to zero after some time as shown in Figure

1.13.

2. A system is marginally stable if the impulse response h(t) reaches a certain non-zero value but
never goes to zero as shown in Figure 1.14.

Figure 1.13. Characteristics of a stable system

Figure 1.14. Characteristics of a marginally stable system

3. A system is unstable if the impulse response h(t) reaches infinity after a certain time as shown
in Figure 1.15.

*  For a detailed discussion on the impulse response, please refer to Signals and Systems with MATLAB Applications, ISBN
0-9709511-6-7, Orchard Publications.
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Figure 1.15. Characteristics of an unstable system

We can plot the poles and zeros of a transfer function G(s) on the complex frequency plane of the
complex variable s = 6 +jwo. A system is stable only when all poles lie on the left-hand half-
plane. It is marginally stable when one or more poles lie on the jo axis, and unstable when one or
more poles lie on the right-hand half-plane. However, the location of the zeros in the s —plane is
immaterial, that is, the nature of the zeros do not determine the stability of the system.

We can use the MATLAB" function bode(sys) to draw the Bode plot of a Linear Time Invariant
(LTT) System where sys = tf(num,den) creates a continuous-time transfer function Sys with numer-
ator num and denominator den, and tf creates a transfer function. With this function, the frequency
range and number of points are chosen automatically. The function bode(sys,{wmin,wmax}) draws
the Bode plot for frequencies between wmin and wmax (in radians/second) and the function
bode(sys,w) uses the user-supplied vector W of frequencies, in radians/second, at which the Bode
response is to be evaluated. To generate logarithmically spaced frequency vectors, we use the com-
mand logspace(first_exponent,last_exponent, number_of_values). For example, to generate

plots for 100 logarithmically evenly spaced points for the frequency interval 10 '<0<10°r/s , we
use the statement logspace(-1,2,100).

The bode(sys,w) function displays both magnitude and phase. If we want to display the magnitude
only, we can use the bodemag(sys,w) function.

MATLAB requires that we express the numerator and denominator of G(S) as polynomials of s in
descending powers.

Example 1.3

The transfer function of a system is

3(s—1)(s> + 25+ 5)
(s+ 2)(s2 + 6s + 25)

G(s) =

*  An introduction to MATLAB is included as Appendix A.
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a. is this system stable?

b. use the MATLAB bode(sys,w) function to plot the magnitude of this transfer function.
Solution:

a. Let us use the MATLAB solve('eqni1’,'egn2',...,'egqnN') function to find the roots of the qua-
dratic factors.

syms s; equi=solve('s"2+2*s+5-0'), equ2=solve('s"2+6*s+25-0")

equl =
[-1+2*1] [-1-2*1i]

equ2 =
[-3+4*1] [-3-4*1]

The zeros and poles of G(s) are shown in Figure 1.16.
X
-3+j4

o.
-1+j2

-2 1

O.
-1-j2

x
354
Figure 1.16. Poles and zeros of the transfer function of Example 1.3

From Figure 1.16 we observe that all poles, denoted as x, lie on the left-hand half-plane and
thus the system is stable. The location of the zeros, denoted as o, is immaterial.

b. We use the MATLAB expand(s) symbolic function to express the numerator and denomina-
tor of G(s) in polynomial form

syms s; n=expand((s—1)*(s"2+2*s+5)), d=expand((s+2)*(s"2+6*s+25))
n =

s”"3+s"2+3*s-5

d =

s*3+8*s72+37*s+50

and thus
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3(s3+52+35—5)

G(s) = 3 >
(s"+8s" +37s+50)

For this example we are interested in the magnitude only so we will use the script

num=3*[1 1 3 -5];den=[1 8 37 50]; sys=tf(num,den);...
w=logspace(0,2,100); bodemag(sys,w); grid

The magnitude is shown in Figure 1.17

Bode Diagranm

Magnitude (HE)

10° 10’ 10°
Frequency (radisec)

Figure 1.17. Bode plot for Example 1.3

Example 1.4

It is known that a voltage amplifier has a frequency response of a low-pass filter, a DC gain of
80 dB, attenuation of —20 dB per decade, and the 3 dB cutoff frequency occurs at 10 KHz.
Determine the gain (in dB) at the frequencies 1 KHz, 10 KHz, 100KHz, 1 MHz, 10 MHz, and

100 MHz.

Solution:

Using the given data we construct the asymptotic magnitude response shown in Figure 1.18 from
which we obtain the following data.

Frequency 1 KHz 10KHz | 100 KHz 1 MHz 10 MHz | 100 MHz
Gain (dB) 80 7 60 40 20 0
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dB
80

—20 dB/decade
60 -

40 4

20

Hz

, 0

100 10* 10° 10° 107 10

Figure 1.18. Asymptotic magnitude response for Example 1.4

1.9 The Voltage Amplifier Equivalent Circuit

s . . . * . . .
Amplifiers are often represented by equivalent circuits also known as circuit models. The equiva-
lent circuit of a voltage amplifier is shown in Figure 1.19.

A A A — out
Rout H
] Vout
N A v % Avoc = v
vocYin out in P
. l out —

Figure 1.19. Circuit model for voltage amplifier where A,,,. denotes the open circuit voltage gain

vocC

The ideal characteristics for the circuit of Figure 1.19 are R;, >« and R,,; > 0.

Example 1.5
For the voltage amplifier of Figure 1.20, find the overall voltage gain A, = v,y,4/V,. Then, use

MATLAB to plot the magnitude of A, for the range 10° < © < 10°. From the plot, estimate the
3 dB cutoff frequency.

* Readers who have a copy of Circuit Analysis I, ISBN 0-9709511-2-4, are encouraged to review Chapter 4 on equivalent
circuits of operational amplifiers.
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R, Rout
v 1KQ 100 Q T
S f Rin C + Rioad i
C> Vin ;; 't AvocVin Vioad
JJ10KQ | 01nF Y Ay =20 SKQ
2cosot mV_ _
L
Figure 1.20. Amplifier circuit for Example 1.5
Solution:
The s -domain equivalent circuit is shown in Figure 1.21.
10° 10%
1 KQ N | 100 Q l
Vg(s) f 4 f
CD Vin()= 10— T 20v4,(65) 3VIoad(S)
| 1010/3 5x100 |
L

Figure 1.21. The s —domain circuit of Figure 1.20

The parallel combination of the 10* resistor and 10'%/s capacitor yields

14 14
4 10 107 /s 10
Z(s) = 107]]107 /s = =
10°+10"%/s  10%s+ 10"
and by the voltage division expression
14 4 10 14
107 /(10 s+ 10 10
Vip(s) = —2LU0SHI0 )y ) = — —V(s) (1.25)
10°+107/(10°s+10™) 10s+1.1x10
Also,
5 x 10° 10°
10" +5x10 5.1x10
and by substitution of (1.25) into (1.26) we get
14
19.61 x 10
Vload(s) = 7 14VS(S)
100s+1.1x10
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Viead(S) _ _ 19,61 x 10" (1.27)
Vg(s) 10's + 1.1 x 10

Gv(s) =

and with MATLAB

num=[0 19.61*10714]; den=[10A7 1.1*10M4]; sys=tf(num,den);...
w=logspace(3,8,1000); bodemag(sys,w); grid

The plot is shown in Figure 1.22 and we see that the cutoff frequency occurs at 22 dB where
fo~10"/2n ~ 1.59 MHz

Magnitude (dB)

gL HH IR R N _
10 10 10° 10° 10 10
Frequency (radisec)

Figure 1.22. Bode plot for the voltage amplifier of Example 1.5

L]

1.10 The Current Amplifier Equivalent Circuit

The equivalent circuit of a current amplifier is shown in Figure 1.23.

+
: 1 A = lout
| Aisclin Rout Vout isc = i
l n Vour =0

Figure 1.23. Circuit model for current amplifier where Ay, denotes the short circuit current gain

The ideal characteristics for the circuit of Figure 1.23 are R;, > 0 and R, — .
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Example 1.6
For the current amplifier of Figure 1.24, derive an expression for the overall current gain
A = ljgaq/ls-

in — ‘out o
+
iIoad
Q) R Rin Aisciin Rout Vioad
is RIoad
Figure 1.24. Current amplifier for Example 1.6
Solution:
Using the current division expression we get
i Rs | (1.28)
1. = | .
" Rs + Rin °
Also,
. Rout .
load = Rout+ RloadAisclin (1-29)
Substitution of (1.28) into (1.29) yields
. Rout Ry .
i = : i (1.30)
load Rout + RIoad ISCRS + Rin )

or
R R
out s Aisc
Rout + RIoad Rs + Rin

i
Ai — IE)ad —
I

In Sections 1.9 and 1.10 we presented the voltage and current amplifier equivalent circuits also
known as circuit models. Two more circuit models are the transresistance and transconductance
equivalent circuits and there are introduced in Exercises 1.4 and 1.5 respectively.
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1.

11 Summary

A signal is any waveform that serves as a means of communication. It represents a fluctuating
electric quantity, such as voltage, current, electric or magnetic field strength, sound, image, or
any message transmitted or received in telegraphy, telephony, radio, television, or radar.

The average value of a waveform f(t) in the interval a<t<b is defined as

jbf t)dt
b_ _Area _Ja (
‘a Period b-a

f(t)ave

A periodic time function satisfies the expression
f(t) = f(t+nT)

for all time t and for all integers n. The constant T is the period and it is the smallest value of
time which separates recurring values of the waveform.

An alternating waveform is any periodic time function whose average value over a period is
zero.

The effective (or RMS) value of a periodic current waveform i(t) denoted as I is the cur-

rent that produces heat in a given resistor R at the same average rate as a direct (constant)
current |y, and it is found from the expression

10" :
lams = ler = /ﬂouzdt = JAve(i®)

where RMS stands for Root Mean Squared, that is, the effective value I or Igys value of a

current is computed as the square root of the mean (average) of the square of the current.
If the peak (maximum) value of a current of a sinusoidal waveform is 1, then

lrms = 1,/(+2) = 0.7071,
An amplifier is an electronic circuit which increases the magnitude of the input signal.

An electronic (or electric) circuit which produces an output that is smaller than the input is
called an attenuator. A resistive voltage divider is a typical attenuator.

An amplifier can be classified as a voltage, current or power amplifier. The gain of an amplifier
is the ratio of the output to the input. Thus, for a voltage amplifier

Output Voltage

Voltage Gain =
Input Voltage
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or
Gy = Vou/Vin

The current gain G; and power gain G, are defined similarly.

® The ratio of any two values of the same quantity (power, voltage or current) can be expressed in
decibels (dB). By definition,
dB = 10log|P,u/Piyl

The dB values for voltage and current ratios are

dB,, = 20log|V,y/ Vi

® The bandwidth is BW = o, - ®,; where o, and o, are the cutoff frequencies. At these fre-

quencies, [V = +2/2 = 0.707 and these two points are known as the 3-dB down or half-
power points.

® The low-pass and high-pass filters have only one cutoff frequency whereas band-pass and band-
stop filters have two. We may think that low-pass and high-pass filters have also two cutoff fre-
quencies where in the case of the low-pass filter the second cutoff frequency is at @ = 0 while
in a high-pass filter it is at ® = .

e We also recall also that the output of circuit is dependent upon the frequency when the input is
a sinusoidal voltage. In general form, the output voltage is expressed as

Vou(®) = |Vout(w)’ ej(p(m)

where |V, (®)| is known as the magnitude response and el®(®) is known as the phase

response. These two responses together constitute the frequency response of a circuit.
® The magnitude and phase responses of a circuit are often shown with asymptotic lines as
approximations and these are referred to as Bode plots.

® Two frequencies »; and o, are said to be separated by an octave if ®, = 2w, and separated

by a decade if w, = 100, .
® The transfer function of a system is defined as

G(S) — VOUt(S) — N(S)
Vin(s) D(s)

where the numerator N(s) and denominator D(s) are as shown in the expression
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-1 n-2
(@S +a, 1S T Ha,_,S H+..+ay) N(s)
Vou(s) = nm ; m-1 - m-2 Vin(s) = D(S)Vin(S)
(bps +by,_4s “+b, s “+...+Dbp)
¢ In the expression
N ai(bmsm+bm_lsm_l+bm_zsm_2+...+bls+bo)
Fs) = Dg == a a a
_ _ a
yodgn-1, n-2n-2, L+t 0
n an an an

where m <n, the roots of the numerator are called the zeros of F(s), and are found by letting
N(s) = 0. The roots of the denominator are called the poles of F(s) and are found by letting
D(s) = 0.

® The zeros and poles can be real and distinct, or repeated, or complex conjugates, or combina-
tions of real and complex conjugates. However, in most engineering applications we are inter-
ested in the nature of the poles.

e A system is said to be stable if a finite input produces a finite output. We can predict the sta-
bility of a system from its impulse response h(t).

e Stability can easily be determined from the transfer function G(s) on the complex frequency
plane of the complex variable s = 6 +jo. A system is stable only when all poles lie on the
left-hand half-plane. It is marginally stable when one or more poles lie on the jo axis, and
unstable when one or more poles lie on the right-hand half-plane. However, the location of
the zeros in the s —plane is immaterial.

® We can use the MATLAB function bode(sys) to draw the Bode plot of a system where sys =
tf(num,den) creates a continuous-time transfer function sys with numerator num and denomi-
nator den, and tf creates a transfer function. With this function, the frequency range and number
of points are chosen automatically. The function bode(sys,{wmin,wmax}) draws the Bode plot
for frequencies between wmin and wmax (in radians/second) and the function bode(sys,w)
uses the user-supplied vector W of frequencies, in radians/second, at which the Bode response is
to be evaluated. To generate logarithmically spaced frequency vectors, we use the command
logspace(first_exponent,last_exponent, number_of_values).

The bode(sys,w) function displays both magnitude and phase. If we want to display the magni-
tude only, we can use the bodemag(sys,w) function.

e Amplifiers are often represented by equivalent circuits also known as circuit models. The com-
mon types are the voltage amplifier, the current amplifier, the transresistance amplifier, and
the transconductance amplifier.
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1.12 Exercises

1. Following the procedure of Example 1.1, derive and sketch the magnitude and phase responses
for an RC high-pass filter.

2. Derive the transfer function G(s) for the network shown below.

3. A system has poles at -4, -2 +j,-2—j, and zeros at -1, —3+j2, and —3—j2. Derive the
transfer function of this system given that G(0) = 10.

4. The circuit model shown below is known as a transresistance amplifier and the ideal characteris-
tics for this amplifier are R;; >0 and R,,; > 0.

_,+
Py
_,+
X
3
|
<
o
=1

Vin in + \Y]

[ -]

¢}

With a voltage source v in series with resistance R, connected on the input side and a load

resistance R,,,4 connected to the output, the circuit is as shown below.

; R
Rs . Iir] out
+ +
1 KQ 100 O
Vs ’ Rin C RIoad ‘
) w2 D R
5 KQ

‘ 10KQ  101nF
2cosot mV _

l

Find the overall voltage gain A, = v|,4/Vs if R, = 100 Q. Then, use MATLAB to plot the
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magnitude of A, for the range 10% < < 10%. From the plot, estimate the 3 dB cutoff fre-

quency.
5. The circuit model shown below is known as a transconductance amplifier and the ideal charac-

teristics for this amplifier are R;, >« and R,; — .

mYin Vi
Vout = O

With a voltage source v in series with resistance Ry connected on the input side and a load

resistance R,,,4 connected to the output, the circuit is as shown below.

CD Vin Rin I GmVin Rout Rioad Vlload
L

Derive an expression for the overall voltage gain A, = V,y,4/Vs
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1.13 Solutions to End-of-Chapter Exercises
Dear Reader:
The remaining pages on this chapter contain solutions to all end-of-chapter exercises.

You must, for your benefit, make an honest effort to solve these exercises without first looking at the
solutions that follow. It is recommended that first you go through and solve those you feel that you
know. For your solutions that you are uncertain, look over your procedures for inconsistencies and
computational errors, review the chapter, and try again. Refer to the solutions as a last resort and
rework those problems at a later date.

You should follow this practice with all end-of-chapter exercises in this book.
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1.
R
V,,, = ————V,
Ut R+1/joC "
or
Gjo) = You - _JoRC _ joRC+w'R’C’ _ wRC(j+wRC)
Vin  1+joRC 1+ ?R2C? 1+ 0°R*C? 0
222
_ oRCJ1+0°R Czéjltazn(l/(coRC)) _ 1 Latan(1/(@RC))

1+0’R%C J1+1/(0°R2CY)

The magnitude of (1) is

G(jo)| = L @)
J1+1/(0?R2CY)

and the phase angle or argument, is
0 = arg{G(jo)} = atan(1/owRC) (3)

We can obtain a quick sketch for the magnitude |G(jo)| versus @ by evaluating (2) at ® = 0,
® = 1/RC,and ® — . Thus,

Asw—0,
G(jo)| =0

For ® = 1/RC,

IG(jo)| = 1/.42 = 0.707
and as ® — o,
G(jo)l =1

We will use the MATLAB script below to plot [G(jw)| versus radian frequency o . This is shown

on the plot below where, for convenience, we let RC = 1.

w=0:0.02:100; RC=1; magGs=1./sqrt(1+1./(w.*RC).A2); semilogx(w,magGs); grid

We can also obtain a quick sketch for the phase angle, i.e., 6 = arg{G(jo)} versus ®, by evaluat-
ing(3)atw =0, = 1/RC, ® = -1/RC, ® - -, and ® — . Thus,

as ® >0,
~_—atan0=0°
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M agnitude of Vout/¥in

For ® = 1/RC,

For ® = -1/RC,

As ® > -0,

and as ® — o,

Frequency in rad/sec {log scale)

0 = —atanl = —45°

0 = —atan(-1) = 45°

0 = —atan(-w) = 90°

0 = —atan(w) = -90°

We will use the MATLAB script below to plot the phase angle 6 versus radian frequency . This

is shown on the plot below where, for convenience, we let RC = 1.

w=-8:0.02:8; RC=

1; argGs=atan(1./(w.*RC)).*180./pi; plot(w,argGs); grid
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- W
=

Phase angle in degrees
=

L1 L] L1
-8 -7y¥-6-5%5-4-3-21 01 2 3 4 5 6 7 8

Frequency in radfsec (linear scale)

Figure 1.25. Phase characteristics of an RC high-pass filter with RC = 1

2. We draw the s—domain equivalent shown below.

YT
0.5s
' +
) e i
Vin(s) ‘ \ 1 Vout(s)
l/ 1/s \L

Parallel combination of the inductor and capacitor yields

s/2-1/s _ s

s/2+1/s 52+2

and by application of the voltage division expression we get

1

Vour($) = ————
s/(s+2)+1

Vin(s)

V_ (s 2
G(S) - out( ) - 23 +2
Vin(8)  s* 4542
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3. The transfer function has the form

G(s) = KIs=CLIls— (-3 +]2)][s= (-3-j2)]
[s— ()]s — (-2 +DIls—(-2-])]

_ K(s+1)(s°+65+13) _ K(s®+7s° + 195 + 13)

(s+4)(s°+4s+5)  s°+85°+21s+20

To determine the value of the constant K we divide all terms of G(s) by s3> and we get

K(L+7/s+19/s%+13/s%)

G(s) = > 3
1+8/s+21/s"+20/s

and as s > o, G(s)~ K. It is given that G(«) = 10, then K = 10 and the final form of the

transfer function is

G(s) = 10>+ 75* + 195 + 13) _ 10(s + 1)(s’ + 65 + 13)
s°+85° + 215+ 20 (s+4)(s° + 45 +5)

num=10*[1 7 19 13]; den=[1 8 21 20]; w=logspace(0,2,100); bode(num,den,w);grid

Bode Diagranm

Magnitude (dE)

Phase (deg)

v 1 KQ 100 Q

C+
\ ]
— 1001;
10 KQ 101 nF "
2cosot mV _—

;

The s-domain equivalent circuit is shown below.
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10°  1,.(s) 10
+ +
Vs(8) 4
+ Vv ’ 0 T 1001 ’
_ in(s) ZIN _ in(S) 3 Vload(s)
10"/s 5x10° |

The parallel combination of the 10* resistor and 10'°/s capacitor yields

10%/s 10"

*4+10%/s  10%s+10"

Z(s) = 10*)110"/s =

10
and by the voltage division expression
14,4 10 14
107 /(10 s+ 10 10
Vin(8) = — 1(4 4 )10 Vs(s) = — 13 Vs(s)
10°+10"/(10's+107) 100s+1.1x10
Also,
3 5
5x 10 5x 10
Vi0ad(S) = — 3100|in(s) = 3|in(5) = 981;,(s) (1)
10" +5x10 51x1
where
' (s) = Vin(S) _ 10™Vg(s)/(107s + 1.1 x 10*%) _ Vg(s)
" Z(s) 10" /(10% + 10™) (10*s + 10"°)(10"s + 1.1 x 10™)
and by substitution into (1) we get
98
Vload(s) = 4 10 7 14 VS(S)
(10% + 10'%)(10"s + 1.1 x 10"
Then,
G (S) — Vload(s) — 98
\'
Vs(®)  (10%+10")(10"s + 1.1 x 10
or
G (S) — Vload(s) — 98
\'
Vs(s)  10Ms®+1.2x10%s + 1.1 x 10%
and with MATLAB

num=[0 0 98]; den=[10M1 1.2*10M8 1.1*10/24]; sys=tf(num,den);...
w=logspace(5,11,1000); bodemag(sys,w); grid
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Bode Diagram
=440 T T T

450

00

520 |-

Magnituds (d5)

-B80 |- -

530 - -

500 |-

-520 |-~

540 L
10°

Frequency (radisec)

This plot shows a high attenuation of the source voltage v, and thus the transresistance circuit

model should not be used as a voltage amplifier.

5.
— lout
R, T +
VS N | I
Ci) Vin Rin GVin Rout Rioad Vioad
By the voltage division expression
Rin
Vin = R8+Rinvs (1)
Also
RoutRload
Yioad = Rout"'Rloadvain (2)
Substitution of (1) into (2) yields
Vv — RoutRIoad Rin Vv
load Rout + RIoad mRs + Rin )
A = Vioad _ ( Rin )( RoutRioad )G
Y Vs Rs + Rin Rout + RIoad "
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Chapter 2

Introduction to Semiconductor Electronics - Diodes

his chapter begins with an introduction to semiconductor electronics. The electron and hole

movement is explained and illustrated in simple terms. The N-type and P-type semiconduc-

tors are discussed and majority and minority carriers are defined. The junction diode, its
characteristics and applications. The chapter concludes with the introduction of other types of
diodes, i.e., Zener diodes, tunnel diodes, and others.

2.1 Electrons and Holes

We recall from the Periodic Table of Elements that silicon is classified as a semiconductor and it is
widely used in the fabrication of modern technology electronic devices. Silicon has four valence

electrons and Figure 2.1 shows a partial silicon crystal structure in a two-dimensional plane where
we observe that atoms combine to form an octet of valence electrons by sharing electrons; this
combination is referred to as covalent bonding.

\9/\0’\9’

><:><i><><
><:><i><:><
>G©Q<

)\)\/k

@® clectron
@® — @ clectron sharing

Figure 2.1. Partial silicon crystal structure

*  Valence electrons are those on the outer orbit.
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Thermal (heat) energy can dislodge (remove) an electron from the valence orbit of the silicon
atom and when this occurs, the dislodged electron becomes a free electron and thus a vacancy
(empty) space is created and it is referred to as a hole. The other electrons which stay in the
valence orbit are called bound electrons. Figure 2.2 shows a free electron that has escaped from the
valence orbit and the hole that has been created. Therefore, in a crystal of pure silicon that has
been thermally agitated there is an equal number of free electrons and holes.

.,

@ free electron hole

OO

Figure 2.2. Free electron and the created hole in a partial silicon crystal

When a free electron approaches a hole it is attracted and “captured” by that hole. Then, that
free electron becomes once again a bound electron and this action is called recombination.
Accordingly, in a silicon crystal that has been thermally agitated we have two types of current
movement; the free electron movement and the hole movement. The movement of holes can be best
illustrated with the arrangement in Figure 2.3.

@ free electron hole

Figure 2.3. Free electron and hole movement at random

Figure 2.3 shows that a hole exists in position 1. Let us now suppose that the bound electron in
position 2 is attracted by the hole in position 1. A new hole has now been created in position 2
and thus we say that the hole has moved from position 1 to position 2. Next, the hole in position
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2 may attract the bound electron from position 3 and the hole now appears in position 3. This
continued process is called hole movement and it is opposite to the free electron movement.
The free electron and hole movement is a random process. However, if we connect a voltage
source as shown in Figure 2.4, the hole and free electron movement takes place in an orderly fash-
ion.
-— free electron
movement

O - ©
D — @

hole movement —
||
+I 1

~ © free electron
® hole

Figure 2.4. Free electron and hole movement when an external voltage is applied

We should keep in mind that holes are just vacancies and not positive charges although they
move the same way as positive charges. We should also remember that in both N-type and P-type
materials, current flow in the external circuit consists of electrons moving out of the negative ter-
minal of the battery and into the positive terminal of the battery. Hole flow, on the other hand,
only exists within the material itself.

Doping is a process where impurity atoms which are atoms with five valence electrons such as
phosphorous, arsenic, and antimony, or atoms with three valence electrons such as boron, alumi-
num, and gallium, are added to melted silicon. The silicon is first melted to break down its original
crystal structure and then impurity atoms are added. The newly formed compound then can be
either an N-type semiconductor or a P-type semiconductor depending on the impurity atoms that
were added as shown in Figure 2.5.

@® free electron

hole
g3 (o3
Si = Silicon
As = Arsenic
Ga = Gallium
N —type semiconductor P —type semiconductor

Figure 2.5. N-type and P-type semiconductors

*  Atoms with five valence electrons are often referred to as pentavalent atoms and atoms with three valence electrons are
referred to as trivalent atoms.
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An N-type semiconductor has more free electrons than holes and for this reason the free elec-
trons are considered to be the majority carriers and the holes the minority carriers. Conversely, a P-
type semiconductor has more holes than free electrons and thus the holes are the majority carri-
ers and the free electrons are the minority carriers.

We should remember that although the N-type material has an excess of free electrons, it is still
electrically neutral. This is because the donor atoms in the N material were left with positive
charges (the protons outnumbered the electrons) after the free electrons became available by
covalent bonding. Therefore, for every free electron in the N material there is a corresponding
positively charged atom to balance it and the N material has a net charge of zero.

By the same reasoning, the P-type material is also electrically neutral because the excess of holes
is exactly balanced by the number of free electrons.

2.2 The Junction Diode

A junction diode is formed when a piece of P-type material and a piece of N-type material are
joined together as shown in Figure 2.6 where the area between the P-type and N-type materials is
referred to as the depletion region. The depletion region is shown in more detail in Figure 2.7.

PIN—B A»—PNN—cB

L Depletion Region

A

Physical Structure Symbol

Figure 2.6. Formation of a junction diode and its symbol

We would think that if we join the N and P materials together by one of the processes mentioned
earlier, all the holes and electrons would pair up. This does not happen. Instead the electrons in
the N material diffuse (move or spread out) across the junction into the P material and fill some
of the holes. At the same time, the holes in the P material diffuse across the junction into the N
material and are filled by N material electrons. This process, called junction recombination,
reduces the number of free electrons and holes in the vicinity of the junction. Because there is a
depletion, or lack of free electrons and holes in this area, it is known as the depletion region.

The loss of an electron from the N-type material created a positive ion in the N material, while
the loss of a hole from the P material created a negative ion in that material. These ions are fixed
in place in the crystal lattice structure and cannot move. Thus, they make up a layer of fixed
charges on the two sides of the junction as shown in Figure 2-7. On the N side of the junction,
there is a layer of positively charged ions; on the P side of the junction, there is a layer of nega-
tively charged ions. An electrostatic field, represented by a small battery in the figure, is estab-
lished across the junction between the oppositely charged ions. The diffusion of electrons and
holes across the junction will continue until the magnitude of the electrostatic field is increased
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to the point where the electrons and holes no longer have enough energy to overcome it, and are
repelled by the negative and positive ions respectively. At this point equilibrium is established
and, for all practical purposes, the movement of carriers across the junction ceases. For this rea-
son, the electrostatic field created by the positive and negative ions in the depletion region is
called a barrier.

Junction
l
OOOOOOO;@ e e — O Hole
8888888'% %l _______ — Free Electron
|—— ———— = }
000000 0B ®I _______ © Negative lon
OCOOO0O000IP —— ———— — @ Positive lon
0000000 - — —————
OOO0000BI——=———=—
—1, , 1— Depletion Region

|_.
™~ Electrostatic Field

Figure 2.7. The PN junction barrier formation

The action just described occurs almost instantly when the junction is formed. Only the carriers in
the immediate vicinity of the junction are affected. The carriers throughout the remainder of the
N and P material are relatively undisturbed and remain in a balanced condition.

If we attach a voltage source to a junction diode with the plus (4) side of the voltage source con-
nected to the P-type material and the minus (-) side to the N-type as shown in Figure 2.8, a for-
ward-biased PN junction is formed.

I e

Figure 2.8. Forward-biased junction diode

When a junction diode is forward-biased, conventional current will flow in the direction of the
arrow on the diode symbol.

If we reverse the voltage source terminals as shown in Figure 2.9, a reverse-biased PN junction is

formed.
N I Nl
T — \W + T T - \W +
1l i
Figure 2.9. Reverse-biased junction diode
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When a junction diode is reverse-biased, ideally no current will flows through the diode.
The P-type side of the junction diode is also referred to as the anode and the N-type side as the
cathode. These designations and the notations for the voltage V across the diode and the cur-

rent Iy through the diode are shown in Figure 2.10 where the direction of the current Iy
. . . . . >k
through the diode is the direction of the conventional current flow.

Vb

Anode D—JFN_—@ Cathode

Ip

Figure 2.10. Voltage and current designations for a junction diode
Figure 2.11 shows the ideal iy — vy characteristics of a junction diode.

Ip

Vb

Figure 2.11. Ideal iy — Vv characteristics of a junction diode

With reference to Figure 2.11 we see that when v >0, ideally iy — o, and when v <0, ideally
ip — 0. However, the actual i - vy relationship in a forward-biased junction diode is the non-
linear relation

(qvp/nkT)

iy =1 [e 1] @2.1)

where iy and vy are as shown in Figure 2.10, I, is the reverse current, that is, the current which

would flow through the diode if the polarity of v is reversed, q is charge of an electron, that is,

q = 1.6 x 10 coulomb, the coefficient n varies from 1 to 2 depending on the current level and

It is immaterial whether we use the electron current flow or the conventional current flow. The equations for the voltage-
current relationships are the same as proved in Circuit Analysis [ with MATLAB Applications, Orchard Publications,
ISBN 0-9709511-2-4.
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the nature or the recombination near the junction, k = Boltzmann's constant, that is,
23 . : . . ‘ .
k = 1.38x 10°7 joule/Kelvin, and T is the absolute temperature in degrees Kelvin, that is,

T = 273 + temperature in °C. It is convenient to combine g, k, and T in (2.1) into one variable
V; known as thermal voltage where

V; = kT/q (2.2)
and by substitution into (1),
ip = 1™ 1) (2.3)
Thus, at T = 300 °K we have
V| o = KT/0 = 1.38 x 102 x300/1.6 x 10 ~ 26mV (2.4)

We will use the MATLAB script below to plot the instantaneous current iy versus the instanta-

neous voltage v for the interval 0<vy <10 v, n = 1, and temperature at 27 °C.

vD=0: 0.001: 1; iR=107(-15); n=1; VT=26"10(-3);...

iD=iR.*(exp(vD./(n.*VT))-1); plot(vD,iD); axis([0 1 0 0.01]);...

xlabel('Diode voltage vD, volts'); ylabel('Diode current iD, amps');...

title('iD—vD characteristics for a forward-biased junction diode, n=1, 27 deg C'); grid

DD characteristics for a forward-biased junction diode, n=1, 27 deg C
0.01 T T T T T T

YT S R N R T e —
e HE TOURNN SUUT SRR SUUUE FOURUS-UY I SOUUO SR

T m e B

Diode currant iD, amps
o o o o
o o o o
o L=} =} [=}
w I [ 7]

0.002 frrmeemfonmmnednnnenes AP R SR P A A S SO

0 H I H f ] I
0 0.1 0z 03 04 05 06 07 08 09 1
Diode voltage v, volts

Figure 2.12. Voltage-current characteristics of a forward-biased junction diode.

The curve of Figure 2.12 shows that in a junction diode made with silicon and an impurity, con-
ventional current will flow in the direction of the arrow of the diode as long as the voltage drop v

across the diode is about 0.65 volt or greater. We also see that at v = 0.7 V, the current through
the diode is iy~ 1 mA.
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When a junction diode is reverse-biased, as shown in Figure 2.9, a very small current will flow
and if the applied voltage exceeds a certain value the diode will reach its avalanche or Zener
region. The voltage-current characteristics of a reverse biased junction diode are shown in Figure

2.13 where V, is referred to as the Zener diode voltage. We will discuss Zener diodes on the next
section.
Commercially available diodes are provided with a given rating (volts, watts) by the manufac-

turer, and if these ratings are exceeded, the diode will burn-out in either the forward-biased or
the reverse-biased direction.

VZ
| 0
|

Avalanche Region

Figure 2.13. The reverse biased region of a junction diode

The maximum amount of average current that can be permitted to flow in the forward direction
is referred to as the maximum average forward current and it is specified at a special temperature,

usually 25 °C. If this rating is exceeded, structure breakdown can occur.

The maximum peak current that can be permitted to flow in the forward direction in the form of
recurring pulses is referred to as the peak forward current.

The maximum current permitted to flow in the forward direction in the form of nonrecurring
pulses is referred to as the maximum surge current. Current should not equal this value for more
than a few milliseconds.

The maximum reverse-bias voltage that may be applied to a diode without causing junction
breakdown is referred to as the Peak Reverse Voltage (PRV) and it is the most important rating.

All of the above ratings are subject to change with temperature variations. If, for example, the
operating temperature is above that stated for the ratings, the ratings must be decreased.

There are many types of diodes varying in size from the size of a pinhead used in subminiature cir-
cuitry, to large 250-ampere diodes used in high-power circuits. A typical diode is identified as
XNYYYY where X denotes the number of semiconductor junctions (1 for diodes, 2 for transis-
tors, and 3 a tetrode which has three junctions), N identifies the device as a semiconductor, and
YYYY is an identification number. For instance, IN4148 is a semiconductor diode and 2N3904 is
a transistor. We will discuss transistors in Chapter 3.
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The N side of a typical junction diode has a black band as shown in Figure 2.14.

A—Pp—B A

Symbol Orientation

Figure 2.14. Diode symbol and orientation

Diodes are used in various applications where it is desired to have electric current flow in one
direction but to be blocked in the opposite direction as shown in Figure 2.15.

Vp

4"'”—7
if R + if ID = 0
15V _— | Vout 15V — R= Vo =0
5 —

(a) Forward —biased diode (b) Reverse —biased diode
Figure 2.15. Diodes in DC Circuits

In the circuit of Figure 2.15(a) the diode is forward-biased, so current flows, and thus
Vot = 15-Vp = 1.5-0.7 = 0.8 V. In the circuit of Figure 2.15(b) the diode is reverse-biased,

so no current flows, and thus vV, = 0.

2.3 Graphical Analysis of Circuits with Non-Linear Devices

As we've seen the junction diode i —v characteristics are non-linear and thus we cannot derive
the voltage-current relationships with Ohm’s law. However, we will see later that for small signals
(voltages or currents) these circuits can be represented by linear equivalent circuit models. If a cir-
cuit contains only one non-linear device, such as a diode, and all the other devices are linear, we
can apply Thevenin’s theorem to reduce the circuit to a Thevenin equivalent in series with the
non-linear element. Then, we can analyze the circuit using a graphical solution. The procedure is
illustrated with the following example.

Example 2.1

For the circuit of Figure 2.16, the i —v characteristics of the diode D are shown in Figure 2.17

where V1, and Ry represent the Thevenin equivalent voltage and resistance respectively of

*  For a thorough discussion on Thevenin’s equivalent circuits, refer to Circuit Analysis [ with MATLAB Applications, ISBN
0-9709511-2-4, Orchard Publications
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another circuit that has been reduced to its Thevenin equivalent. We wish to find the voltage v

across the diode and the current iy through this diode using a graphical solution.

D

b

|

ip

Figure 2.16. Circuit for Example 2.1

Diode currant iD, amps

0 H I H f ]
0 0.1 02 03 04 05 06 07 08 09 1
Diode voltage v, volts

Figure 2.17. Voltage-current characteristics of the diode of Example 2.1

Solution:

The current iy through the diode is also the current through the resistor. Then, by KVL

. 1 1
Ip = -RVot R (2.5)

We observe that (2.5) is an equation of a straight line and two points of this straight line can be
obtained by first letting vp = 0, then iy = 0. We obtain the straight line shown in Figure 2.18
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which is plotted on the same graph as the given diode i — v characteristics. This line is referred to
as a load line.

o
@

Diode current iD, ma

e
]

2
I

0 0.1 02 03 04 05 06 07 08 09 1
Diode voltage v, volts

Figure 2.18. Curves for determining voltage and current in the diode of Example 2.1

The intersection of the non-linear curve and the load line yields the voltage and the current of the
diode where we find that vp=0.67V and ip=0.33 mA.

Check:
Since this is a series circuit, i = 0.33 MA also. Therefore, the voltage drop Vg across the resistor is

Vg = 1 KQx0.33 mA = 0.33 V. Then, by KVL

The relation of (2.3) gives us the current when the voltage is known. Quite often, we want to find
the voltage when the current is known. To do that we rewrite (2.3) as

. _ (Vp/NnVy)
ip+l, = 1€
and since i » |, the above relation reduces to
. Vp/nV
ip = 1e""™" (2.6)
or
Ip (Vo/NnVry)

=

Taking the natural logarithm of both sides we get
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o

r
Recalling that
log,x
log x =
Ja log,a
we get

log,, (ip/1}) _ log,, (ip/1;)
log,pe  0.4343

In(ip/1,) = log (ip/1;) = = 2.3log,, (ip/1))

and thus (2.7) may also be written as

Vp = 2.3nVqlog,, (ip/1)) (2.8)

Example 2.2
Derive an expression for the voltage change Av = V, -V, corresponding to a current change

Solution:
From (2.3)
/nv
iy = Ir[ (Vo/n T)_ 1]
/nv
ig+1 = 1M
and since ip» |,
. (vp/nVy)
Ip=I,
Let
Vor/NV;
IDl ~ Ir
and
Voo/NV;
ID2 ~ Ir
By division we get
Voa/NV7
b, Ii€ _ (Vop-Vo/nVq
l~. , Vpu/nVy —
DL e
Taking the natural log of both sides we get
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| (Voz = Voy)/nVr 1
In-22 = In(e " = . (Vo2= Vo)
D1 T

Example 2.3

Experiments have shown that the reverse current |, increases by about 15% per 1 °C rise, and it
p r Y p
is known that for a certain diode 1, = 107 A at 27 °C. Compute I, at 52 °C.

Solution:

~14 (52— 27)°C

= 107(1+0.15) = 10%(1.15)°~33x 102 A

If‘sz °C

This represents about 97% increase in reverse current when the temperature rises from 27 °C to
52 °C.

2.4 Piecewise Linear Approximations

The analysis of electronic circuits that contain diodes is greatly simplified with the use of diode
models where we approximate the diode forward-biased characteristics with two straight lines as
shown in Figure 2.19.

DD characteristics for a forward-biased junction diode, n=1, 27 deg C
0.01 T T T T T T

O O O OO W 7
0008} o]
L N N S SO S N S W

7| NSRS SRR SUUON SORU SO S

Diode currant iD, amps

0.003

0.002

0 N I S S N
0 0.1 0z 03 04 05 06 07 08 09 1
Diode voltage v, volts

Figure 2.19. Straight lines for forward-biased diode characteristics approximations

Using the approximation with the straight lines shown in Figure 2.19, we can now represent a typ-
ical junction diode with the equivalent circuit shown in Figure 2.20.
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Vb
Ip
AP -B > Ao—N—w \\M Jy —
—_— ID ID
(a) Practical diode (b) Piecewise linear equivalent
Figure 2.20. Representation of a practical diode by its piecewise linear equivalent
In Figure 2.20(b), the diode represents an ideal diode whose i —v characteristics are shown in

Figure 2.11, the horizontal solid line in Figure 2.19 represents the small voltage source V{ in Fig-

ure 2.20(b), and the reciprocal of the slope of the line in Figure 2.19 is represented by the resis-
tance rp shown in Figure 2.20(b). For convenience, these representations are also illustrated in

Figure 2.21.

)
P > _+||L > IAMA- > slope = 1/rp
Vp

ov 0.65 V

Figure 2.21. The components of a practical junction diode

Example 2.4

In the circuit of Figure 2.22(a) the diodes are identical and the piecewise linear i —v characteris-

tics are shown in Figure 2.22(b). Find the voltage V.

i (ma)
N
+ + + Vou
1v_? 2v$ 3v$ 2KQ |  2KQ ™ slope = 50 x 10 ° A/V
0.7 V viy)
(a) (b)

Figure 2.22. Circuit and piecewise linear i —v characteristics for Example 2.4

Solution:

In Figure 2.23 we have replaced the diodes by their piecewise linear equivalents and have com-
bined the two parallel resistors. Also, for each branch we have combined the diode voltage

Vp = 0.7 V with the applied voltages, and rp = 1/slope = 50 x 10°A/V =20Q.
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Iy I I3 +
200=] 200 TZ 2001 |4i i
03V = 13V 23 vi; 1ka i

T VYT =Y

Figure 2.23. Piecewise linear equivalent circuit for Example 2.4

Let us follow the procedure below to find out if we can arrive to a valid answer. By Kirchoff’s Cur-
rent Law (KCL)
L+l +13 =1,

03— Vou, 13- Vou 23-Vou _ Vou

20 20 20 1000
15 — 50V gy + 65 — 50V + 115 - 50V~ Vour _
1000
151V, = 195
Vo, = 195/151 = 1.29~1.3 V

Check:
I, ~(0.3-1.3)/20 ~ 50 mA

l,=(1.3-13)/20~0
I; = (23-1.3)/20~50 mA
I, = 1.3/1000 = 1.3 mA
I+ +1#1,

We see that the current 1, cannot be negative, that is, it cannot flow on the opposite direction of
the one shown. Also, the current 1, is zero. Therefore, we must conclude that only the diode on
the right side conducts and by the voltage division expression

1000

out = mxl3zl3v

\%

2.5 Low Frequency AC Circuits with Junction Diodes

When used with AC circuits of low frequencies, diodes, usually with 1.8 <n<2.0 are biased to
operate at some point in the neighborhood of the relatively linear region of the i —v characteris-
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tics where 0.65<vp<0.8 V. A bias point denoted as Q whose coordinates are Q(Vp, Ip) is

shown in Figure 2.24 for a junction diode with n = 2.

Figure 2.24 shows how changes in vp(t) result in changes in ip(t).

iC-+D chamcteristics for a forsard-bimsed junction diode, n=2, 27 d=gq G
001 -

0.009

0.008

0.007

0.008

0.005

0.004 ip(t)
U TIAN

0.003 t
gy

0.002

Diode current iID, amps

0.0

|:| h .. T
06 08 061 0668 068 07 072 074
Diode voltage D, volts

0.yg 072 0.8

Vp(t)

=
=
C

R 2

Figure 2.24. Junction diode biased at point Q and changes in iy corresponding to changes in v

We can derive an expression that relates vp(t) and ip(t) in a junction diode. The current I
produced by the bias DC voltage V is

oVo/nVe

Ip = 1, (2.10)

and with an AC voltage vp(t) superimposed the sum vy (t) of the DC and AC voltages is
vy (1) = Vp+Vvp(t) (2.11)
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The total diode current it (t) = Iy +ip(t) corresponding to the total voltage of (2.11) is

(Vp+Vp)/nV; VD/nVTevD/nVT

=1le

r

ir(t) = Ip+ip(t) = e

and in analogy with (2.10)

. /nV
ID(t) = IDeVD i

%
If vp/nV;<0.1 we can use Maclaurin’s series expansion on (2.12) using the relation

" f(n) 0
f(x) = f(0)+f'(0)x+f42'92x2+ +n—'()x”

and the first two terms of the series yield

. I5

(2.12)

(2.13)

(2.14)

We must remember that the approximation in (2.14) is a small-signal approximation and should

be used only when vp/nV;<0.1.

The ratio 15/nVy in (2.14) is denoted as g and is referred to as incremental conductance. Its

reciprocal nV1/Ig is denoted as r is called incremental resistance.

Example 2.5

In the circuit of Figure 2.25, the current through the diode is I = 1 mA when Vp = 0.7 V, and

it is known that n = 2. Find the DC voltage V,,, and the AC voltage v, at 27 °C where

Vi = 26mV.

Figure 2.25. Circuit for Example 2.5
Solution:

Replacing the diode with the piecewise linear equivalent we get the circuit of Figure 2.26.

sk

sheets, ISBN 0-9709511-1-6, Orchard Publications.

For a detailed discussion on Taylor and Maclaurin’s series refer to Numerical Analysis Using MATLAB and Spread-
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5V DC — f

Figure 2.26. The piecewise linear equivalent of the circuit of Example 2.5

We apply the superposition principle” for this example. We fist consider the DC voltage source

acting alone, by suppressing (shorting out) the AC voltage source to find V, . Then, we con-

out*
sider the AC voltage source acting alone by suppressing (shorting out) the DC voltage source to
find v,;. The total output voltage will be the sum of these two, that is, V1 5,1 = Vour + Vout -

With the DC voltage source acting alone and with the assumption that rp « 5 KQ, the current
Ip is
Ip = 2=27 ~ 0.86mA
3
5x10

and since we are told that ID‘ oy = 1mA, by linear interpolation,
v =0.

Vi actual = 0.86x 0.7 = 0.6 V

Therefore,
V,, = 0.6 VDC

With the AC voltage source acting alone the value of the incremental resistance r is the recip-

rocal of (2.14) and thus
_ nVy _ 2% 26 x 107

D 0.86x10
Then,
_Ip _ 605x5x10°
Vopeak = Ryry > = Thooor 605 - 00 MVAC
Therefore

V1 out = Vour+ Vour = 0.6 VDC + 60 uVAC

*  Generally, the superposition principle applies only to linear circuits. However, it is also applicable for this example since it
is applied to a piecewise linear equivalent circuit.
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2.6 Junction Diode Applications in AC Circuits

Diodes are also used in AC circuits where it is desired to convert AC voltages to DC voltages. The
circuit of Figure 2.27 is a half-wave rectifier.

ANA L ANA
0 Mﬂ' \/ v@ I XOUt ‘0 T 2n

Figure 2.27. Half-wave rectifier circuit

In the half-wave rectifier circuit of Figure 2.27, the diode is forward-biased during the positive
half-cycle from 0 to = of the input voltage v;, and so current flows through the diode and resistor

where it develops an output voltage drop v,,; = V;, - Vp. For instance, if the maximum value of

Vi, is 10 V volts, the maximum value of v, will be v, = 10-0.7 = 9.3 V. The diode is

reverse-biased during the negative half-cycle from n to 2rn so no current flows, and thus
Vour = 0 V.

Example 2.6

Design a DC voltmeter that will have a 10 volt full-scale using a milliammeter with 1 milliampere
full-scale and internal resistance 20 Q, a junction diode, and an external resistor R whose value must

be found. The input is an AC voltage with a value of 63 volts peak-to-peak. Assume that the diode is
ideal.

Solution:

Typically, a voltmeter is a modified milliammeter where an external resistor Ry, is connected in series

with the milliammeter as shown in Figure 2.28 where
I = current through circuit

Ry, = internal resistance of milliameter
Ry = external resistor in series with Ry,

Vy = voltmeter full scale reading

* For a detailed discussion on electronic instruments refer to Circuit Analysis I with MATLAB Applications, ISBN O-
9709511-2-4, Orchard Publications.
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Iy Ry Ry
— {mA
U Ry = Voltmeter internal resistance
P \%Y —  Vy= Voltmeter range

Figure 2.28. Typical voltmeter circuit

Because the available input voltage is AC and we want to read DC (average) values, we insert a
junction diode is series as shown in Figure 2.29, and we need to find the value of R, so that the

meter will read 1 mA full scale but it is now being labeled as 10 V DC.

IM RM R =
—{mA N
20 Q
1m
+ Vy -

Figure 2.29. Voltmeter for Example 2.6
Since the diode does not conduct during the negative half cycle, it follows that

| Vo /2 315

= | =
peak = P T R4+Ry  20+Ry
and
2m
| sintdt sintdt T
| _ Area _ J.o P _ 20+ RV"- 31'5(_C°5t)|o __ 315
ave ™ perjod 2n 2n (20+Ry)2n (20 +Ry)m

For full-scale reading we want 1, = 1 mA. Therefore,

ave

315
(20+Ry)n

=107

20 + Ry = %’5“03

Ry = 10 KQ

Of course, we can label our voltmeter for any value such as 50 V, 100 V, and so on and can use
any AC waveform with different peak-to-peak values.

. sl . . . . * . . .
Figure 2.30(a) shows a half-wave rectifier circuit consisting of a transformer, a junction diode,

*  For a detailed discussion on transformers, refer to Circuit Analysis I with MATLAB Applications, ISBN 0-9709511-5-
9, Orchard Publications.
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and a load resistor, and Figure 2.30(b) shown the waveforms of the input voltage v;,, and the load

voltage Vjqaq-

VD

+ K By \ g
+ — | D + ',' '\\ ) /\.

Vioad -
R|0ad - Vicad °

(@) (b)
Figure 2.30. Half-wave rectifier circuit and input and output waveforms

When using diodes in rectifier circuits we must calculate:
a. the maximum current that the diode will allow without being damaged, and

b. The Peak Inverse Voltage (PIV) that the diode can withstand without reaching the reverse-
biased breakdown region.

If the applied voltage is vg = Vsinot, then PIV = V, but in practice we must use diodes whose

reverse-biased breakdown voltages 70% or greater than the value of V. As shown in Figure

2.30(b), the diode begins conducting sometime after the input voltage shown by the dotted curve
rises to about 0.7 V. We derive the angle by which the solid curve lags the dotted curve as follows
with reference to Figure 2.31.

Figure 2.31. Waveforms for the derivation of conduction angle © for a half-wave rectifier
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From Figure 2.31 we observe that conduction begins at Av = v;, -V, corresponding to angle
6. The input waveform is a sinusoid of the form v;, = Vsinot or, for simplicity, v;, = Vsinx,

and at X = 0, v;, = Av and thus Av = V _sin® or
0 = sin7lAv/V, (2.15)

We also observe that the conduction terminates at the angle (n—0) and therefore the entire
conduction angle is
(t-0)-0 = (1—20) (2.16)

We can also find the average value of the waveform of v, .. We start with the definition of the

out*
average value, that is,

Area _ iJ'(”e)

. 1 n—0
Period — 2n (Vpsing —Av)do = 2n(_VpC°S¢_AV¢)\¢=e

Vou(ave) =
0

1 1
Voui(ave) = ﬁ[_ Vpcos(n -0)-Av(n-0)+ Vpcose + AvO] = ﬁ[zvpcose —(m—-20)Av]
Generally, the angle 0 is small and thus cos® ~ 1 and (n —20) ~ n. Therefore, the last relation

above reduces to

Vv
WMwwzf—% (2.17)

Figute 2.32 shows a full-wave bridge rectifier circuit with input the sinusoid v;,(t) = Asinot as shown

in Figure 2.33, and the output of that circuit is v, (t) = [Asinot| as shown in Figure 2.34.

+

Vout(D)

A
1 C/i<>&\

D

Figure 2.32. Full-wave rectifier circuit
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ANVANE:
n\/Zn \/

Figure 2.33. Input waveform for the circuit of Figure 2.32

A
Vour(t)

AVAVAVA

n 2n

Figure 2.34. Output waveform for the circuit of Figure 2.32

From Figure 2.32 we see that during the positive half cycle conventional current flows from the volt-
age source to Point A, then to Point B, it goes through the resistor from Point B to Point C, and
through Point D returns to the negative terminal of the voltage source. During the negative half cycle
the lower terminal of the voltage source becomes the positive terminal, current flows from Point D
to Point B, it goes through the resistor from Point B to Point C, and through Point A returns to the
upper (now negative) terminal of the voltage source. We observe that during both the positive and

negative half-cycles the current enters the right terminal of the resistor, and thus v is the same for

both half-cycles as shown in the output waveform of Figure 2.34.

Figure 2.35 shows the input and output waveforms of the full-wave bridge rectifier on the same
graph. It is to be noted that the difference in amplitude between v;, and v, is denoted as 2Av
because in a full-wave bridge rectifier circuit there are two diodes in the conduction path instead
of one as shown in Figure 2.31 for the half-wave rectifier. Accordingly, v, lags v;, by the angle

out

0= sinfl(ZAv/vin). Also, the output is zero for an angle 20 = 25in71(2Av/vin) centered around

the zero crossing points.

| 2AV = Vi = Vot
\T\‘ /—\
O

Figure 2.35. Input and output waveforms for the full-wave bridge rectifier of Figure 2.32
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Figure 2.36(a) shows a full-wave rectifier with a center-tapped transformer secondary winding
and Figure 2.36(b) shows the input and output waveforms.

JRRR Vload
+
VS M
| .
- Vin-.
(b)

Figure 2.36. Full-wave rectifier with centered tapped secondary winding

The output voltages v,,, from the half and full wave rectifiers are often called pulsating DC volt-

out
ages. These voltages can be smoothed-out with the use of electric filters as illustrated with the fol-
lowing example.

Example 2.7

. * . . . . . . .
It is shown in Fourier Analysis textbooks that the trigonometric Fourier series for the waveform
of a full-wave rectifier with even symmetry is given by

VR(D) =

2A 4A cos2ot | cosdmt (2.18)
T 3 15

where A is the amplitude and this waveform appears across the resistor R of the full-wave recti-
fier in Figure 2.37 where the inductor and capacitor form a filter to smooth out the pulsating DC.

+
Y A - L
WO W ;
l_ ! c | Rioad ‘
VR(t) . Vioad
] 10 0F ko |

Figure 2.37. Circuit for Example 2.7

*  Refer to Chapter 7 of Signals and Systems with MATLAB Applications, ISBN 0-9709511-6-7, Orchard Publications
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Compute and sketch the voltage v,,,4 assuming that v;,(t) = 120 V RMS operating at the fun-
damental frequency f = 60 Hz.
Solution:

We replace the given circuit by its phasor equivalent as shown in Figure 2.38 where the inductive
reactance is X, = jo,L and the capacitive reactance is X¢ = 1/jo,C.

+ Z,
V_ //- \\‘ +
In N J5m, s \Z\2 ]
- VR 5 ™ " Vioad
I . \
| \10%ien 5,407 |

~ =
~ -

Figure 2.38. Phasor equivalent circuit for Example 2.7

For simplicity, we let
Z; = j5o,
and
2, - 2 x 1ozx 1oz/joan - ZXloz
2x10°+10°/jo, 10°+2x10%xjo,

By the voltage division expression

Z, , _ (2x10%)/(10° +2x 10° x jo,)
Z,+Z, R, 8 5 3 i
1742 J50,+(2x107)/(10"+2 x 10" x joo,,)

Vicad = Vg

(2.19)
_ (2 x 10°)
(j50,)(10° + 2 x 10° x jo,) + (2 x 10%)

\Z:

We will now compute the components of V|4 for n 