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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
boA I f(t)dt
_ Area _ Ja
f(t)ave|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
I,., that is,

Average Power = P, = leff = RI;C (1.3)

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

p(t) = Ri’(1) (1.4)
and
1 ' 1 : R :
2 2
P..= T,[ p(t)dt = Tj Ri“dt = TI i"dt (1.5)
0 0 0
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Equating (1.3) with (1.5) we get
2 Rl .2
Rl = = 17dt
ff T'[O
or

T
12 = %jo 2dt (1.6)

T
s = Ler = [ jo i2dt = JAve(id) (1.7)

where RMS stands for Root Mean Squared, that is, the effective value I 4 or Ig g value of a cur-

or

rent is computed as the square root of the mean (average) of the square of the current.

Warning 1: In general, Ave(i®) = (i,..) . Ave(i) implies that the current i must first be squared

ave

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

ave)

the average value of the current must first be found and then the average must be squared.

Warning 2: In general, P, . # V- L, If v(t) = V cosot and i(t) = I,cos(wt+6) for exam-

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

T T
P, = %J-Opdt - %J-()vidt;to

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

Ipms = 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

Voltage Gain =
Input Voltage

or

GV =V /Vm

out

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,

dB = 10log

n

PL‘”‘ (1.9)
P.

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 = V>/Z = 1>-Z,ifwelet Z = 1 the dB values for voltage and
current ratios become

Vout

Vout

2
dB, = 10log = 20log (1.10)

n 1n

and

2
dB, = 10log = 20log]Lout (1.11)

Iout

in in

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 = i 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

Vour(©) = [Vou(@)]e’” (1.12)

where |V (o)| is known as the magnitude response and ¢i9(®) 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

1/joC

AVZN—— LA v
out " R+ 1/joC ™M

\%
out _ __ | (1.13)
V. 1 +joRC

mn

or

Vout — 1 = 1 L—tan_l((x)RC) (114)

Vin 14 02R2C? Ztan (0RC) W1+ 02R3C?

and thus the magnitude is

Voul = 1 (1.15)
Vinl 1+ 02R?C?
and the phase angle (sometimes called argument and abbreviated as arg) is
\%
¢ = arg( Vout) = —tan_l(mRC) (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, |Vy,/ Vi =1

out

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

out

and as ® —> o0, |V,,/ V| =0

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

as ® >0, ¢E—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

)
u,—u; = log,,o,—log, o, = 10g[m—1j (1.17)

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

for which o, = 100, .

Electronic Devices and Amplifier Circuits with MATLAB Applications 1-7
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Now, let us consider a circuit whose gain is given as

G(w), = 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

2010g10 {G(o),} = 20log,, C—-20klog,, ®
{G(®),},5 = 20log,, C -20klog,,® (1.19)

We observe that (1.19) represents an equation of a straight line with abscissa log,,®, 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.

1-8 Electronic Devices and Amplifier Circuits with MATLAB Applications
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dB o(o)
100
0 0.1\ 1 10 logo
| —20 dB/decade O :
-10{ | N |
| —45%F - - = = I
20— ---- : ----- . N :
| I N N !
-30 '. : ,10§® 0% — ——m 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.

v, (1) Continuous —time, | v_ (t)
5| 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 m-1 dm—2
bm_mVout(t) + bm— lﬁvout(t) + bm—ZT_ZVout(t) +...+ bOVOut(t) =
dt dt dt

(1.20)

dn n-1 n-2
an(glvin(t) +a,_ ld_t“‘ TVin(D) + 2, _ 2dtn_2vin(t) + .t agvi(b)

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

m m-1 m-2

(b,s +b, ;s +b,,_,s + ... +by)V,u(s) =
-1 -2

(as"+a,_ 8" +a,_,8 +..+ay)V.(s)

* 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_ _,s +a__ s

n n-1 n-2

Vout(s) = m
(b,_s

m

+...+ag) I@V-

) Vin(s) = D(s) 1n(s)

m-1 m
+b, s +b, s +...+by)

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

Vour(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
Y
+ 0.5H +
! +
** Voutlt
Vin(t) C - IF R> 10 out(t)

Figure 1.11. Network for Example 1.2

Solution:

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.

+ 0.5s +
1 . N
Vin(8) AT /s 1 out(8)

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.

1-10 Electronic Devices and Amplifier Circuits with MATLAB Applications
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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)

Vouls) = 55 v /Gy )
or
G(s) = Voul8) _ 2
Vin(®) 4542
1.7 Poles and Zeros
Let
F(s) = () (1.22)

D(s)

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

m m-1 m-2
b b b ...+b b
F(S) — N(S) — ms + m—lsn_l + m—2rsl_2 + + 1S+ 0 (1.23)

D(s n
(s) a,s +a, ;s +a, S +...+a;s+a,

The coefficients a, and b, 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.

[t is very convenient to make the coefficient a_ of s” in (12.2) unity; to do this, we rewrite it as

E-ll—(bmsm+bm_lsm_l+bm_2sm_2+...+bls+b0)
F(s) = N6S) _ & (1.24)
D(S) n -1 n-1 @_2 n-2 a EN)
st st T AT —s 4

a, a, a, ay

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 +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, 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 <o<10* /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)(s” + 65 +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.
-3-j4

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(s’+5°+35-5)
(s +8s> +37s + 50)

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

G(s) =

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)

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

20
| 0 | HZ
| 1 T T T
10° 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.

1

A A A — out

R +
out ] v ¢
+ A v Avoc - Vou
vocVin out in

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

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

out

Example 1.5
For the voltage amplifier of Figure 1.20, find the overall voltage gain A, = v, ,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

S out
1ka T | 100 Q N
Vs f Rin C|4+ Rload i
C} Vin ;< + AvocVin Vioad
| JI0KQ | 0.1 nF Ay = 20 5KQ |
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°
+
VS(S) 1 KQ N 100 Q T
t Vm(s) < t 20V, (s) Vioad(s)
10"/ 5x107
g
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
2(s) = 10110/ = 410 /150 _ 410 _
10 +10 /s 10 s+ 10
and by the voltage division expression
14 4 10 14
10" /(10 s+ 10 10
Vig(s) = —2 05210 )y ) = — V() (1.25)
100+10 /(10's+10 ") 10 s+ 1.1 x10
Also,
5x10° 10°
10" +5x%x 10 5.1x10
and by substitution of (1.25) into (1.26) we get
14
19.61 x 10
Vload(s) = 7 14VS(S)
10°s+1.1x10
Electronic Devices and Amplifier Circuits with MATLAB Applications 1-17
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14
Viead(®) _ 19.61x 10 (1.27)

G,(s) =
v Vs(8)  107s+1.1x10™

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
f.~10"/2n~1.59 MHz

Magnitude (dB)

10 0 0 107 10 10

Frequency (radisec)

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

1.10 The Current Amplifier Equivalent Circuit

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

— i
Lin out
T +
1 1 i
t
i i A. = out
Vin Rin | Aisclin Rout Vout isc i,
in
J l Vout - O

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

The ideal characteristics for the circuit of Figure 1.23 are R;, > 0 and R, — .

out
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Example 1.6

For the current amplifier of Figure 1.24, derive an expression for the overall current gain
Ai = iload/is‘

in — ‘out R
+
] iload v
Q) Rs Rll’l AiSCIiH Rout load
is Rload
Figure 1.24. Current amplifier for Example 1.6
Solution:
Using the current division expression we get
i R (1.28)
lin T R¥R, '
Also,
Rout
i = A 1.29
load Rout+Rload isclin ( )
Substitution of (1.28) into (1.29) yields
Rout RS
i = A. i (1.30)
toad Rout + Rload ISCRs + Rin )
or
Ai = il(-)ad = ROUt RS Aisc
Ig Rout + RloadRs + Rin

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

b
f(t)dt
b= Area =ja ©
a  Period b-a

f(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 4 is the cur-

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

et [ a.
Ixms = Legr = T.[O 12dt = AVC(lz)

where RMS stands for Root Mean Squared, that is, the effective value I g or Iz 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 I, then

Ipms = 1,/(42) = 07071,
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

G, = Vou/Vin

out

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 /Py

The dB values for voltage and current ratios are

dB,, = 20log|V,yu/ Vi
dB, = 20log|L,, /Ly

® The bandwidth is BW = w,-®, where ®, 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(©) = [V (@)]e’”

where |V ()| is known as the magnitude response and ei®(®) 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 ®, = 2o, and separated

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

Vour(8) _ N(s)

Gls) = V.(5) _ D(s)

where the numerator N(s) and denominator D(s) are as shown in the expression
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(ansn+an_lsn71+an_zsn72+-.-+a0) v _ N(s)
m m-1 m-2 in(s) B D(S)
(b,s +b, s +b,,_5s +...+bg)

Vout(s) = Vin(s)

¢ In the expression

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 +jw. 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() = 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.

—
~ ..
—t

o]

|

<

]

=

Vip in + v m
\ lein ‘

[¢}

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.

Rs . 111’1 ROut
1 KQ + 100 Q -O'-
VS ’ Rin C Rload ‘
. — + :
C_D Yin TN _ lein Vioad
5 KQ

‘ 10 KQ 0.1 nF
2cosot mV _

l

Find the overall voltage gain A, = v,,,4/v, 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;, — o and R, — .

out

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.

'out
R, T +

P " !

Ct) Vin Rin I vain Rout Rload Vioad
l l
L

Derive an expression for the overall voltage gain A, = v, 4/,
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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
Vou = ———=V;
ot R4+ 1/joC ™
or
Vv . . 2022 .
G(jo) = ~u = JORC _ JoRC+ 0 R°C" _ oRC(+wRC)
Vin  1+joRC 1+ RC 1+0R*C’ 0
/ 2022
_ ORCN1+ @R Czégta?(l/(coRC)) _ 1 Zatan(1/(oRC))
1+0R°C J1+1/(0’R*CY)
The magnitude of (1) is
: 1
GGl = (2)

J1+1/(0’R3CY
and the phase angle or argument, is
0 = arg{G(jo)} = atan(1/oRC) (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(jw) = 1/42 = 0.707
and as ® — o,
G(jo) =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(jw)} 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 = —atan]l = —45°

0 = —atan(-1) = 45°

0 = —atan(-w) = 90°

0 = —atan(o0) = -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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-
e R [

Phase angle in degrees

L1 L L
8-¢¥6-54-3-21 01 2 3 4 5 6 7 8B
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.

YTV
0.5s

Parallel combination of the inductor and capacitor yields

s/2-1/s _ s

s/2+1/s 32+2

and by application of the voltage division expression we get

1

Voul$) = —F5———
s/(s"+2)+1

Vin(s)
2

Vout(s) — S + 2

Vin(s) S +s+2

G(s) =
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3. The transfer function has the form

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

_K(s+1)(s"+65+13) _ K(s + 75 + 195+ 13)

(s +4)(s* +4s5+5) s>+ 85>+ 21s+20

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

K(1+7/s+19/s>+13/5°)

G(s) = 2 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(s* +75° + 195 + 13) _ 10(s + 1)(s" + 65 + 13)
s”+ 85”4215 +20 (s+4)(s” +4s+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)

4.
Rout
v 1 KQ 100 Q T
S Rload ‘
C: < 100i o
10 KQ 0.1 nF mn 5 KQ

2cosot mV _—

;

The s — domain equivalent circuit is shown below.
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100 _1,.(s) 10°
+ +
Vs(s) 4
L (Lot ol ) |
C_) Vin(s) ZIN _ 1OOIin(S) 3 Vload(s)
10/5 5x10 j

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

10%s 10"

104105 10*%s+10"°

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

and by the voltage division expression

14 4 10 14
10 /(10 s+ 10 10
Vin(s) = — 1(4 4 )10 Vs(s) = — 7 Vs(s)
100+10 /(10°'s+10 ) 10 s+1.1x10
Also,
5% 10° 5% 10°
Vioad(s) = — 31001in(s) = —'——3Iin(s) = 98L (s) (1)
10" +5x 10 5.1x10
where
14 7 14
I (s) = V.i,(s) _ 10 "'Vg(s)/(10°s+ 1.1 x 10 ) _ Vg(s)
" Z(s) 10" /(10%s + 10") (105 +10")(107s + 1.1 x 10"
and by substitution into (1) we get
98
Vload(s) = 4 10 7 14 VS(S)
(10*s +10'%)(107s + 1.1 x 10'%)
Then,
v
G,(s) = \lload(S) = 4 10 987 14
s(8)  (10%s+10'")(10"s + 1.1 x 10'*)
or
A\
Gy(s) = loaa(®) 12 9818 24
Vs) 10" +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

Magnituds (d5)
3

-B80 |- -

530 F--

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.

R, T +

I

@) Vin Rin GmVin Rout Rload Vioad

l |

By the voltage division expression

Rin
LD ——— 1
Vin = g, s D
Also
RoutRload
Vload = Rout'i_RloadGmVin (2)
Substitution of (1) into (2) yields
v — RoutRload Rin v
foad Rout + Rload mRs + Rin :

A = Vioad — ( Rin )( RoutRload )G
¥ Vs Rs + Rin Rout + Rload "
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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 1 hole

S0

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 —

|
+ =

© 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

) (3

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.

pINl— 5 A PNy

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 O Hole
OOOOOC)%'@ ®|::__:__ — Free Electron
888888@'% %:__::_:: © Negative Ton
OO0 000D — = — ——— — @ Positive Ton
O000000L|RI- - ———=—
OO0 0000LI—=———=———
—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.

Il 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.
S [
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 I through the diode are shown in Figure 2.10 where the direction of the current I
. . . . . >k
through the diode is the direction of the conventional current flow.

Vb

Anode D—_‘_N_—Q 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.

1p

Figure 2.11. Ideal i, — v, characteristics of a junction diode

With reference to Figure 2.11 we see that when v, > 0, ideally i, — 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)

ip = L[e 1] @2.1)

where i and v, are as shown in Figure 2.10, 1, 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 = 1.6x 107" 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 = 138 x 10" joule/Kelvin, and T is the absolute temperature in degrees Kelvin, that is,

T = 273 + temperature in "C. It is convenient to combine q, k, and T in (2.1) into one variable
Vi known as thermal voltage where

Vo = kT/q (2.2)
and by substitution into (1),
ip = L™ ™Y 1 (2.3)
Thus, at T = 300 °K we have
V|, o = KT/0 = 1.38 % 1072 x300/1.6x 107 =~ 26mV (2.4)

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

neous voltage v for the interval 0 <vp <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

001

0.008

0.008

0.007

2

£ ' ' : : ' ' H ' '

L = I

a : H : : H H H : H

R B S S
0.004

8

o2

0O p.o03

0.002

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 i~ 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.

\%
;ND—* <
+ RL* + Ib=0
1.5V = Vout 15V — R= Vo =0
I —
(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
Vo = 1.5-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 v, = 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 Vqy 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 vy,

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

RTH

1 KQ
+ D
Vin =

1V

g

|

ip

Figure 2.16. Circuit for Example 2.1

Diode current 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 i, through the diode is also the current through the resistor. Then, by KVL

Vp+vp =1V

Rip = —vp+1
. 1 1
ip = —1—{VD+§ (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 v, = 0, then i, = 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.

x 107 DD chamcteristics for the diode in Example 2.1
2 T T T T T T T T T

Diode current iD, ma

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 v =0.67V and i~ 0.33 mA.

Check:
Since this is a series circuit, iz = 0.33 mA also. Therefore, the voltage drop vy across the resistor is

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

Ve+vp = 0334067 = 1V

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/nVy)
c

ip+I. =1,

and since ip » I, the above relation reduces to
. (vp/nVy)
ip=1Le ” " (2.6)

or

Ip _ e(VD/nVT)

I

T

Taking the natural logarithm of both sides we get
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vp/nVy = lnll—D
vp = nVyIn(ip/I)) 22.7)
Recalling that
1
log x = O8p%
log,a
we get

loglo(iD/Ir) _ 10g10(iD/Ir)

In(ip /1) = log (ip/1,) = og ¢ 04343 = 2.3log,, (ip/1,)
and thus (2.7) may also be written as

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

Solution:
From (2.3)
(vp/nVr)
Ip = Ir[ 1]
ip+1, = 1™
and since ip » I,
iD ~1 (vp/nVy)
Let
IDI ~ IreVD'/nVT
and
Vp,/nVy
ID2 ~ Ir
By division we get
Vpa/nV;
Ip, Le (V= Vp)/nVy
Lo, . Vp/nVy
D1 e
Taking the natural log of both sides we get
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ll’l@ — ln(e(VDZ*VDl)/nVT

1
- ) = nVT(VDZ_VDl)

Example 2.3

Experiments have shown that the reverse current I, increases by about 15% per 1 °C rise, and it
is known that for a certain diode I. = 10™'* A at 27 °C. Compute I, at 52 °C.

Solution:

~14 (52-27)°C

= 107%(1+0.15) = 10%(1.15)” ~33x 107 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
I'p
Ae—— =B —> AO‘N—-’-M}_—/\A/\/—C B
I 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.

Ip
» > _+||L > AN > slope = 1/rp
Vb 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
N v + Vout
lV_? 2V$ 3V$ 2KQ | 2KO T slope = 50x 10> A/V
0.7 V viv)
(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 r, = 1/slope = 50 x 107 A/V = 20 Q.
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Il 12 13 \L +

00=T 0a=] 200z 1, VT
out

03V = 13V 23 vi; ko i

TP 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+1; =1,

03— Vou 13- Vou 23 -Vou _ V

out

20 20 20 1000
15— 50V gy + 65 = 50V + 115 50V = Vour _ |,
1000
151v,,, = 195
Vou = 195/151 = 1.29~13 V

Check:
I, ~ (0.3 - 13)/20 ~ =50 mA

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

We see that the current I; 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 — mxljzl.?)v

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-

Electronic Devices and Amplifier Circuits with MATLAB Applications 2-15
Orchard Publications



Chapter 2 Introduction to Semiconductor Electronics - Diodes

tics where 0.65 <v <0.8 V. A bias point denoted as Q whose coordinates are Q(Vp, I) is

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

Figure 2.24 shows how changes in v(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)
o TIAN

0.003 t
MIlN

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 Iy
produced by the bias DC voltage V, is

Vp/nVy

I = Le (2.10)
and with an AC voltage vp(t) superimposed the sum vy (t) of the DC and AC voltages is

v (t) = Vp+vp(t) (2.11)
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The total diode current iy (t) = I +ip(t) corresponding to the total voltage of (2.11) is

(Vp+vp)/nVy

. . Vp/nVy vp/nV
ip (t) = [p+ip(t) = Le =Je " e

and in analogy with (2.10)

, /nV
ip(t) = Ipe ™ ™"

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

" (n)
£x) = 10y + £/ (x4 @2, L@

5 -
and the first two terms of the series yield
Iy
ip(t) =1+ VTVD(t)

(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 Ip/nVy in (2.14) is denoted as g, and is referred to as incremental conductance. Its

reciprocal nV;/I, is denoted as rp, is called incremental resistance.

Example 2.5

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

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

V; = 26 mV.

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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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-
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, v oy = Vour + Vout

With the DC voltage source acting alone and with the assumption that rp « 5 KQ, the current
I is
I, = 2=%7 = 0.86mA
3
5x10

and since we are told that ID‘ oy = ImA , by linear interpolation,
vV =0U.

VD actual = 086 x0.7 =06V

Therefore,
Vv, = 0.6 VDC

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

rocal of (2.14) and thus
_nVy  2x26x 107

= = = 6050Q
D 0.86 x 10
Then,
Ip 60.5%x5x 107
_ csmy = 295x5x10 - oh vaC

VD peak = Ryp, M 5000 + 60.5 !

Therefore
Vi ot = Veur+ 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.

JANA! e N ANVAN
0 Mﬂ' \/ V@ ip iout ‘O 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
v, 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 2n 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 Vum —  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 Ry, 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

I Vo, /2 315

=1 = =
peak = ' T R, +Ry  20+Ry

and

31.5
Area 20+ Ry, 31'5(_005t)|g 31.5

1 = = = =
ave  Period 2n 27 (20+Ry)2n  (20+Ry)m

27 T
I Ip sintdt J- sintdt
0 0

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

315 _ o7

(20 +Ry)T

20+R, = %xl&

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,

voltage v;g.q-

VD

VS

+ ___g> lD

load

(a)

Vioad

and the load

o

. \

B \
. .
B .

.. Vin

(b)

Vicad °

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 = V sinot, 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.

AV = Vi —Vout

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;, = V sinot or, for simplicity, v;, = V sinx,

and at x = 0, v;, = Av and thus Av = V sin® or
0 = sin~'Av/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,

(m-9)

Area _ _I_J'

Voulave) = Period 2w

| (Vysing-Av)dp = ﬁ(—vpcosq)—mq))‘g;z

1 1
Vulave) = %[— Vpcos(n -0)-Av(n-0)+ Vpc056 + AvO] = ﬂ[2Vpcose —(m—-20)Av]
Generally, the angle 0 is small and thus cos® =1 and (n—20) ~ n. Therefore, the last relation

above reduces to

v
V,(ave) ~ —2 - AY 2.17)
T 2

Figutre 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.

+

A
1 c /Q/R\‘&

Vout(t)

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

out
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

-1 . . -1
0 = sin (2Av/v,,). Also, the output is zero for an angle 26 = 2sin” (2Av/v,,) centered around

the zero crossing points.

| 2Av = Vin = Vout
\T\‘ /—\
Lt

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.

JERGEN Vioad
+
1 S . /_\
Vg . .
|
Y 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

V() = %—‘%{00532‘”% 0051‘5“’”+ } (2.18)

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.

+
W R L
Vin(t) =AN Ty +
l_ T C Rload ‘
VR(t) T Vioad
| I0F 5 ko l

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,,,, 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.

+

=

| ~—

2% 10° ,'\

=

Figure 2.38. Phasor equivalent circuit for Example 2.7
For simplicity, we let
Z, = j5m,
and

_2x10°x107/jo, _ 2% 108

2x10°+10°/jo, 10°+2x10° x jo,

By the voltage division expression

v o B (2% 10%)/(10° +2x 10° x jo,)
load — 7 +7 R = . 8 5 3
1742 150, +(2x107)/(10"+2x 10" xjo,)

(2.19)
~ (2x10%)

(j50,)(10° +2x 10° x jo_) + (2 x 10°)

Vr

We will now compute the components of V, 4 for n = 0,2, and 4 and using superposition we

will add these three terms.

We were given that

_ 2A 4Ajcos2wt  cosdmt
vr(t) = — { 3 + T +} (2.20)
andsoforn = 0,
VR(t) |n =0 = 2—é
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and since for this DC case the inductor is just a short and the capacitor an open,

_2A
T

Viead| _, = Vr (2.21)

Forn = 2,20 = 2x2nf = 4xnx 60 = 754 r/s and from (2.20)
4A
VRO, =, = —§00s754t

and in the phasor (jo) domain

Vel = 2200
n=2 3n
Then, from (2.19)
Z, 2% 10°
Viead,_, = 737, VR| = { e o
- e (G5 x754)(10" +2 x 10" xj754) + (2 x 107)

We will use MATLAB to find the magnitude and phase angle of the bracketed expression above.

bracket1=(2*10/8)/((j*5*754)*(10"5+2*10"3*|*754)+2*10/8);...
abs(bracket1), angle(bracket1)*180/pi

ans =
0.0364
ans =
-176.0682
Therefore,
Viead| _, = Ly - (0.03644—176.1°)x(_ﬁ40°) = _0.0154A /-176.1° (2.22)
loadlyy = Z,+2, R 3n

n=2

Forn = 4,40 = 4x2nf = 8xnx 60 = 1,508 r/s and from (2.20)

4A
VR, 4 = —Ecos1508t

and in the phasor (jo) domain

4A 6
Vily_y = T5n
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Then, from (2.19)

\% 22 \%
10ad|n=2 - Z]_}_Z2 R

_ { (2% 10%) }V

B . 5 3. 8 R
ne2 LG5 % 1508)(107 +2x 10° x j1508) + (2 x 10”)
We will again use MATLAB to find the magnitude and phase angle of the bracketed expression
above.

bracket2=(2*1078)/((j*5*1508)*(1075+2*10/A3*|*1508)+2*1078);...
abs(bracket2), angle(bracket2)*180/pi

ans =
0.0089
ans =
~178.0841
Therefore,
Viewl _, = Ly - (0.0894_178.1°)x(_iA-40°) = 0.00076/-178.1°  (2.23)
loadl, .4 = Z,+2, R 157

n=4

Combining (2.21), (2.22), and (2.23) we get

Vload = V103d|n=0+Vl°ad‘n=2+vload n=4 (2.24)

A(2/m-0.0154£-176.1° - 0.00076 A £-178.1°)

and in the time domain

Vieaa(t) = A(2/m—0.0154cos(2ot— 176.1°) — 0.00076 cos (4wt — 178.1)) (2.25)

and this is the filtered output voltage across the 2 KQ resistor.

Let us plot (2.25) using MATLAB with A = 20 and o = 377.

t=0: 1: 2000; vL=20.*(2./pi—0.0154.*cos(2.*377.*t-176.1.*pi./180)...
—0.00076.*cos(4.*377.*t-178.1.7pi./180)); plot(t,vL); axis([0 2000 0 20]); hold on;...
plot(t,(40/pi-0.0154)); axis([0 2000 0 20]); xlabel('Time (sec)');...

ylabel('Load voltage (vL)"); title('Filtered output voltage for Example 2.7"); grid

The plot is shown in Figure 2.39 and we observe that the ripple is approximately £0.5 V about the
average (DC) value.
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Filtered output voltage for Example 2.7

Load voltage ()

0 i i i i i i i
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (sec)

Figure 2.39. Voltage across the 2 KQ resistor in Figure 2.36

2.7 Peak Rectifier Circuits

The circuit of Figure 2.40(a) is referred to as peak rectifier. Figure 2.40(b) shows the input v, and
output v,,, waveforms and we observe that the value of v, is approximately equal to the peak
of the input sinewave v, . We have assumed that the diode is ideal and thus as v, is applied and
reaches its positive peak value, the voltage v, , across the capacitor assumes the same value.
However, when v, starts decreasing, the diode becomes reverse-biased and the voltage across

the capacitor remains constant since there is no path to discharge.

Vout

I ANA

V.

. VARV

(b)

Figure 2.40. Peak rectifier circuit

The peak rectifier circuit shown in Figure 2.40(a) will behave like an AC to DC converter if we
add a resistor across the capacitor as shown in Figure 2.41(a). Then, assuming that the diode is
ideal and that the time constant 1 = RC is much greater than the discharge interval, the voltage
across the resistor-capacitor combination will be as shown in Figure 2.41(b).
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Vpp(ripple)

—— T (period) —

|
|
|
|
|
|
|
|
:
|
|
(a) | (b)
Figure 2.41. Peak rectifier used as an AC to DC converter

From the waveforms of Figure 2.41(b) se see that peak-to-peak ripple voltage v (ripple) can be

made sufficiently small by choosing the time constant 1 = RC much larger that the period T,
that is, RC » T. Also, from Figure 2.41(b) we see that the average output voltage V (ave) when

the diode conducts is

1 .
Vou(ave) = V- EVpp(rlpple) (2.26)
Next, we need to find an expression for V,p(ripple) when the diode does not conduct.

%
We recall from basic circuit theory that in an simple RC circuit the capacitor voltage v dis-
charges as the decaying exponential

Ve = Vou = Ve RO 2.27)

or
. ~(t/RC
Vour = Vp— Vp,(ripple) = Ve (t/RC) (2.28)

and since we want RC » T, we can simplify (2.28) by recalling that

2 3
e f=l-x+>=-L
20 3!

and for small x,
e~ 1-x

Therefore, we can express (2.28) as

. _ —~(t/RC) _ —~(t/RC)y _ T

*  Refer to Circuit Analysis I with MATLAB Applications, ISBN 0-9709511-2-4, Orchard Publications
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or

V,p(ripple) =V (2.29)

T
PRC

and from (2.29) we observe that for V,p(ripple) to be small, we must make RC » T

2.8 Clipper Circuits

Clipper (or limiter) circuits consist of diodes, resistors, and sometimes DC sources to clip or limit
the output to a certain level. Clipper circuits are used in applications where it is necessary to limit
the input to another circuit so that the latter would not be damaged.

The input-output characteristics of clipper circuits are typically those of the forward-biased and
reverse-biased diode characteristics except that the output is clipped to a a certain level. Figure
2.42 shows a clipper circuit and its input-output characteristics where the diode does not con-
duct for v, <0.6 V and so v,,, = v;,. The diode conducts for v;,; >0.7 V and thus v ,, 0.7 V.

m —

Vout
0.7 V|- - -5

R

m Vout .
VIIl

Figure 2.42. Circuit where v, = v;, when diode does not conduct and v, = 0.7 V when v;, > 0.7 V

Figure 2.43 shows a clipper circuit and its input-output characteristics where the diode does not
conduct for v;, >-0.6 V but it conducts for v;, <0.7 V and thus v  ,~-0.7 V.

m —

R Vout

in Vout Vin

-+ 07V

Figure 2.43. Circuit where v, = v;, if diode does not conduct and v_,,=-0.7 V if v; <-0.7 V

Figure 2.44 shows a clipper circuit with two diodes in parallel with opposite polarities. This cir-
cuit is effectively a combination of the clipper circuits shown in Figures 2.42 and 2.43 and both
diodes are not conducting when -0.7 <v,, <0.7 and for this interval v ,, = v;,. Outside this

interval, one or the other diode conducts. This circuit is often referred to as a hard limiter.
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out

R
ks . 0.7 V1
Vin Vout Vip

— L 07V

Figure 2.44. Circuit where v, = v;, when =0.7<v, <0.7 and v_,, = £0.7 V outside this interval

mn —

Occasionally, it is desirable to raise the limit level to a value other than v, ,~+0.7 V. This can be

accomplished by placing a DC source in series with the diode as shown in Figure 2.45.

R Vout
s + Vy + 0.7 V\_ _______
| vl
Vin + Vout

Figure 2.45. Circuit where v, = v;, if diode does not conduct and v, = V, + 0.7 V if it conducts

Example 2.8

For the circuit of Figure 2.46, all three resistors have the same value, vV, = Vg with the polarities
shown, the diodes are identical with v = 0.7, and r, « R. Derive expressions for and sketch the

—v. characteristics.

Vout n
R
= +
Dl D2
+ —
Vin VA_; VBZ+ out
‘ R | R
2 Ip] Ipa
Figure 2.46. Circuit for Example 2.8
Solution:

Diode D, conducts when v;, >V, and under this condition diode D, does not conduct. Then,
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Vin— (V, +vp) _ Vin— Va- 0.7

= 2.30
R+R 2R ( )

and
(vip =V, =0.7)

Vout1 = 0.7+ V, +RI; = 0.7+V, +R 7R

= 0.5(v;, + V4, +0.7) (2.31)

Diode D, conducts when v;, <~V and under this condition diode D, does not conduct. Then,
. . . . . *
in accordance with the passive sign convention , we get

Vip— (VB —Vp) Vin— Vg + 0.7
I, = = - 2.32
D2 R+R 2R (2.32)

and

Vin— Vg +0.

7
Vour = = 0.7 Vg—RIp; = ~0.7-V,—R(- ok ) = 05(vi, - V- 0.7) (2.33)

For range —-V <v;, <V, Vou = Vin, and the v, —v;, characteristics are shown in Figure 2.47.

Voutl 1

~Vout2

Figure 2.47. The v, — v;, characteristics for the circuit of Example 2.8

2.9 DC Restorer Circuits

A DC restorer (or clamped capacitor) is a circuit that can restore a DC voltage to a desired DC
level. The circuit of Figure 2.48 is a DC restorer and its operation can be best explained with an
example.

Example 2.9

For the circuit of Figure 2.48, the input v, is as shown in Figure 2.49. Compute and sketch the

waveform for the output v, .

* Refer to Circuit Analysis I with MATLAB Applications, ISBN 0-9709511-2-4, Orchard Publications
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Figure 2.48. DC Restorer circuit

Vin (V)

-5

Figure 2.49. Input waveform for the circuit of Example 2.9

Solution:
From the circuit of Figure 2.48 we observe that the diode conducts only when v,, <0 and thus the

capacitor charges to the negative peak of the input which for this example is =5 V, and the capac-
itor voltage is v = 5 V with polarity as shown in Figure 2.48. We observe that there is no path

for the capacitor to discharge and therefore v, = 5 V always. Since v, = v;, + V¢, when
Vi, = -5V, v, = —-5+5 = 0 and the output has shifted upwards to zero volts as shown in Fig-
ure 2.50. When the input voltage is positive, v;, = 5 V,and v, = 5+5 = 10 V. The waveform

for the output voltage is as shown in Figure 2.50.

Vout (V)

10 -

Figure 2.50. Output waveform for the circuit of Example 2.9

2.10 Voltage Doubler Circuits

The circuit of Figure 2.51 is referred to as a voltage doubler.
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V; D
in C, N 2 |
@ D] Vb1 1~ Yout = _2Vin
_ C2
Vip = Vpsinwt ‘

Figure 2.51. A wvoltage doubler circuit

With reference to the circuits of Figures 2.40 and 2.48, we observe that the circuit of Figure 2.51
is a combination of a DC restorer circuit consisting of the capacitor C; and diode D, and a peak

rectifier consisting of C, and diode D, . During the positive half-cycle of the input waveform
diode D, conducts, the peak value V of the input v;, appears across the capacitor C; of and
thus v, = 0. During the negative half-cycle of the input waveform diode D, conducts, capaci-
tor C, is being charged to a voltage which is the sum of v;, v, and thus the output voltage is

as shown in Figure 2.52.

Vout = Vin+t Ve = —Vpsin(ot—Vpsin(ot = —2Vpsin(ot = -2v;,

ou

Figure 2.52. Output waveform for the voltage doubler circuit of Figure 2.51

Voltage triplers and voltage quadruplers can also be formed by adding more diodes and capacitor to
a voltage doubler.

2.11 Diode Applications in Amplitude Modulation (AM) Detection Circuits

Junction diodes are also used in AM radio signals to remove the lower envelope of a modulated
signal. A typical AM Envelope Detector circuit is shown in Figure 2.53. It is beyond the scope of
this text to describe the operation of this circuit; it is described in electronic communications sys-
tems books. Our intent is to show the application of the junction diode in such circuits.
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C17< Vout
R1 R2

Figure 2.53. Typical AM Envelope Detector circuit

The operation of an AM audio frequency signal is shown in Figure 2.54 where v, is the modu-

lated signal shown as waveform (a), the diode removes the lower envelope and the upper envelope
is as shown in waveform (b). In the circuit of Figure 2.53 capacitor C, and resistor R, form a

high-pass filter that removes the carrier frequency, and the output v, is the audio signal as

shown in waveform (c).

T v
T LT —

= Carrier frequency
(a) (b) (c)
Figure 2.54. Input and output signals for the circuit of Figure 2.53

2.12 Diode Applications in Frequency Modulation (FM) Detection Circuits

Figure 2.55 shows how junction diodes can be used in FM circuits. The circuit of Figure 2.55 is
known as the Foster-Seely discriminator and it is used to remove the carrier, which varies in accor-
dance with the input audio frequency, and produce the audio frequency at its output.

‘ g
!
1 YV Audio
Frequency
Frequency modulated carrier

g

\

!

Figure 2.55. Foster-Seely discriminator circuit
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2.13 Zener Diodes

By special manufacturing processes the reverse voltage breakdown of a diode can be made almost
vertical as shown on the i —v characteristics curve of Figure 2.56.

i

\?/ 0 v

Figure 2.56. Zener diode operating region

These diodes are called Zener diodes and they are designed to operate in the breakdown region.
The Zener diode is always connected as a reverse-biased diode and its voltage rating V, and the

maximum power it can absorb are given by the manufacturer. The Zener diode symbol is shown
in Figure 2.57.

Vz
I, |-

Figure 2.57. Symbol for a Zener diode

Zener diodes from small voltage ratings of 5 volts to large voltage ratings of 250 volts are com-
mercially available and we can calculate the maximum current that a Zener diode can withstand
from its voltage and power ratings. For instance, a 2 watt, 25 volt Zener diode can withstand a
maximum current of 80 milliamperes.

One important application of the Zener diode is in voltage regulation. A voltage regulator is a
circuit or device that holds an output voltage constant during output load variations. Example
2.10 below illustrates how a Zener diode accomplishes this.

Example 2.10

For the circuits (a) and (b) of Figure 2.58 it is required that the output voltage v, remains con-
stant at 25 volts regardless of the value variations of the load resistor R; . Calculate the output

voltage v . for both circuits and then show how a 25 volt Zener diode can be used with these

out

circuits to keep the output voltage constant at 25 volts.
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Rg Ry
+ 20KQ P 4 20KQ p
Vs — Rioad Voutl Vs = Rioad Vout2
40 V -~ 40 V _
20 KQ 60 KQ
(a) (b)

Figure 2.58. Circuits for Example 2.10

Solution:
For the circuit of Figure 2.58(a) the output voltage v, is found by application of the voltage

division expression. Thus,

Rload 20 KQ
v =

out] = Vg = ————= 40V =20V
R + Ry 20 KQ +20 KQ

Likewise, for the circuit of Figure 2.58(b) the output voltage v, ,, is

Ry 60 KQ

S = 40V =30V
R + Ry, 20 KQ + 60 KQ

Voutz =

These calculations show that as the load R, ,4 varies from 20 KQ to 60 KQ the output voltage

varies from 20 volts to 30 volts and this variation indicates a poor voltage regulation. To improve
the regulation we connect a 25 volt Zener diode in parallel with the load as shown in Figure 2.59

and the output voltages v, and v, will be the same, that is, 25 volts.

RS Rs
+
+ 20 KQ N + 20KQ + N
Vs =— Rigad 'V, =25V Vs — Rioad XV, =25V
OV 0 ko Iz OV k- Iz
(a) (b)

Figure 2.59. Circuits for Example 2.10 with Zener diodes to improve regulation

In Example 2.10 we did not take into consideration the manufacturer’s specifications. Example
2.11 below is a more realistic example and shows that a Zener diode may or may not conduct

depending on the value of the load resistor.

The Zener diode model is very similar to the junction diode model and it is shown in Figure 2.60.
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Figure 2.60. The Zener diode model

where V,, and r, are as shown in Figure 2.61.

VZ 0 v

__ Slope = 1/rp,

Figure 2.61. Definitions of V,, and r,

Thus, V,, is v-axis intercept of the straight line with slope 1/r, and r, = Av/Ai. Like the
incremental resistance rp of a junction diode, the incremental resistance r, of a Zener diode is

typically about 20 Q and it is specified by the manufacturer.

Example 2.11

For the circuit of Figure 2.62, the manufacturer’s datasheet for the Zener diode shows that
V, = 10 V when I, = 6 mA. The datasheet provides also the i — v characteristics but the value

of V,, is not given. The current 1,5, in Figure 2.63 represents the current where the Zener

diode begins entering the breakdown region.

Rg

+ +
1 KQ
Vs

I\“\ +
]

x VZ Vload

1 _
24V z _ Rload

Figure 2.62. Circuit for Example 2.11

2-38 Electronic Devices and Amplifier Circuits with MATLAB Applications
Orchard Publications



Zener Diodes

5

___Slope = % = 0.04 Izgp = 0.3 mA

Figure 2.63. Graph for Example 2.11

Compute:

a. The output voltage V,,, if the load resistor R,,,, is disconnected.
b. The output voltage V,,, if the load resistor R, ,4 is connected and adjusted to 1 KQ.
c. The output voltage V,,4 if the load resistor R, ,4 is connected and adjusted to 200 Q.

d. The minimum value of the load resistor R, for which the Zener diode will be conducting in
the breakdown region.

Solution:

a.
From Figure 2.60,

V, = Vyy 41l (2.34)
and replacing the Zener diode by its equivalent we get the circuit shown in Figure 2.64 where

the slope is
1/1, = Ai/Av = 0.04

r, = Av/A1 = 1/0.04 = 25 Q

RS
+ 1 KQ J—i_ 2 —Ti_
ng ‘ Vload
24 v I |

Figure 2.64. Zener diode replaced by its equivalent circuit and the load is disconnected

From (2.34),
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Vyy = Vy—1l, = 10-25x6x10" = 85V

and

I :VS_V20: 24-85 _ 159 mA
2 Rg+r, 1000 +25 '

Thus
Vour = Vgo+ 1L, = 8.5+25x152x107 = 88V

ou

When the load resistor is connected and adjusted to 1 KQ the circuit is as shown in Figure

2.65.

RS
+
1 KO 7i Iload\ 1
+ V. -
VS — 20 Rload Vload
T ‘ I, 1 KO
vV |
Z —

Figure 2.65. Circuit of Example 2.11 with load resistor connected and adjusted to 1 KQ

We will assume that the Zener diode still operates well within the breakdown region so that
the addition of the load resistor does not change the output voltage significantly. Then,

This means that the Zener diode current 1, will be reduced to
I, = 152-8.8 = 6.4mA
and thus the output voltage will be
Viead = Vgo+ 1,1y = 85+25x64x10" = 85V
The percent change in output voltage is

% change = %8 x 100 = -3.53

When the load resistor is connected and adjusted to 200 Q the circuit is as shown in Figure
2.66.
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Rg
+
1 KQ 7i Iload\ W
+ Vo—
VS — 20 Rload Vload
T I, 200 O
24V l
Z —

Figure 2.66. Circuit of Example 2.11 with load resistor connected and adjusted to 200

We will again assume that the Zener diode still operates well within the breakdown region so
that the addition of the load resistor does not change the output voltage significantly. Then,

But this is almost three times higher than the current of I, = 15.2 mA found in (a). Therefore,
we conclude that the Zener diode does not conduct and, with the Zener diode branch being an

open circuit, by the voltage division expression we get
200 o4 -4v

Rload
V. =
$ 71000 + 200

\'% =
load
Rg+ Ry .4

and since this voltage is less than 10 V the Zener diode does not conduct.

d.
From the graph of Figure 2.63 it is reasonable to assume that when 1,5, = 0.3 mA, then
V,5p~ 9.7 V. Then, the current Iz through the resistor which would allow the Zener diode

to conduct will be
Vs-Vzep 24 -9.7
lps = S0 = =20 = 143 mA
S 10

This is the total current supplied by the Vg source and since 1,5, = 0.3 mA, the current

through the load resistor, whose value is to be determined, will be
Ligag = Igs—Izpp = 143-03 = 14 mA

Therefore,
Vzsp _ 9.7 — 693 O

Rigad = =
P Load  14x107°

2-41
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Zener diodes can also be used as limiters. Figure 2.67 shows how a single Zener diode can be used
to limit one side of a sinusoidal waveform to V, while limiting the other side to approximately

Z€TrO0.
Vin
.
Vout o S
1 / Vout
Vin | + -Ii- VZ
7 )
Vz & 1 "
- 1 107V

Figure 2.67. Zener limiter with one Zener diode

Figure 2.68 shows a circuit with two opposing Zener diodes limiting the input waveform to V, on

both polarities.

Figure 2.68. Zener limiter with two opposing Zener diodes

2.14 The Schottky Diode

A Schottky diode is a junction of a lightly doped n -type semiconductor with a metal electrode as
shown in Figure 2.69(a). Figure 2.69(b) shows the Schottky diode symbol.

+ metal n-type | —

electrode| material [ %
(a) (b)
Figure 2.69. The components of a Schottky diode and its symbol
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The junction of a doped semiconductor - usually n -type - with a special metal electrode can pro-
duce a very fast switching diode which is mainly used in high (up to 5 MHz) frequency circuits or
high speed digital circuits. When the diode is forward-biased, the electrons move from the n -type
material to the metal and give up their energy quickly. Since there are no minority carriers (holes)
the conduction stops quickly and changes to reverse-bias.

Schottky diodes find wide application as rectifiers for high frequency signals and also are used in
the design of galliun arsenide circuits. The forward voltage drop of a conducting Schottky diode is
typically 0.3 to 0.5 volt compared to the 0.6 to 0.8 found in silicon junction diodes.

2.15 The Tunnel Diode

The conventional junction diode uses semiconductor materials that are lightly doped with one
impurity atom for ten-million semiconductor atoms. This low doping level results in a relatively
wide depletion region. Conduction occurs in the normal junction diode only if the voltage applied
to it is large enough to overcome the potential barrier of the junction. In 1958, Leo Esaki, a Japa-
nese scientist, discovered that if a semiconductor junction diode is heavily doped with impurities,
it will have a region of negative resistance. This type of diode is known as tunnel diode.

In a tunnel diode the semiconductor materials used in forming a junction are doped to the extent
of one-thousand impurity atoms for ten-million semiconductor atoms. This heavy doping pro-
duces an extremely narrow depletion zone similar to that in the Zener diode. Also because of the
heavy doping, a tunnel diode exhibits an unusual current-voltage characteristic curve as com-
pared with that of an ordinary junction diode. The characteristic curve for a tunnel diode and its
symbol are shown in Figure 2.70.

From Figure 2.70 we see that the current increases to a peak value with a small applied forward
bias voltage (point 1 to 2), then the current decreases with an increasing forward bias to a mini-
mum current (point 2 to 3), and it starts increasing again with further increases in the bias voltage
point 3 to 4.)

Figure 2.70. Tunnel diode characteristics and symbol
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The portion of the characteristic curve between points 2 and 3 is the region of negative resistance
and an explanation of why a tunnel diode has a region of negative resistance is best understood
by using energy levels discussed in semiconductor physics texts.

The negative resistance characteristic makes the tunnel diode useful in oscillators and micro-
wave amplifiers. The unijunction transistor, to be discussed in Chapter 4, has similar oscillator
characteristics. A typical tunnel diode oscillator is shown in Figure 2.71.

Tunnel iy
R, diode ,»/ O\\
»

v A :
+ + /\ out /-\ / DC bias\-\__\ /'/
DC il / point T
bias R2 R3 L C = Vout \/ \/ ;’J

Figure 2.71. Tunnel diode oscillator circuit

N,

Because the negative resistance region of the tunnel diode is its most important characteristic, it
is desirable that the so-called peak-to-valley ratio 1,/V, must be quite high. Typical values of

I,/ Vp are 3.5 for silicon, 6 for germanium, and 15 for gallium arsenide (GaAs), and the corre-
sponding values of V, are 65, 55, and 150 mV respectively. For this reason, silicon is not used in

the manufacturing of tunnel diodes. The voltage at which the current begins to rise again is
denoted as Vy, and typical values for silicon, germanium, and GaAs are 420, 350, and 500 mV

respectively.

A variation of the tunnel diode is the backward diode that is used as a rectifier in which “forward”
(p side negative) direction occurs without the usual voltage offset of a conventional junction
diode. The “reverse” direction corresponds to the conventional forward direction so that the
“reverse” breakdown voltage is typically 0.65 V. The backward diode is also used in circuits with
small amplitude waveforms.

Example 2.12

A DC voltage source, a tunnel diode whose i—v characteristics are as shown, and a resistor are
connected in series as shown in Figure 2.72. Find the current i
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40+ (maA)
i 30 +
+
0.6 V— 20 Q 20
10 +
0 : i i ; ! | v (V)
01 02 03 04 05 06 07

Figure 2.72. Circuit and tunnel diode i — v characteristics for Example 2.12

Solution:

Let the voltage across the tunnel diode be V1 and the voltage across the resistor be V. Then,

Vip+ Vg = 0.6V
or
Vip+20i = 0.6 V (2.35)
When i = 0, (2.35) reduces to Vyp = 0.6 and when V;, = 0,1 = 0.6/20 = 30 mA, and with
these values we draw the load line shown in Figure 2.73. We observe that when V= 0.11 V,
i~25 mA, when V;p~029 V, i~ 16 mA, and when V=052 V, i~4 mA.

i (mA)

0 I T I I v (V)
0.1 02 03 04 05 06 07

Figure 2.73. Graphical solution for the determination of the current i for the circuit of Figure 2.72

2.16 The Varactor

The varactor, or varicap, is a diode that behaves like a variable capacitor, with the PN junction
functioning like the dielectric and plates of a common capacitor. For this reason, the symbol for a
varactor is as shown in Figure 2.74.
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>

Figure 2.74. Symbol for varactor

A varactor diode uses a PN junction in reverse bias and has a structure such that the capacitance
of the diode varies with the reverse voltage. A voltage controlled capacitance is useful in tuning
applications. Typical capacitance values are small, in the order of picofarads.

Presently, varactors are replacing the old variable capacitor tuning circuits as in television tuners.
Figure 2.75 shows a typical varactor tuning circuit where the DC control voltage V. changes the

capacitance of the varactor to form a resonant circuit.

A 4

f\) Vv » Vout
W0 : L

m

L

A

Figure 2.75. A varactor tuner circuit

2.17 Optoelectronic Devices

Optoelectronic devices either produce light or use light in their operation. The first of these, the
light-emitting diode (LED), was developed to replace the fragile, short-life incandescent light bulbs
used to indicate on/off conditions on instrument panels. A light-emitting diode, when forward
biased, produces visible light. The light may be red, green, or amber, depending upon the mate-
rial used to make the diode.

The circuit symbols for all optoelectronic devices have arrows pointing either toward them, if
they use light, or away from them, if they produce light. The LED is designated by a standard
diode symbol with two arrows pointing away from the cathode as shown in Figure 2.76 where the
arrows indicate light leaving the diode.

i

Figure 2.76. Symbol for LED
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The LED operating voltage is small, about 1.6 volts forward bias and generally about 10 milliam-
peres. The life expectancy of the LED is very long, over 100,000 hours of operation. For this rea-
son, LEDs are used widely as “power on” indicators of digital voltmeters, frequency counters, etc.
and as displays for pocket calculators where they form seven-segment displays, as shown in Figure

2.77.

o
ul k{\ -

= N

Figure 2.77. LEDs arranged for seven segment display

In Figure 2.77 the anodes are internally connected. When a negative voltage is applied to the
proper cathodes, a number is formed. For example, if negative voltage is applied to all cathodes
the number 8 is produced, and if a negative voltage is changed and applied to all cathodes except
LED b and e the number 5 is displayed.

Seven-segment displays are also available in common-cathode form, in which all cathodes are at
the same potential. When replacing LED displays, one must ensure the replacement display is the

same type as the faulty display. Since both types look alike, the manufacturer’s number should be
checked.

Laser diodes are LEDs specifically designed to produce coherent light with a narrow bandwidth and
are suitable for CD players and optical communications.

Another optoelectronic device in common use today is the photodiode. Unlike the LED, which
produces light, the photodiode receives light and converts it to electrical signals. Basically, the
photodiode is a light-controlled variable resistor. In total darkness, it has a relatively high resis-
tance and therefore conducts little current. However, when the PN junction is exposed to an
external light source, internal resistance decreases and current flow increases. The photodiode is
operated with reverse-bias and conducts current in direct proportion to the intensity of the light
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source. The symbol for a photodiode is shown in Figure 2.78 where the arrows pointing toward
the diode indicate that light is required for operation of the device.

i
Figure 2.78. Symbol for photodiode

Switching the light source on or off changes the conduction level of the photodiode and varying
the light intensity controls the amount of conduction. Photodiodes respond quickly to changes in
light intensity, and for this reason are extremely useful in digital applications such as photo-
graphic light meters and optical scanning equipment.

A phototransistor is another optoelectronic device that conducts current when exposed to light.
We will discuss phototransistor in the next chapter.

An older device that uses light in a way similar to the photodiode is the photoconductive cell, or
photocell, shown with its schematic symbol in Figure 2.79. Like the photodiode, the photocell is a
light-controlled variable resistor. However, a typical light-to-dark resistance ratio for a photocell
is 1: 1000. This means that its resistance could range from 1000 ohms in the light to 1000 kilo-
hms in the dark, or from 2000 ohms in the light to 2000 kilohms in the dark, and so forth. Of
course, other ratios are also available. Photocells are used in various types of control and timing
circuits as, for example, the automatic street light controllers in most cities. The symbol for a
photocell is shown in Figure 2.79.

&

Figure 2.79. Symbol for photocell

A solar cell is another device that converts light energy into electrical energy. A solar cell acts
much like a battery when exposed to light and produces about 0.45 V volt across its terminals,
with current capacity determined by its size. As with batteries, solar cells may be connected in
series or parallel to produce higher voltages and currents. The device is finding widespread appli-
cation in communications satellites and solar-powered homes. The symbol for a solar cell is

shown in Figure 2.80.
/\ /
|
_/

Figure 2.80. Symbol for solar cell
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Figure 2.81 shows an optical coupler, sometimes referred to as an optoisolator. The latter name is
derived from the fact that it provides isolation between the input and output. It consists of an LED
and a photodiode and each of these devices are isolated from each other.

r——|-- - - -

S

—_ = d

Figure 2.81. An optical coupler

Isolation between the input and output is desirable because it reduces electromagnetic interfer-
ence. Their most important application is in fiber optic communications links.
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2.18 Summary

In a crystal of pure silicon that has been thermally agitated there is an equal number of free
electrons and holes. A free electron is one which has escaped from its valence orbit and the
vacancy it has created is called a hole.

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,
aluminum, and gallium, are added to melted silicon.

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.

A P-type semiconductor has more holes than free electrons and thus the holes are the major-
ity carriers and the free electrons are the minority carriers.

A junction diode is formed when a piece of P-type material and a piece of N-type material are
joined together. The area between the P-type and N-type materials is referred to as the deple-
tion region.

The electrostatic field created by the positive and negative ions in the depletion region is
called a barrier.

A forward-biased PN junction is formed if we attach a voltage source to a junction diode with
the plus (+) side of the voltage source connected to the P-type material and the minus (-)
side to the N-type. When a junction diode is forward-biased, conventional current will flow in
the direction of the arrow on the diode symbol.

A reverse-biased PN junction is formed if we attach a voltage source to a junction diode with
the plus (+) side of the voltage source connected to the N-type material and the minus (-)
side to the P-type.

The P-type side of the junction diode is also referred to as the anode and the N-type side as
the cathode.

The ip - vp relationship in a forward-biased junction diode is the nonlinear relation

1]

. /nkT
lD — Ir[e(q"D n )_
where iy is the current through the diode, v is the voltage drop across the diode, I is the

iy

reverse current, that is, the current which would flow through the diode if the polarity of v

. . . 19 -
is reversed, q is charge of an electron, thatis, ¢ = 1.6 x 10"~ coulomb, the coefficient n var-
ies from 1 to 2 depending on the current level and the nature or the recombination near the

junction, k = Boltzmann's constant, that is, k = 1.38 x 107 joule/Kelvin, and T is the

absolute temperature in degrees Kelvin, that is, T = 273 + temperature in "C. It is conve-
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nient to combine q, k, and T into one variable V; known as thermal voltage where

Vi = kT/q and thus

(vp/nVry)

1]

ip = L[e

and at T = 300 °K, Vi~=26mV
® In a junction diode made with silicon and an impurity, conventional current will flow in the
direction of the arrow of the diode as long as the voltage drop vy, across the diode is about 0.65

volt or greater. In a typical junction diode at v, = 0.7 V, the current through the diode is

iDzl mA .

e When a junction diode is reverse-biased, a very small current will flow and if the applied volt-
age exceeds a certain value the diode will reach its avalanche or Zener region. Commercially
available diodes are provided with a given rating (volts, watts) by the manufacturer, and if
these ratings are exceeded, the diode will burn-out in either the forward-biased or the reverse-
biased direction.

¢ 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 rat-
ing.

® The analysis of electronic circuits containing diodes can be performed by graphical methods
but it is greatly simplified with the use of diode models where we approximate the diode for-
ward-biased characteristics with two straight lines representing the piecewise linear equivalent
circuit.

e 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 character-
istics where 0.65 < v <0.8 V. A bias point, denoted as Q, is established at the intersection of

a load line and the linear region. The current ip(t) can be found from the relation

. ID

provided that vp/nV;<0.1.

® The ratio I5/nVy, denoted as g, is referred to as incremental conductance and its reciprocal
nV;/1,, denoted as rp, is called incremental resistance.
¢ Junction diodes are extensively used in half-wave and full-wave rectifiers to convert AC volt-

ages to pulsating DC voltages. A filter is used at the output to obtain a relatively constant out-
put with a small ripple.
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e A peak rectifier circuit is a simple series circuit with a capacitor, a diode, and an AC voltage
source where the output voltage across the capacitor is approximately equal to the peak value
of the input AC voltage. If a resistor R is placed in parallel with the capacitor C and their
values are chosen such that the time constant T = RC is much greater than the discharge
interval, the peak rectifier circuit will behave like an AC to DC converter.

e (lipper (or limiter) circuits consist of diodes, resistors, and sometimes DC sources to clip or
limit the output to a certain level. Clipper circuits are used in applications where it is neces-
sary to limit the input to another circuit so that the latter would not be damaged.

e A DC restorer (or clamped capacitor) is a circuit that can restore a DC voltage to a desired
DC level. In its basic form is a series circuit with a voltage source, a capacitor, and a diode,
and the output is the voltage across the diode.

e A voltage doubler circuit is a combination of a DC restorer and a peak rectifier. Voltage tri-
plers and voltage quadruplers are also possible with additional diodes and capacitors.

e Zener diodes are designed to operate in the reverse voltage breakdown (avalanche) region. A
Zener diode is always connected as a reverse-biased diode and its voltage rating v, and the

maximum power it can absorb are given by the manufacturer. Their most important applica-
tion is in voltage regulation.

e Zener diodes can also be used as limiters and limiting can occur during the positive half-cycle
of the input voltage, during the negative half-cycle, or during both the positive and negative
half-cycles of the input voltage.

® A Schottky diode is a junction of a lightly doped n-type semiconductor with a metal elec-
trode. The junction of a doped semiconductor - usually n -type - with a special metal electrode
can produce a very fast switching diode which is mainly used in high (up to 5 MHz) frequency
circuits or high speed digital circuits. Schottky diodes find wide application as rectifiers for
high frequency signals and also are used in the design of galliun arsenide (GaAs) circuits. The
forward voltage drop of a conducting Schottky diode is typically 0.3 to 0.5 volt compared to
the 0.6 to 0.8 found in silicon junction diodes.

¢ A tunnel diode is one which is heavily doped with impurities, it will have a region of negative
resistance. The negative resistance characteristic makes the tunnel diode useful in oscillators
and microwave amplifiers.

® The backward diode is a variation of the tunnel diode. It is used as a rectifier and in circuits
with small amplitude waveforms.

e A wvaractor, or varicap, is a diode that behaves like a variable capacitor, with the PN junction
functioning like the dielectric and plates of a common capacitor. A varactor diode uses a PN
junction in reverse bias and has a structure such that the capacitance of the diode varies with
the reverse voltage. A voltage controlled capacitance is useful in tuning applications. Typical
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capacitance values are small, in the order of picofarads. Varactors have now replaced the old
variable capacitor tuning circuits as in television tuners.

¢ Optoelectronic devices either produce light or use light in their operation.

e A Light-Emitting Diode (LED) is an optoelectronic device that, when forward biased, produces
visible light. The light may be red, green, or amber, depending upon the material used to make
the diode. The life expectancy of the LED is very long, over 100,000 hours of operation. For
this reason, LEDs are used widely as “power on” indicators of digital voltmeters, frequency
counters, etc. and as displays for pocket calculators where they form seven-segment displays.

e Laser diodes are LEDs specifically designed to produce coherent light with a narrow bandwidth
and are suitable for CD players and optical communications.

¢ A photodiode is another optoelectronic device which receives light and converts it to electrical
signals. Photodiodes respond quickly to changes in light intensity, and for this reason are
extremely useful in digital applications such as photographic light meters and optical scanning
equipment.

¢ A photocell is an older device that uses light in a way similar to the photodiode. Photocells are
used in various types of control and timing circuits as, for example, the automatic street light
controllers in most cities.

e A solar cell is another device that converts light energy into electrical energy. A solar cell acts
much like a battery when exposed to light and as with batteries, solar cells may be connected in
series or parallel to produce higher voltages and currents. Solar cells find widespread applica-
tion in communications satellites and solar-powered homes.

® An optical coupler, sometimes referred to as an optoisolator, consists of an LED and a photo-
diode and each of these devices are isolated from each other. Isolation between the input and
output is desirable because it reduces electromagnetic interference. Their most important
application is in fiber optic communications links.
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2.19 Exercises
1. Plot the i — v characteristics of a forward-biased junction diode with n = 2 at 27 °C.

2. Show that for a decade (factor 10) change in current i, of a forward-biased junction diode the

voltage vy changes by a factor of 2.3nV;. Hint: Start with the approximate relation

: /nv , , . . .
ip=Ie ™" ", form the ratio Vp,/Vp, corresponding to the ratio Ip,/1p,, and plot in semi-

log scale.
3. Suggest an experiment that will enable one to compute the numerical value of n.

4. It is known that for a certain diode I. = 107> A at 50 °C. and the reverse current I,

increases by about 15% per 1 °C rise. At what temperature will I, double in value? What

conclusion can we draw from the result?

5. When a junction diode operates at the reverse-bias region v < 0 and before avalanche occurs,
the current I, is almost constant. Assuming that |v| » V; we can show that i, ~ -1, and for

this reason I, is often referred to as the saturation current and whereas in the forward-biased
. . -14 -15 . .

region I, has a typical value of 107" A to 10"~ A at 27 °C, a typical value in the reverse-
. 9 o

biased region is 10~ A . Also, the reverse current doubles for every 10 °C rise in temperature.

In the circuit below, the applied voltage Vg is not sufficient to drive the diode into the ava-

lanche region, and it is known that Vi = 0.5 V at 20 °C.

Find:
a. Vp at 0 °C

b. Vi at 40 °C
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6. For the circuit below, find the value of V , assuming that all three diodes are ideal. Compare

your answer with that of Example 2.4. Make any reasonable assumptions.

# # # ol s i (ma)
+ + + Vout

v 2V 3N v(V)

0

7. For the circuit shown below, the diodes are identical and it is known that at V; = 0.65,
Ip = 0.5 mA. It is also known that the voltage across each diode changes by 0.1 V per decade
change of current. Compute the value of R so that V,, = 3 V.

_|_

8. For the circuit shown below, the diodes are identical and when Vg = 12V exactly,

Vi, = 2.8 V. Assuming that n = 1.5 and T = 27 °C find:
a. The percent change in V_,, when V¢ changes by £10 %.

b. The percent change in V_ , when a load resistor V, ,4 = 2 KQ is connected across the four

diodes.
_'_
R =1KQ T
VS = 12V+10% ;é Vout|vsz 12V =28V
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9. It is known that a junction diode with n = 1.92 allows a current I = 1 mA when
Vp = 0.7V at T = 27 °C. Derive the equation of the straight line tangent at I = 1 mA

and the point where this straight line crosses the v axis.

10. For the half-wave rectifier circuit below, the transformer is a step-down 10:1 transformer
and the primary voltage vg = 120 RMS. The diode voltage v, = 0.7 V and the diode resis-

tance rp « R, 4. Find:
a. the diode peak current I,
b. the angle 6 by which v, ,, lags the transformer secondary voltage v;,

c. the conduction angle
d. the average value of v, ,4

e. the minimum theoretical Peak Inverse Voltage (PIV)

conduction angle

(b)

11. For the full-wave bridge rectifier shown below v, (peak) = 17 V, v, = 0.7 V, R = 200 Q,
and the diode resistance rj, « R. Find:
a. the diode peak current I .,

b. the average value of v, ,4

e. the minimum theoretical Peak Inverse Voltage (PIV)
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+
/@Q‘& Vour(D)
Vin(t) AN .
W ' ) . /_\

ValD

12. For the peak rectifier shown below, find the value of the capacitor so that the peak-to-peak
ripple will be 1 volt.

g
R

@ C

Vin 20 KQ

vl

out

Vi, = 177sin377t

13. A circuit and its input waveform are shown below. Compute and sketch the waveform for the

output v .

Vin (V)

-5

14. The nominal value of a Zener diode is V, = 12 V at I, = 10 mA, and r, = 30 Q.
a. Find v, if I, = 5 mA
b. Find V, if I, = 20 mA

c. Find v, of the Zener diode model
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15. A tunnel diode has the idealized piecewise linear characteristics shown below where the val-
ley current, the peak current, the peak voltage, the valley voltage, and the peak forward
voltage have the values I, = 1 mA, I, = 10 mA, V, = 50 mV, Vy, = 350 mV, and
Vi = 500 mV respectively.

1 (mA)

Ip

v (mV)

Vp Vy

Shown below is a resistor R, referred to as a tunnel resistor, placed in parallel with the tunnel

diode. Determine the value of this resistor so that this parallel circuit will exhibit no nega-
tive resistance region.

Tunnel
diode ¥

€
=

16. A typical solar cell for converting the energy of sunlight into electrical energy in the form of

heat is shown in the Figure (a) below. The terminal voltage characteristics are shown in Fig-
ure (b) below.

a. Determine the approximate operating point that yields the maximum power. What is the
value of the maximum power output?

b. What should the value of the resistor be to absorb maximum power from the solar cell?

Light i (mA)
\\\ —;_ 40
= T R 20

_ v (mV)

200 400 |
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2.20 Solutions to End-of-Chapter Exercises

1. vD=0: 0.001: 1; iR=10A(—15); n=2; VT=26*107(-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=2, 27 deg C'); grid

DD characteristics for a forward-biased junction diode, n=2, 27 deg C

001

0.008

0.008

0.007

o
o
[=}
=]

)Y SO SRS U S SO SO S O S S

0.004

Diode currant iD, amps

o
Q
(=]
|55

0.002

0

0 02 04 06 08 1 1.2 14 16 1.8 2
Diode voltage v, volts

We observe that when n = 2, the diode begins to conduct at approximately 1.3 V.

Vp,/nVy

2. LetIy, = Le and I, = IreVDz/an. Then,

Vp,/nVy , Vp,/nVy e(VszVDl)/nVT

or
Vpa=Vpy = nVy In(Ip,/1p;) = 2.3nVylog, (Iny /1)
For convenience, we let V), -V, = y and I,/1I, = x and we use the following MATLAB

script to plot y = 2.3nVlog,ox on semilog scale.

x=1:10: 1076; y=2.3.71.726."10./(-3).*log10(x); semilogx(x,y);...
xlabel('x=1D2/ID1'); ylabel('y=VD2-VD1"); title('Plot for Exercise 2'); grid
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0.4

Flot for Exercise 2

0.36F--4
0.3
025+

02}a

/D2AD

W=

015}

01

0.06--4

o R HEE T R HEE R R HEEEH|
10° 10 10° 10° 10 10° 10°
x=ID2/101

3.

This can be done with a variable power supply Vg, 1 KQ resistor, a DC voltmeter V, a DC

ammeter A and the diode D whose value of n is to be found, connected as shown below. We

assume that the voltmeter internal resistance is very high and thus all current produced by Vg

flows through the diode.

P 1 KQ
G,
D+
W e o

We can now adjust the variable power supply Vg to obtain two pairs i-v, say I, V,, and

Ip» Vp, and use the relation Vi, =V, = 2.3nVylog, (Ip,/Ip;) to find n. However, for bet-

ter accuracy, we can adjust Vg to obtain the values of several pairs, plot these on semilog

paper and find the best straight line that fits these values.
4.

10214015 = 2x 107"
115579 = 2
(L15)" _ )
(1.15)°
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(1.15)" = 2x (1.15)° = 2.167 x 10°

log o (1.15)" = xlog,(1.15) = logi0(2.167 x 10°)
xlog,,(1.15) = log,,(2.167) + 3log 4 (10) = 0.336 +3 = 3.336
x = 3.336/log ,1.15 = 54.96 °C ~ 55 °C

Therefore, we can conclude that the reverse current I, doubles for every 5 °C rise in tempera-
ture.

5.

At 20 °C,
05V _ A
500 KQ

Ir|20 °C

and since the reverse current doubles for every 10 °C rise in temperature, we have:

a.
Ir‘40°c =2x2x1puA =4 pA
and
Vil .. = 4x107°x500x 10° = 2V
40 °C
b.
Ir‘o o = 0.5x0.5x1 pA = 025 pA

and
Vi, .o = 0:25x107°x500x 10° = 0125 V

6. We assume that diode D5 and the resistor are connected first. Then, V_ , = 3 V and stays at

this value because diodes D; and Dy, after being connected to the circuit, are reverse-biased.

# # # eol + i (ma)
7+ + + Vout

v~ 2\%‘ 3%‘ v V)

The value of V,, = 3 V is unrealistic when compared with the realistic value which we found

in Example 2.4. This is because we’ve assumed ideal diodes, a physical impossibility.
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7.

Since the diodes are identical, for the output voltage to be Vv, = 3V, the voltage drop

across each diode must be 3V/4 =075V, and since the change is
AVp = 0.75-0.65 = 0.1 V, the current 0.5 x 10 = 5 mA. Then,

Vs~ Vour _ 12-3

R = = ;= 1.8 KQ
Ip 5x10°
8.
a.
_'_
R =1KQ T
+ _
Vg = 12V£10% =2 Vourtly _jpy = 8V
V-V _
I = St = Bo28 g5 pp
R 10
The incremental resistance rp, per diode is found from r, = nV;/I, with n = 1.5. Thus,
for all four diodes
-3
drp = 4><1.5><26><310 170
92x 10"
and for +10 % or £1.2 V change we find that
AV, = —L2 = 167mV
1000 + 17
Therefore,
V' = 28+0.0167 V
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and

%AV, = 2'8162# x 100 = +59.6 %

The 2 KQ load when connected across the four diodes will have a voltage of 2.8 V and
thus the current through this load will be

28V

Iload = m = 14 mA

Therefore, the current through the four diodes decreases by 1.4 mA and the decrease in
voltage across all four diodes will be

AV i = -14mAx17 Q = -23.8 mV

o

vp (V)

From analytic geometry, the equation of a straight line in an x —y plane is y = mx +b where
m is the slope and b is the y intercept. For this exercise the equation of the straight line is

ip = mvp+b (1)
where
1 -3
m=l__D _ 10 - =002
tpb nVp 192 x26x%x10°

and by substitution into (1) above

iy = 0.02vp+b (2)

Next, we find the i, intercept using the given data that when v, = 0.7 V, iy = 1 mA. Then,
by substitution into (2) we get

10° = 0.02x07+b

from which b = —0.013 and thus the equation of the straight line becomes
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ip = 0.02v,—0.013 (3)

Now, from (3) above we find that the v axis intercept is 0 = 0.02v-0.013 or
vp = 0.65 V.

10.
Vioad =
Vs ‘ \ ! : : .
_ ’.'lVin
conduction angle
(b)

a.

[t is given that the transformer is a step down type with ratio 10:1 ; therefore, the secondary

voltage is 12 V RMS or v, = 12./2 peak = 17 V peak. Then,

pes Ip+ Rload
and since rp « Ry, 4
Ipear = 22 = 7207 = 326 ma
Rload 5x 10

b.

From (2.15), 6 = sin~!'Av/V, where Av = V -V, = v = 0.7 V. Then,

0 = sin"10.7/17 = 2.36°

C.

The conduction angle is

m—20 = 180°-2x2.36° = 175.28°

d.

From (2.17)

Vo Av_17 07
Vload(aVe) = T'CE - 7 = F - 7 =506V
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e.
The minimum theoretical Peak Inverse Voltage (PIV) is

PIV = Vp =17V
but for practical purposes we should choose the value of

1.7xPIV = 1.7x17=30 V
11.

+
/@/R\‘& Vou(H)
Vin(t) w ," \‘~ /_\
+ . R

Val

The diode peak current I, is
ey = L2 2%
rp +R
and since rp «R

Vin=2VD _ 17-2x07 _ 50

Ipeak ~ R 200
b.
We start with the definition of the average value, that is,
_ Area _ 1 (n-9) .
V. u(ave) = Poriod = T—Je (V,sin¢ — 2Av)do
= LV _cosp—2av)[*°
@ P ‘¢ =0
or
/oui(@ave) = i[— Vpcos(n -0)-2Av(n-0)+ Vp0056 +2Av0
1
= E[ZVPCOSG —-2Av(mt-20)]
Generally, the angle 0 is small and thus cos® ~ 1 and (n-20) = n. Therefore, the last rela-
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tion above reduces to

_2x17
T

2V
Vou(ave) = —2-2av ~2x0.7 =942V

The minimum theoretical Peak Inverse Voltage (PIV) is
PIV = Vp—VD =17-0.7 = 163V

but for practical purposes we should choose the value of about 30 V.

12.

P

R R —
@ C /\_Vout

Vin 20 KQ

Vi, = 177sin377t

Here, ® = 377 t/s or f = /2n = 377/2n = 60 Hz, and T = 1/f = 1/60. Rearranging
(2.29), we get

T 1

cC=V._. : =177.
P V,,(ripple) - R - 60 1 %20 x 10> x 60

= 148 uF

13.
Vin (V)

-5

From the circuit of Figure 2.48 we observe that the diode conducts only when v;, >0 and thus
the capacitor charges to the positive peak of the input which for this example is 5 V, and the
capacitor voltage is v = 5 V with polarity shown. Since v ,, = v;,~ v, when v, , = 5V,
Vout = 5=5 = 0 and the output has shifted upwards to zero volts as shown below. When the
input voltage is negative, v;, = =5 V, and v, = -=5-5 = -10 V. The waveform for the

output voltage is as shown below.
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Vout (V)

~104

14.
a. By definition r, = AV,/AlL, or AV, = r, Al,. Then

—r, AL, = 12-30x(10-5)x 10" = 11.85 V

VZ‘IZ = 5SmA VZ|1Z = 10mA

12-30% (10-20)x 10~ = 123 V

Vv A/ -1, Al
Z‘IZ=20mA Z‘IZ=10mA 2772

c. From (2.34) v, = V,,+ 1,1, where V, and I, are the nominal values. Then

Vg = Vy—1,h, = 12-30x10x 10" = 11.7 V
15.

1 (mA)
10

v (mV)

50 350 500

Tunnel
diode ¥ R

For the region of negative resistance the slope m is
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m=2l_ 1210 03
Av  350-50
and thus
di -
o _ g3 0! ()
v
where i, and v are as shown in the circuit below.
F i \
v ip IR

To eliminate the negative resistance region, we must have

di
720 QO

for all values of v. Since
1 =ip+ig = ip+Vv/R
it follows that

ai _dip, 1

dv dv R
and (2) above will be satisfied if

1 dip

R a O
From (1) and (3)

Il{ > _(~0.03)

and thus the maximum value of the resistor should be R ~33.33 Q. With this value, the
slope of the total current i versus the voltage v across the parallel circuit will be zero. For a
positive slope greater than zero we should choose a resistor with a smaller value. Let us plot
the total current i versus the voltage v with the values R; #33.33 Q and R, = 25 Q.

We will use the following MATLAB script for the plots.

v=51:0.1:349; m=-0.03; b=11.5; id=m*v+b;...
R1=33.33; i1=id+v/R1; R2=25; i2=id+Vv/R2; plot(v,id,v,i1,v,i2); grid

and upon execution of this script we get the plot shown below.
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| | |

| ‘ i for R=25 Ohms
|

| | |
|
|

I I
|
|
| |
l l
1 J i for R=38.33 Ohms ﬂ
B +
|
|
|
|
|

I
|
|
|
)
|
:
|
300 350

16.
Light i (mA)

ANNN

i
<—<—>_|_
ES
N\
P

v (mV)

200 400 |

a. By inspection, the operating point that will yield maximum power is denoted as Q where

P .x = 400 x40 = 16 mw

m

b. The value of R that will receive maximum power is

_ (Y _ 400 _
R—(i)max— m 10 Q
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Chapter 3

Bipolar Junction Transistors

are defined and their application as amplifiers is well illustrated with numerous examples.
The small and large signal equivalent circuits along with the h-parameter and T-equivalent
circuits are presented, and the Ebers-Moll model is discussed in detail.

T his is a long chapter devoted to bipolar junction transistors. The NPN and PNP transistors

3.1 Introduction

Transistors are three terminal devices that can be formed with the combination of two separate
PN junction materials into one block as shown in Figure 3.1.

N P P N P N N P
N P N P N P
E B C E B C
Emitter Base  Collector Emitter Base  Collector

C C

B B
E E

NPN Transistor formation and symbol PNP Transistor formation and symbol

Figure 3.1. NPN and PNP transistor construction and symbols

As shown in Figure 3.1, an NPN transistor is formed with two PN junctions with the P-type mate-
rial at the center, whereas a PNP transistor is formed with two PN junctions with the N-type
material at the center. The three terminals of a transistor, whether it is an NPN or PNP transistor,
are identified as the emitter, the base, and the collector. Can a transistor be used just as a diode? The
answer is yes, and Figure 3.2 shows several possible configurations and most integrated circuits
employ transistors to operate as diodes.
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N P N P N P
E B E B
Cathode Anode Anode Cathode
P N P
N P N
! L
B C

Cathode  Anode
Anode Cathode

Figure 3.2. Transistors configured as diodes

Transistors are used either as amplifiers or more commonly as electronic switches. We will dis-
cuss these topics on the next section. Briefly, a typical NPN transistor will act as a closed switch
when the voltage Vg between its base and emitter terminals is greater than 0.7 V but no
greater than 5 V to avoid possible damage. The transistor will act as an open switch when the
voltage Vg is less than 0.6 V. Figure 3.3 shows an NPN transistor used as an electronic switch

to perform the operation of inversion, that is, the transistor inverts (changes) an input of 5 V to
an output of 0 V when it behaves like a closed switch as in Figure 3.3, and it inverts an input of
0 V to an output of 5 V when it behaves like an open switch as in figure 3.4.

Vee =5V Vee =5V

Figure 3.3. NPN transistor as electronic closed switch - inverts 5 V to 0 V

Like junction diodes, most transistors are made of silicon. Gallium Arsenide (GaAs) technology
has been under development for several years and its advantage over silicon is its speed, about six
times faster than silicon, and lower power consumption. The disadvantages of GaAs over silicon
is that arsenic, being a deadly poison, requires very special manufacturing processes and, in addi-
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tion, it requires special handling since it is extremely brittle. For these reasons, GaAs is much
more expensive than silicon and it is usually used only in superfast computers.

Vee =5V

Vee =5V

\
1

Figure 3.4. NPN transistor as electronic open switch - inverts 0 V to 5 V

3.2 NPN Transistor Operation

For proper operation, the NPN and PNP transistors must be biased as shown in Figure 3.5.

Collector Collector
N P Ie
Base + Base —
© P Vee = © Vee =
N
Iy - I +
| Emitter | B Emitter
7 N —_—
Vgs * Vg P
| |
Ig
NPN Transistor PNP Transistor

Figure 3.5. Biased NPN and PNP Transistors for proper operation
The bias voltage sources are Vg for the base voltage and V. for the collector voltage. Typical

values for Vg are about 1 V or less, and for V.. about 10 V to 12 V. The difference in these

bias voltages is necessary to cause current flow from the collector to the emitter in an NPN tran-
sistor and from the emitter to collector in a PNP transistor.
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3.3 The Bipolar Junction Transistor as an Amplifier

When a transistor is used as an amplifier, it is said to be operating in the active mode. Since a
transistor is a 3-terminal device, there are three currents, the base current, denoted as iy, the

collector current, denoted as i, and the emitter current, denoted as i . They are shown in Fig-
ures 3.5 and 3.6.

iC
i !
Bo—
I
E
NPN Transistor PNP Transistor

Figure 3.6. The base, collector, and emitter currents in a transistor

For any transistor, NPN or PNP, the three currents are related as
i +ie = ip (3.1)

(vp/nVrp)

We recall from Chapter 2, equation (2.3), that i = I [e —1]. In a transistor, n~ 1, and

the collector current is

Vge/ V1

(3.2)

ic = Le

. . . —12 -15 o . . .
where 1, is the reverse (saturation) current, typically 107" A to 10"~ A as in junction diodes,

vgg is the base-to-emitter voltage, and V;~26 mV at T = 300 °K.

A very useful parameter in transistors is the common-emitter gain B, a constant whose value typi-
cally ranges from 75 to 300. Its value is specified by the manufacturer. Please refer to Section
3.19. The base current iy is much smaller than the collector current i and these two currents

are related in terms of the constant B as
and with (3.2) we get
vge/ Vr

iy = (I/P)e (3.4)

From (3.1) and (3.3) we get

* It is customary to denote instantaneous voltages and currents with lower case letters and the bias voltages and currents

with upper case letters.
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iy = ip+i = io/B+ie = B (3.5)

p

and with (3.2)
- B_Ellrevfw/“ (3.6)

g

Another important parameter in transistors is the common-base current gain denoted as o and it is
related to B as

a = % (3.7)

From(3.7) it is obvious that a. < 1 and from (3.5) and (3.7)
ic = aig (3.8)

Also, from (3.6) and (3.7)

i = élreVBE/VT (3.9)

and we can express B in terms of a by rearranging (3.7). Then,

B = (3.10)

—a

Another lesser known ratio is the common-collector current gain ratio denoted as y and it is defined
as the ratio of the change in the emitter current to the change in the base current. Thus,

_ dig
o= 5 (3.11)
_dig
B = d_i,; (3.12)
i
y = T (3.13)
and their relationships are
o= B B = % y=P+1 (3.14)
B+1 -a

Example 3.1

A transistor manufacturer produces transistors whose o values vary from 0.992 to 0.995. Find the
B range corresponding to this a range.
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Solution:

For o = 0.992 (3.10) yields

Bo o - 099 _
-« 1-0.992
and for a = 0.995
oo _ 0995 _ g

l-a 1-0.995
Therefore, for the range
0.992 < <£0.995
the corresponding B range is
124<B <199

3.3.1 Equivalent Circuit Models - NPN Transistors

We can draw various equivalent circuit models with dependent voltage and current sources for
NPN transistors using the relations (3.1) through (3.10). To illustrate, let us draw an equivalent
circuit using relations (3.4), (3.3), and (3.1) which are repeated here for convenience.

iy = (1L/p)e™ V" (3.15)

i = Big (3.16)

\AL

ip = ig+ic = (IL/B)e™ " +Big (3.17)

Figure 3.7. NPN transistor equivalent circuit model for relations (3.15), (3.16), and (3.17)

If we know I, B, iy, and the operating temperature, we can find the other parameters for the

circuit model of Figure 3.7.

*  Dependent sources are discussed in detail in Chapters 1 through 4, Circuit Analysis I with MATLAB Applications, ISBN
0-9709511-2-4, Orchard Publications.
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Example 3.2

For a given NPN transistor, I, = 2 x 107, B =200, ig = 5 pA, and T = 27 °C. Find the
numerical values of the parameters shown in Figure 3.7. The collector bias voltage V. (not
shown) is 10V .

Solution:
I -14 _
L _2x10™ _ 16
B 200
We find vgg from (3.15), i.e.,
iy = (IL/B)e™ V"
Then, 6 16 Vge/V
5x107° = 10 e ™ T

10

-6
eVBE/VT _ 5x10 _

10°'°

5% 10

vge/Vy = In(5x10'"°)

vgg = Vo(In5+10In10) = 26 x 10°(1.61 +23.03) ~ 0.64 V

The collector bias voltage V. is used for proper transistor operation and its value is not required

for the above calculations.

3.3.2 Equivalent Circuit Models - PNP Transistors

Relations (3.15), (3.16), and (3.17) apply also to PNP transistor equivalent circuits except that
v Deeds to be replaced by v as shown in Figure 3.8.

Figure 3.8. PNP transistor equivalent circuit model for relations (3.15), (3.16), and (3.17)

For easy reference we summarize the current-voltage relationships for both NPN and PNP transis-
tors in the active mode in Table 3.1.
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TABLE 3.1 NPN and PNP transistor current-voltage characteristics

NPN Transistor PNP Transistor
B+1 g l-a ig B+1 g -a g
VBE VBE VBE ViB ViB VeB
. IN v | . Voo Ly vil. IN v | . Vi . LN vy
IB:Ee ic = Le g ={g)¢ IB:Be ic = Le g ={g)e
ig = ig/(B+1) iC = aig ip = (B+Dig|lig = ig/(B+1) iC = g ip = (B+1)ig
ig=((-a)ig| Vy=26mVatT =27°C ig=((1-a)ig| Vy=26mVatT =27 °C
vgg = Vp[In(B) - In(I,) + In(ig)] vgg = Vp[In(B)—In(I,) + In(ig)]

The relations in Table 3.1 are very useful in establishing voltage and current levels at various
points on an NPN or PNP transistor.

Example 3.3

An NPN transistor with B = 150 is to operate in the common (grounded) base configuration. A
DC power supply at Vg = £12 V is available and with two external resistors, one connected

between the collector and V. and the other between the emitter and Vi, we want to keep the
collector current I, * at 1.6 mA and the collector voltage V. at 4 V. Find the values of the
resistors given that when Vg = 0.7 V, I = 1.2 mA. The circuit operates at T = 27 °C.
Solution:

Since the transistor is to operate at the common base configuration, after connecting the resistors
and the bias voltages, our circuit is as shown in Figure 3.9.

IC = 1.6 mA . IE
— - AN
+
if RC C E RE =
Vee — Ve=4Vigp — Vg

12V MI 12Vt

- B

4

Figure 3.9. Transistor circuit for Example 3.3 - Computations for R

Application of Kirchoff’s Voltage Law (KVL) on the collector side of the circuit with

* As stated earlier, we use upper case letters for DC (constant) values, and lower case letters for instantaneous values.
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c = 1.6 mA and V. = 4 V yields

Vee-V _
ce_le. 222 _5ko

R =
Ie 1.6 x 10
e = 0.7 V, I = 1.2 mA and we need to find Vg at [ = 1.6 mA. We

We are given that for

find Vg from the ratio
Vie/Vr
1.6 mA _ Ire (Ve —0.7)/Vy
1.2 mA Ireo'7/VT
1.6
Vgp = 0.7+26x 1071 (1—6) = 0.708
Next,
Ve = V= Vg
and since the base is grounded, Vi = 0, and Vi = -V = —0.708 as shown in Figure 3.10
Re ¢ L Re
Yy y—
T% + + —
o 5 | .
Vee % = Vi = —0.708 V = Vg,
- J ]T3 ‘ v+

Figure 3.10. Transistor circuit for Example 3.3 - Computations for R

From Table 3.1
or
and since B = 150,
o =B/(B+1) = 150/151 = 0.993
and
3-9
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I = Io/a = (1.6 mA)/0.993 = 1.61 mA
Then, by KVL
—Vp+Relg = Vig

_ VeetVE _ —(~12)-0.708 _

Ry = —= = = TKQ
E 1.61 x 10

3.3.3 Effect of Temperature on the i. — vy Characteristics

As with diodes, the base-emitter voltage vg decreases approximately 2 mV for each 1 °C rise

in temperature when the emitter current iy remains constant.

Example 3.4

For the PNP transistor circuit of Figure 3.11, at T = 27 °C the emitter to base voltage
vgg = 0.7 V and the emitter current I is held constant at all temperature changes. Find the

changes in emitter voltage Vi and collector voltage V. if the temperature rises to T = 50 °C.

Ro = 5KQ (¢ E Ry = 10 KQ
o AM—
L+ [+ -

E
LT,
VCC; c B E %VEE
+ F Ve
12V I l ‘

B

Figure 3.11. Circuit for Example 3.4
Solution:
Since the base is grounded, vgz = Vg and since this voltage decreases by 2 mV for each 1 °C

temperature rise, the change in Vg is

AVy = (50-27) °C x (-2 mV/1 °C) = -46 mV

andat T = 50 °C,
Ve = 0.7-0.046 = 0.654 V

There is no change in the collector voltage V. because the emitter current Iy is held constant,

and since I = alg, the voltage V. remains unchanged.
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3.3.4 Collector Output Resistance - Early Voltage

From basic circuit analysis theory, we recall that a current source has a parallel resistance attached
to it and it is referred to as output resistance. Ideally, this resistance should be infinite and we can
connect any passive load to the current source. However, most integrated circuits use transistors

as loads instead of resistors R, and when active loads (transistors) are used, we should consider
the finite output resistance that is in parallel with the collector. This resistance is in the order of
100 KQ or greater. This output resistance looking into the collector is defined as

0
ro = g,CE (3.18)
lc
VBE = constant
or
A\
Tout = -If (3.19)

where V, is the Early voltage supplied by the manufacturer, and 1. is the DC collector current.

Before we consider the next example, let us illustrate a transistor in the common-emitter mode
with the resistive circuit shown in Figure 3.12.

sl

Figure 3.12. Representing a transistor as a resistive circuit with a potentiometer

When the potentiometer resistance is decreased (the wiper moves upwards) the current through
the collector resistor R increases and the voltage drop across R increases. This voltage drop
subtracts from the supply voltage V. and the larger the voltage drop, the smaller the voltage V.

at the collector. Conversely, when the potentiometer resistance is increased (the wiper moves
downwards) the current through the collector resistor R decreases and the voltage drop across

R decreases. This voltage drop subtracts from the supply voltage V. and the smaller the volt-
age drop, the larger the voltage V. at the collector.
We recall also that a resistor serves as a current limiter and it develops a voltage drop when cur-

rent flows through it. A transistor is a current-in, current-out device. We supply current to the
base of the transistor and current appears at its collector. The current into the base of the transis-
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tor is in the order of a few microamps while the current at the collector is in the order of a few
milliamps. The transistor circuit and the waveforms shown in Figure 3.13 will help us understand
the transistor operation in the common-emitter mode.

Figure 3.13. Transistor operation in the common-emitter mode
For the circuit of Figure 3.13, for the base-to-emitter voltage interval 0 < vy <0.65, no current
flows into the base. But when the base-to-emitter voltage is vgg~ 0.7 V, a small current flows
into the base. A further increase in the supply voltage vg has no effect on vy which remains

fairly constant at 0.7 V, but the base current continues to increase causing an increase in the
collector current i... This, in turn causes the voltage drop across the resistor R to increase and

thus the collector voltage v decreases. and for this reason the output voltage v appears as
180° out-of-phase with the input (supply) voltage vg. As vg decreases, less current flows into
the base and the collector current decreases also causing the voltage drop across the resistor R

to decrease, and consequently the collector voltage v increases.

Example 3.5

The datasheet for the NPN transistor of Figure 3.14 indicates that the Early voltage is V,, = 80.
The base to emitter voltage Vg is held constant at 0.7 V and when V. is adjusted so that
Veg = 1V, the collector current I. = 0.8 mA . Find the values of I as V. varies from 1 V to
10 V and plot I versus V. Do you expect a linear relationship between I and Vg ?

Solution:
Relations (3.18) and (3.19) are applicable here. Thus,

roo=va_ 80 0 kq
. 08
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R
¢ | + Vv %
g I VT RS
A VAVA Ve CE
B
4 R UO | =
VS :% BE_I E _I

Figure 3.14. Circuit for Example 3.5
and A
Aie = —CE = 107 Av
out

This expression shows that there is a linear relationship between I and V.. The MATLAB

script below performs all computations and plots I versus V.. The plot is shown in Figure 3.15.

vCE=1: 10; vA=80; iC1=0.8"10/(-3); rO=vA/iC1; iC=zeros(10,3);...
iC(:,1)=vCE"; iC(:,2)=(vCE./r0)'; iC(:,3)=(iC1+VvCE./r0)'; fprintf(' \n');...

disp('vCE deltaiC new iC');...

disp(' ;...

fprintf('%2.0f \t %2.2e \t %2.2e\n',iC");...
plot(vCE,iC(:,3)); xlabel('vCE (V)'); ylabel('iC (A)"); grid;...
title('iC vs vCE for Example 3.5")

vCE delta iC new iC
1 1.00e-005 8.10e-004
2 2.00e-005 8.20e-004
3 3.00e-005 8.30e-004
4 4.00e-005 8.40e-004
5 5.00e-005 8.50e-004
6 6.00e-005 8.60e-004
7 7.00e-005 8.70e-004
8 8.00e-005 8.80e-004
9 9.00e-005 8.90e-004
10 1.00e-004 9.00e-004

Generally, the i versus v relation is non-linear. It is almost linear when a transistor operates in

the active region, and non-linear when it operates in the cutoff and saturation regions. Table 3.2
shows the three modes of operation in a bipolar transistor and the forward or reverse-biasing of the
emitter-base and collector-base junctions.
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x10™ iC vs vCE for Example 3.5

Figure 3.15. Plot for Example 3.5

TABLE 3.2 Region of operation for bipolar transistors

Region of Operation

Emitter-Base junction

Collector-base junction

Active Forward Reverse
Saturation Forward Forward
Cutoff Reverse Reverse

Example 3.6
For the circuit of Figure 3.16, B = 120 and Vg = 0.7. Find Vg, I, I, Vi, and determine

whether this circuit with the indicated values operates in the active, saturation, or cutoff mode.
Solution:

From the given circuit, by observation

Vg = Vg—Vpp = 5-07 =43V

and
I,= B _ _43 - = 172 mA

Rg  25x10

[t is given that B = 120. Then,
a=-L_ =120 _ 499
Br1 . 121

and
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Figure 3.16. Circuit for Example 3.6

Ic = alg = 0992 x1.72 = 1.71 mA
Then,
Iz = 1.72mA-1.71 mA = 0.0l mA = 10 pA

Finally, we find the collector voltage V. as
Ve = Vee—IeRe = 10-1.71x 107 x 4% 10° = 3.16 V

We observe that the transistor is an NPN type and for the active mode operation the base-collec-
tor junction PN must be reverse-biased. It is not because V. <V and thus we conclude that with

the given values the transistor is in saturation mode.

Example 3.7

For a PNP transistor circuit with the base grounded, it is given that Vg = 12V, Vo = =12V,
Rp = 5KQ, Re = 3KQ,and B = 150. Find Vi, I, I, Vi, and Ig. Is the circuit operating in
the active mode?

Solution:

The circuit is as shown in Figure 3.17. With Vg = 12 V it is reasonable to assume that the emit-

ter-base junction is forward-biased and since the base is grounded, we have

Vi = Vgg = 07V

and
Y
IE:VEE E_12-07 _ 5,35 A
Rg 5% 10°
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With p = 150
= B _ 150 _ 5993
B+l 151
Then, \
IC = aly = 0.993 x2.3 x 10" = 2.28 mA
and

Ve = Rie-Vee = 3x10°x228x10° 12 = -5.16 V

With this value of V., the collector-base junction is reverse-biased and the PNP transistor is in

the active mode. The base current is

Iy = Ip—I. = 23x10°-228x 10" = 20 pA

Example 3.8

For the circuit of Figure 3.18, it is known that B = 120. Find I, I, I, Vg, V¢, and V. Is the
transistor operating in the active mode?

Solution:

To simplify the part of the circuit to the left of the base, we apply Thevenin’s theorem at points x

and y as shown in Figure 3.19, and denoting the Thevenin equivalent voltage and resistance as
Vi and Ry respectively, we find that

R, 30

= = 12 = 4
v =R +R,"S " 60430 M
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Re= 8 kO
C |t +
I |+ — Vec

Ry _BB H I T 12v|~

4l ko H Vbl 1 —
Vg — R, \J EE
-l 12v B+ R,

L 30 KQ l Vi =

L - -<5K

R,

60 KQ —> :7 20 KQ

$ 2>30 KQ TH ——
12V 4V

= — Y —

[+

Figure 3.19. Application of Thevenin’s theorem to the circuit of Example 3.8

and
R; xR
1 X Ry 60 x 30 20 KQ

R =
™7 R, +R,  60+30

The circuit of Figure 3.18 is reduced to that of Figure 3.20.

8 KQ
C < 1t
;V
o CccC
TH_?B H T 12V]~
4 20k T }\‘TI l =
Vg — ‘ E o
14V Vg
1 ‘ Ry —
- Al 5KQ

Figure 3.20. The circuit of Figure 3.18 after application of Thevenin’s theorem

Application of KVL around the left part of the circuit of Figure 3.20 yields
Ryylg + Veg + Relg = Viy
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20 x 10°) I3 + 0.7 + (5 x 10°)I = 4
B E

33
5%x10

Al +1; = = 0.66x 107

3

From Table 3.1, Iz = (B +1)I;. Then,
Aly+(B+ DIy = 0.66x 107

1251, = 0.66 x 10~

I, = 528x10° A = 528 pA

and
I, = (B+ DIy = 121 x528x10° = 0.639 mA
Then,
Vg = Rglp = 5x10°x0.639%x 107 = 32V
and
Vg = Vg + Vg = 07432 =39V
Also,
o =T -y = 0639x10°-528x 10" = 0.634 mA
and

Ve=Vee-Rele = 12-8x10°x0.634x 107 = 693 V

Since this is an NPN transistor and V> Vy, the base-collector PN junction is reverse-biased

and thus the transistor is in active mode.

3.4 Transistor Amplifier Circuit Biasing

In our previous discussion, for convenience, a separate voltage source Vg has been used to pro-
vide the necessary forward-bias voltage and another voltage source V. to establish a suitable
collector voltage V. where Vi = V. —R¢l.. However, it is not practical to use a separate

emitter-base bias voltage V. This is because conventional batteries are not available for 0.7 V.

For this reason we use resistors in the order of kilohms to form voltage dividers with desired val-
ues. In addition to eliminating the battery, some of these biasing methods compensate for slight
variations in transistor characteristics and changes in transistor conduction resulting from tem-
perature irregularities.
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Figure 3.21 shows the basic NPN transistor amplifier where resistor Ry provides the necessary for-
ward bias for the emitter-base junction. Conventional current flows from V.. through Ry to the

base then to the grounded emitter. Since the current in the base circuit is very small (a few hun-
dred microamperes) and the forward resistance of the transistor is low, only a few tenths of a volt
of positive bias will be felt on the base of the transistor. However, this is enough voltage on the
base, along with ground on the emitter and the large positive voltage on the collector to properly
bias the transistor.

RB
C ¢ v
N 3 | C out
Vp e A
o ) il A
Vin & pSIIl(Dt -

Figure 3.21. The basic NPN transistor amplifier biased with a resistive network

With the transistor properly biased, direct current flows continuously, with or without an input
signal, throughout the entire circuit. The direct current flowing through the circuit develops more
than just base bias; it also develops the collector voltage V. as it flows from V. through resistor

R and, as we can see on the output graph, the output signal starts at the V. level and either

increases or decreases. These DC voltages and currents that exist in the circuit before the applica-
tion of a signal are known as quiescent voltages and currents (the quiescent state of the circuit).
The DC quiescent point is the DC bias point Q with coordinates (Vgg, Ig) . We will discuss the Q

point in detail in a later section.

The collector resistor R is placed in the circuit to keep the full effect of the collector supply volt-
age off the collector. This permits the collector voltage V. to change with an input signal, which
in turn allows the transistor to amplify voltage. Without R, in the circuit, the voltage on the col-

lector would always be equal to V.

The coupling capacitor C is used to pass the ac input signal and block the dc voltage from the pre-
ceding circuit. This prevents DC in the circuitry on the left of the coupling capacitor from affect-
ing the bias on the transistor. The coupling capacitor also blocks the bias of the transistor from
reaching the input signal source.

The input to the amplifier is a sine wave that varies a few millivolts above and below zero. It is
introduced into the circuit by the coupling capacitor and is applied between the base and emitter.
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As the input signal goes positive, the voltage across the base-emitter junction becomes more pos-
itive. This in effect increases forward bias, which causes base current to increase at the same rate
as that of the input sine wave. Collector and emitter currents also increase but much more than
the base current. With an increase in collector current, more voltage is developed across R..

Since the voltage across R and the voltage across the transistor (collector to emitter) must add
up to V¢, an increase in voltage across R results in an equal decrease in voltage across the

transistor. Therefore, the output voltage from the amplifier, taken at the collector of the transis-
tor with respect to the emitter, is a negative alternation of voltage that is larger than the input,
but has the same sine wave characteristics.

During the negative alternation of the input, the input signal opposes the forward bias. This
action decreases base current, which results in a decrease in both collector and emitter currents.
The decrease in current through R decreases its voltage drop and causes the voltage across the
transistor to rise along with the output voltage. Therefore, the output for the negative alterna-
tion of the input is a positive alternation of voltage that is larger than the input but has the same
sine wave characteristics.

By examining both input and output signals for one complete alternation of the input, we can see
that the output of the amplifier is an exact reproduction of the input except for the reversal in
polarity and the increased amplitude (a few millivolts as compared to a few volts).

Figure 3.22 shows the basic PNP transistor amplifier. As we already know, the primary difference
between the NPN and PNP amplifier is the polarity of the source voltage V... With a negative
Ve, the PNP base voltage is slightly negative with respect to ground, which provides the neces-

sary forward bias condition between the emitter and base.

C
+ C/_ B }) T oV Vout
AN 0

P (Y 11
-V Vip = Vpsinot

Figure 3.22. The basic PNP transistor amplifier

When the PNP input signal goes positive, it opposes the forward bias of the transistor. This
action cancels some of the negative voltage across the emitter-base junction, which reduces the
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current through the transistor. Therefore, the voltage across R decreases, and the voltage across
the transistor increases. Since V. is negative, the voltage on the collector V. goes in a negative
direction toward V.. Thus, the output is a negative alternation of voltage that varies at the same

rate as the sine wave input, but it is opposite in polarity and has a much larger amplitude.

During the negative alternation of the input signal, the transistor current increases because the
input voltage aids the forward bias. Therefore, the voltage across R increases, and consequently,
the voltage across the transistor decreases or goes in a positive direction. This action results in a
positive output voltage, which has the same characteristics as the input except that it has been
amplified and the polarity is reversed.

In summary, the input signals in the preceding circuits were amplified because the small change in
base current caused a large change in collector current. And, by placing resistor R in series with

the collector, voltage amplification was achieved.

3.5 Fixed Bias

The biasing method used in the transistor circuits of Figures 3.21 and 3.22 is known as fixed bias.
Even though with modern technology transistors are components (parts) of integrated circuits, or
ICs, some are used as single devices. To bias a transistor properly, one must establish a constant
DC current in the emitter so that it will not be very sensitive to temperature variations and large
variations in the value of B among transistors of the same type. Also, the Q point must be chosen
so that it will allow maximum signal swing from positive to negative values.

Figure 3.23 shows an NPN transistor with fixed bias.

Re

C

B
E
R,
Rg

Figure 3.23. NPN Transistor with fixed bias

Following the procedure of Example 3.8 we can simplify the circuit of Figure 3.23 with the use of
Thevenin’s theorem to the circuit of Figure 3.24.
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——  V
Re I “
Cj B
1
B
b,
J’_
R }\7
B
VBE

i 3 %

Figure 3.24. The circuit of Figure 3.23 after application of Thevenin’s theorem

IC
E

With reference to Figures 3.23 and 3.24 we obtain the following relations:

Van = R \Y% 3.20

BB — R1+R2 CcC ( . )
_ RR,

BT R, +R, (3.21)

[t was stated earlier that it is imperative to keep variations in temperature and changes in B val-
ues to a minimum and this can be achieved by making the emitter current I fairly constant.

Therefore, let us now derive an expression for Ij..

From Figure 3.24 with application of KVL we get

Rplg + Vg + Rglp = Vg

Iy = (B—_%-I)IE

1
RB(——B+ 1)IE+VBE+REIE = Vpp

and from Table 3.1

Then,

or
O Rp+Rg/(B+1)  Rp+Ryp/(B+1)

(3.22)

From expression (3.22) we see that the emitter current I; will be fairly constant if Vg5 » 0.7 and
Rg» Rg/(B +1). Accordingly, Rz must be small and since Ry = R;R,/(R, +R,), we should

use small resistance values for R, and R,. Designers recommend that the sum of R, and R, is
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such that the current through them (assuming that the base current is zero) is about half of the
emitter current I . It is also recommended that Vgg, Vg or Vg, and the product R¢1. each be

close to one-third of the value of V..

[t is often said that the emitter resistor R provides a negative feedback action which stabilizes the
bias current. To understand how this is done, let us assume that the emitter current I increases.
In this case, the voltages Rgl; and Vi will also increase. But the base voltage being determined

by the voltage division provided by resistors R, and R, will remain relatively constant and

. , , . Vie/V
according to KVL, the base-to-emitter voltage Vg will decrease. And since I, = Ie ™ ', both
the collector current I and emitter current I; will decrease. Obviously, this is a contradiction to
our original assumption (increase in 1) and thus we say that the emitter resistor Rg provides a

negative feedback action.

Let us consider the transistor circuit of Figure 3.23 which is repeated as Figure 3.25 for conve-
nience.

7V
_ cC R

)
-

Rp VBE

1 %

Figure 3.25. NPN transistor with fixed bias

e VCC
L

+

Circuit designers maintain that if we specify the V. voltage, the I; current, and the value of B,

we can determine the appropriate values of the four resistors for proper biasing by letting the val-
ues of Vg, Vg or Vg, and the product ReI each be close to one-third of the value of V.,

and assuming that the base current is negligible, the current I through resistors R, and R, is

I = 0.5I;. For convenience, we will denote the sum of R; and R, as R,

Example 3.9

For the transistor circuit of Figure 3.26 B = 120. Find the values of the four resistors for appropri-
ate fixed biasing.
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R e VCC
C —
15V
Rl —
C
B
E
R2
RE IE

Figure 3.26. Transistor circuit for Example 3.9

Solution:

The given circuit and its Thevenin equivalent are shown in Figure 3.27. The Thevenin equiva-
lent is shown just to indicate the value of Vg which will be used in the calculations.

C
71
Iz=0 })
% o NS B
+
RB }\7
Ve

Vs E
I 3 Ry [
1 % 1

Figure 3.27. The transistor circuit of Example 3.9 and its Thevenin equivalent

IC
E

As stated above, it is suggested that the values of Vg, Vg or Vg, and the product Rl each
be close to one-third of the value of V., and assuming that the base current is negligible, the

current Iy through resistors R, and R, is Iy = 0.51;. Then,

1
Vgp = §Vcc =

and with reference to the Thevenin equivalent circuit above, since Iy~ 0 by KVL

Ve + Relp = Vpp
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Von—V _
R, = ~BB_YBE _ 5-07 _ 43¢0

Ig 1%x107°

Also,
RquR = (R, +Ry)I} = Vee

Vv v 15
R, = (R +R,;) = &€ = £ =

= = ;= 300 KQ
Ix 051 05x10”

To find R, = (R; +R;) we use the Thevenin equivalent voltage expression, that is,

\Y% \% 5V R, \% ! 15V R, 15V
TH = "BB & R, +R, ¢© 7 R, +R, ~ 300 KQ
R, _5v_1
300 KQ 15V 3
and thus
R, = 100 KQ
and
R, = 300 KQ-R, = 300 KQ-100 KQ = 200 KQ
We will find the value of R from the relation
1
Rele = chc
or
1/3)V 1/3)V 1/3)V
C:( )cc:( )cc:( )cc: 5 3:4.96KQ
Ie alg B/7B+INE  (120/121)x 1 x 107

3.6 Self-Bias

The fixed bias arrangement discussed in the previous section is thermally unstable. If the tempera-
ture of the transistor rises for any reason (due to a rise in ambient temperature or due to current
flow through it), the collector current will increase. This increase in current also causes the DC
quiescent point to move away from its desired position (level). This reaction to temperature is
undesirable because it affects amplifier gain (the number of times of amplification) and could
result in distortion, as we will see later in this chapter. A better method of biasing, known as self-

bias is obtained by inserting the bias resistor directly between the base and collector, as shown in
Figure 3.28.
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Figure 3.28. NPN transistor amplifier with self-bias
By tying the collector to the base in this manner, feedback voltage can be fed from the collector
to the base to develop forward bias. Now, if an increase of temperature causes an increase in col-
lector current, the collector voltage V. will fall because of the increase of voltage produced

across the collector resistor R . This drop in V. will be fed back to the base and will result in a

decrease in the base current. The decrease in base current will oppose the original increase in
collector current and tend to stabilize it. The exact opposite effect is produced when the collector
current decreases.

From Figure 3.28,

1
Relg + RBB n 1IE+ Ve = Vee
Vee—Vae

le = Re+Rp/(B+1) (3.23)

From (3.23) we see that to maintain the emitter current Iy fairly constant, we should choose the

collector and base resistors such that Rg/(B+1) « R

Example 3.10

For the transistor circuit of Figure 3.29 B = 120 and we want the collector voltage to vary in
accordance with V. = 3sinot V+ Vg and Iz = 1 mA. Find the values of R and Ry to meet

these specifications.
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Figure 3.29. Transistor circuit for Example 3.10

Solution:

We assign current directions as shown in Figure 3.30.

Figure 3.30. Circuit for Example 3.10 with assigned current directions

By inspection,

|

+1

=

or

Ry = 3 = 363 KQ

1x 107 % (1/121)

Also, by inspection
Ve = Vee—Relg

_ Vee—Ve _ 15-3.7 - 113 KO

Re
Ig 1x107°
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3.7 Amplifier Classes and Operation

In the previous discussions we assumed that for every portion of the input signal there was an
output from the amplifier. This is not always the case with all types of amplifiers. It may be desir-
able to have the transistor conducting for only a portion of the input signal. The portion of the
input for which there is an output determines the class of operation of the amplifier. There are
four classes of amplifier operations. They are Class A, Class B, Class AB, and Class C.

Before discussing the different classes of amplifiers, we should remember that every amplifier has
some unavoidable limitations on its performance. The most important that we need to be con-
cerned about when choosing and using them are:

e Limited bandwidth. For each amplifier there is an upper frequency beyond which it finds it
impossible to amplify signals.

e Noise. All electronic devices tend to add some random noise to the signals passing through
them, hence degrading the SNR (signal to noise ratio). This, in turn, limits the accuracy of any
measurement or communication.

e Limited output voltage, current, and power levels. A given amplifier cannot output signals
above a particular level; there is always a finite limit to the output signal size.

e Distortion. The actual signal pattern will be altered due non-linearities in the amplifier. This
also reduces the accuracy of measurements and communications.

¢ Finite gain. A given amplifier may have a high gain, but this gain cannot normally be infinite
so may not be large enough for a given purpose. This is why we often use multiple amplifiers or
stages to achieve a desired overall gain.

Let us first discuss the limits to signal size. Figure 3.31(a) shows a simple amplifier being used to
drive output signals into a resistive load. The power supply voltages are +V . and -V and

thus the output voltage v, will be limited to the range

—ViE <Vou <t Vee

out
From our earlier discussion we can think of the transistor as a variable resistor between the col-
lector resistor R and emitter resistor R; . We denote this variable resistor, i.e., the transistor, as
R,, and its value depends on the input voltage v;,. The two extreme values of the variable resis-

tor are R,, = o (open circuit) and R,, = 0 (short circuit). These conditions are shown in Fig-

ures 3.31(b) and 3.31(c).
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Figure 3.31. Simple amplifier with resistive load

Application of the voltage division expression for the circuit of Figure 3.31(b) yields the maximum
voltage across the load resistor, that is,

Rl d
Vour(max) = Iﬁl 'VCC (324)
oa

and the corresponding maximum current is
1 4(max) = ————— (3.25)

Obviously, we want the power delivered to the load resistor to be maximum; therefore, we must
make the collector resistor R, much smaller than the load resistor R,,4, that is, R « R ,4 to

maximize the current through the load resistor. For convenience, we choose R to be one-tenth

of the value of R, that is,

Re = 0.1R,,, (3.26)

Next, by application of Thevenin’s theorem for the circuit of Figure 3.31(c) where the load resis-
tor is disconnected, we redraw the circuit as shown in Figure 3.32.

) RTH
+

R % |

C R +

E VTH VTH —= Rload Vout
+ B N _
Vee = =, ull

= I EE ? e f—
il S L

Figure 3.32. Thevenin equivalent for the circuit of Figure 3.31(c).
From Figure 3.32,
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_ Vee + Vg
Rc+Rg

REVCC B RCVEE

Vig = Vee—Rel = RCTR, (3.27)
_ RCRE
R = ok (3.28)
and thus R
Vou(min) = =—22 vy (3.29)

T
RTH + Rload

From (3.29) we see that for v (min) to be close to =V, the Thevenin resistance Ry shown
in (3.28) and (3.29) should be minimized. We already have minimized R to be Re = 0.1R, 4,

so let us make Ry one-tenth of R, thatis, Rg = 0.1R, or

Rp = 0.01R,, (3.30)

Example 3.11

Let us suppose that the circuit of Figure 3.33 is to be used as the output stage of an audio system
whose load resistance is Rj,4 = 8 Q and the supply voltages are V.- = +24V and
Vg = 24V . Taken into account the recommendations discussed above for sizing the emitter

and collector resistors, find the power absorbed by the combination of the collector resistor, the
transistor, and the emitter resistor when v, = 0 V and the amplifier is on.

Figure 3.33. Circuit for Example 3.11
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Solution:

With R¢ = 0.1R},4 = 0.1x8 = 0.8 Q and v ,, = 0 V, there is no current through the load
resistor and since Relg +v,,, = 24 V, I = 24/0.8 = 30 A, that is, the amplifier will be drawing

30 A from the positive power supply. Since there is no current through the load, this current will
flow through the transistor and the emitter resistor and into the negative power supply. Thus, the
power absorbed by the combination of the collector resistor R, the transistor, and the emitter

resistor R will be 30 x (24 + 24) = 1440 w = 1.44 Kw. This is indeed a very large amount of

power and thus this amplifier is obviously very inefficient.

For a comparison of output signals for the different amplifier classes of operation, please refer to
Figure 3.34 during the following discussion.

SN SN N A
v w W

Class A Class B Class AB Class C

Figure 3.34. Output signals for Class A, Class B, Class AB, and Class C amplifiers

We should remember that the circuits presented in our subsequent discussion are only the output
stages of an amplifier to provide the necessary drive to the load.

3.7.1 Class A Amplifier Operation

Class A amplifiers are biased so that variations in input signal polarities occur within the limits of
cutoff and saturation. In a PNP transistor, for example, if the base becomes positive with respect
to the emitter, holes will be repelled at the PN junction and no current can flow in the collector
circuit. This condition is known as cutoff. Saturation occurs when the base becomes so negative
with respect to the emitter that changes in the signal are not reflected in collector-current flow.

Biasing an amplifier in this manner places the dc operating point between cutoff and saturation
and allows collector current to flow during the complete cycle (360 degrees) of the input signal,
thus providing an output which is a replica of the input. Figure 3.35 is an example of a Class A
amplifier. Although the output from this amplifier is 180 degrees out-of-phase with the input, the
output current still flows for the complete duration of the input.

Class A amplifiers are used as audio- and radio-frequency amplifiers in radio, radar, and sound sys-
tems.

The output stages of Class A amplifiers carry a fairly large current. This current is referred to a qui-
escent current and it is defined as the current in the amplifier when the output voltage is zero.
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From Example 3.11 we learned that the arrangement of the circuit of Figure 3.33 is very ineffi-

cient. However, a Class A amplifier can be made more efficient if we employ a push-pull* arrange-
ment as shown in Figure 3.35.

J;_V
R e

Ry

A%
0 V out
+ /_ B

. C é : v, \//\
:

|
L

_VCC

Figure 3.35. Typical Class A amplifier

Figure 3.36. Push-Pull Output stage for a Class A amplifier

From the circuit of Figure 3.36, it is evident that we can control the currents i, and i, by varying

the input voltages v;,; and v;,,. It is convenient to set the quiescent current, denoted as I, to

*  The expression push-pull (or double ended) derives its name from the fact that one of the two transistors pushes (sources)
current into the load during the positive cycle while the other pulls (sinks) current from the load during the negative cycle.
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one-half the maximum current drawn by the load. Then, we can adjust the currents i, and i, to

be equal and opposite. Then,

i = I+ lle (3.31)
and
i, = IQ_”OTM (3.32)

The currents i; and i, in each transistor vary from 0 to 21 ; therefore, the load current is within

the range —21, <i,,4 <21 .

Example 3.12
In the circuit of Figure 3.37, +Vgp = 24 V, -V = =24 V, and R, = 8 Q. Compute the
power absorbed by the circuit if we want to apply up to 24 V to the 8 Q load.

+
AJ lll

Rload

\7 8Q _
Ji2 —
#v =5V

Figure 3.37. Circuit for Example 3.12

EE

Solution:

The maximum load current will be

1) 0q(max) = 284_§\2/ =3A
and the quiescent current will be
I =3A_ 154
4 2
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Then, each transistor will absorb
P=24x15=36w

and the total power absorbed by the circuit will be

P . =2%x36=72w

tota

This is not very efficient, but it is much more efficient than the circuit of the previous example.

3.7.2 Class B Amplifier Operation

The circuit of Figure 3.38 shows the output stage of a Class B amplifier. This consists also of a
push-pull arrangement but the bases (inputs) are tied by two diodes. The current in the diodes is

supplied by two current sources denoted as 1, ;, .

bias

Vb1

Ibias

Figure 3.38. Output stage of a typical Class B amplifier
When v, goes positive, the upper transistor conducts and the lower transistor is cutoff. Then,
the input to the base of the upper transistor is v;, + v, and the voltage at the emitter terminal of

the upper transistor is v; = v;, + vp,; — Vgg;, and since vz, = vp,, we find that

When v, goes negative, the upper transistor is cutoff and the lower transistor conducts. then the

input to the base of the lower transistor is v,, — vp, and the voltage at the emitter terminal of the
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lower transistor is v, = Vgp, + Vi, — Vp,, and since vgp, = vp,, we find that
From (3.33) and (3.34) we conclude that

Vi =V, =V

- (3.35)

Therefore, when v, = 0, v, = 0, and v, = 0 also, and the current and the output of both tran-
sistors including the quiescent currents I ;. will be zero also, and the power absorbed by the cir-

cuit will be zero. Accordingly, it appears that this arrangement has perfect efficiency. However,
this ideal condition is never achieved because no two diodes or two transistors are exactly identi-
cal. There exists a range where both transistors are cutoff when the input signal changes polarity
and this results in crossover distortion as shown in Figure 3.39. This distortion is due to the non-lin-
earities in transistor devices where the output does not vary linearly with the input. The efficiency
of a typical Class B amplifier varies between 65 to 75 percent.

Crossover distortion

A@A

Figure 3.39. Crossover distortion in Class B amplifier

3.7.3 Class AB Amplifier Operation

Vin

We've seen that Class A amplifiers are very inefficient, and Class B amplifiers although are effi-
cient, they produce crossover distortion. Class AB amplifiers combine the advantages of Class A
and Class B amplifiers while they minimize the problems associated with them. Two possible
arrangements for the output stage of a typical Class AB amplifier are shown in Figure 3.40.

In Figure 3.40(a) the voltage v, at the upper transistor is v, = v, + Vp, + Vp, — Vg » and since
Vgel = Vpj = Vpy, we find that v, = v, + vy and similarly for the lower transistor

V, = Vi, — Vp. LThen, when v, = 0, we have

V=V, = 2vp (3.36)
and the quiescent current, assuming that Rg; = Rg,, will be
V=V, 2vp  Vp

Ibias = = R (337)

Rp, +Rp, 2R Ry
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For small output signals that require currents in the range —21I,;,  <1ij,.q < 21,4 bOth transistors

will conduct and will behave as Class A amplifier. But for larger signals, one transistor will con-
duct and supply the current required by the load, while the other will be cutoff. In other words,
for large signals the circuit of Figure 3.40(a) acts like a Class B amplifier and hence the name

Class AB amplifier.

I Ve

VCC

(=1

(a) (b)
Figure 3.40. Two possible arrangements for the output stage of a typical Class AB amplifier

For sinusoidal signals into the load R, ,, the RMS voltage will be

2
Vou(RMS) = % Rigad (3.38)
E
and the output power will be

2

2v
Ploald = _2D ’ Rload (339)

E

For maximum power, we should make Ry as small as possible, so let Ry = 0.5 Q, and let
Ripaq = 8 Q and vy = 0.5 V. Then,
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2
2vp 0.5
IJload = R_é 'Rload = 0.25 x8 =20w

If welet Vo = 24 V and I;,, = 1 A, the total power absorbed will be
P = 24x1+20 = 44 w

For the circuit of Figure 3.40(b), the voltage v, can be adjusted to any desired value by selecting
appropriate values for resistors R; and R,. The adjustable resistor R,; is set to a position to yield

the desired value of the quiescent current I, ;.

From the above discussion, we have seen that the Class AB amplifier maintains current flow at all
times so that the output devices can begin operation nearly instantly without the crossover distor-
tion in Class B amplifiers. However, complete current is not allowed to flow at any one time thus
avoiding much of the inefficiency of the Class A amplifier. Class AB designs are about 50 percent
efficient (half of the power supply is power is turned into output to drive speakers) compared to
Class A designs at 20 percent efficiency.

Class AB amplifiers are the most commonly used amplifier designs due to their attractive combi-
nation of good efficiency and high-quality output (low distortion and high linearity close to but
not equal to Class A amplifiers).

3.7.4 Class C Amplifier Operation

Class C amplifiers have high efficiency and find wide applications in continuous wave (CW) laser
and radar applications, in frequency modulation (FM), and phase and pulse amplification. How-
ever, Class C amplifiers cannot be used with amplitude modulation (AM) because of the high dis-
tortion. A typical Class C output stage is shown in Figure 3.41.

Figure 3.41. Output stage of a typical Class C amplifier

In Class C amplifier operation, the transistor in Figure 3.41 behaves as a open-closed switch. The
load can be thought of as an antenna. During the positive half-cycle the transistor behaves like a
closed switch, current i; flows through the inductor and creates a magnetic field, and at the same
time the capacitor discharges and thus the two currents i +1i; flow through the emitter to the

ground. During the negative half-cycle the transistor behaves like an open switch, the magnetic
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field in the inductor collapses and the current i; will flow through the capacitor and the load.

Other classes of amplifiers such as Class D, Class E, and others have been developed by some
manufacturers. These are for special applications and will not be discussed in this text. For more
information on these, the interested reader may find information on the Internet.

3.8 Graphical Analysis

The operation of a simple transistor circuit can also be described graphically. We will use the cir-
cuit of Figure 3.42 for our graphical analysis.

Re = Ve
lc p—
RB +
VcE
+ =
LV T
BE
Vin 1B —

Figure 3.42. Circuit showing the variables used on the graphs of Figures 3.43 and 3.44

We start with a plot of iy versus vgp to determine the point where the curve

ig = (L/p)e™ ™ (3.40)
and the equation of the straight line intersect

VBB~ VBE
ip = ——== (3.41)
The equation of (3.41) was obtained with the AC source v,, shorted out. This equation can be

expressed as

. 1 v
O AL (3.42)
We recognize (3.42) as the equation of a straight line of the form y = mx + b with slope —-1/Rg.

This equation and the curve of equation (3.40) are shown in Figure 3.43.
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Base current iB, amps

____________________________________________________________

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

|
a 01 0.2 03 04 0§ 06 07 o8 08

BaseEmitter voltage vBE, wvolts

VBB

Figure 3.43. Plot showing the intersection of Equations (3.40) and (3.42)
We used the following MATLAB script to plot the curve of equation (3.40).

vBE=0: 0.01: 1; iR=10/(-15); beta = 100; n=1; VT=27*10/(-3);...
iB=(iR./beta).*exp(vBE./(n.*VT)); plot(vBE,iB); axis([0 1 0 107(-6)]);...

xlabel('Base-Emitter voltage vBE, volts'); ylabel('Base current iB, amps');...
title('iB-vBE characteristics for the circuit of Figure 3.42'); grid

From Figure 3.43 we obtain the values of Vi and I on the vy and iy axes respectively. Next,

we refer to the family of curves of the collector current i versus collector-emitter voltage v for

different values of iy as shown in Figure 3.44. where the straight line with slope -1/R. is derived

from the relation

Veg = Vee—Rele (3.43)
Vee ic/ Slope = —1/R¢ g,
R
¢ iy
ig3
i =1
I B B
g2
ig
VCE Vcc VeE
Figure 3.44. Family of curves for different values of ig
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Solving (3.43) for i we get

lc = —=—Vep+ —5— (3.44)

As shown in Figure 3.44, this straight line, commonly known as load line, and the curve iy = Iy
intersect at point Q whose coordinates are the DC bias values V- and 1. Obviously, the value

of the collector resistor R must be chosen such that the load line is neither a nearly horizontal

nor a nearly vertical line.

Example 3.13

For the circuit of Figure 3.45, the input voltage v, is a sinusoidal waveform. Using the ip versus

vge and i versus v curves shown in Figure 3.46, sketch the waveforms for vy, i, vog, and

Ic .

Figure 3.45. Circuit for Example 3.13

Solution:
Let v;, = V sinot. We draw three parallel lines with slope -1/Ry, one corresponding to input
Vin = 0, the second at v;;, = V, and the third at v;;, = -V as shown in Figure 3.47. The input

voltage v, is superimposed on the DC bias voltage Vg .

* We observe that (3.40) describes an equation of a straight line of the form y = mx +b where the slope is m = —1/R,
and the ordinate axis intercept is b = V/Re.
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;!

Slope = -1/Rj

Slope = -1/R.

=1,
VCC VcE
i
V| N Slope = -1/Rg
Rp N
AN N
N N
AN N
N N .
N ~/_ _ _ _ _ B _
B RS ANAY
N R VARV
N
HERN N
DU l VBE
vor Al
A | BB
VBE | > | |
\( | < I Vin
| >| | >|
| |
Figure 3.47. Graphical representation of Vg and ig when the input voltage v, is a sinusoid
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Slope = -1/R

iC
Vee /

Figure 3.48. Graphical representation of v and i when the input voltage v;, is a sinusoid

3.9 Power Relations in the Basic Transistor Amplifier

In our subsequent discussion we will denote time-varying quantities with lower case letters and
lower case subscripts. We will represent average (DC) values with upper case letters and upper
case subscripts. We will use lower case letters with upper case subscripts for the sum of the
instantaneous and average values.

Let us consider the circuit of Figure 3.49. The collector current and the collector-to-emitter volt-
age can be expressed as

ic = Ic+i, (3.45)
and

Vee = Vgt Vee (3.46)

where 1. and Vg are the average values i and v, are time-varying components whose average

value is zero.
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Re = Ve

1c -

e

H\A

%
1 BE _
Vin B \L

Figure 3.49. Circuit for the derivation of power relations
The power drawn from the collector supply at each instant is

Pcc = Vecie = Veele+ Vecd (3.47)
Since Vi is constant and i, has zero average value, the average value of the term Vi, is zero
Therefore, the average power drawn from the collector supply is

Pee = Veele (3.48)

and if there is negligible or no distortion, the current I and power P are both independent of
the signal amplitude.

The power absorbed by the load at each instant is

2 2 2 .
Proap = Rroapic = Rroap(Ic+1)” = Rigaple + 2Rpoaplcic + Rpoapl (3.49)
The term 2R A plci, is zero since 2Ry oaple is constant and the average of i, is zero; hence the
average power absorbed by the load is
P R, gaple + R i2)..c = R oaple+R i 2 3.50
roap = Rroaplc +Rpoap(ic)ave = Reoanlc + RLoap(ic rus) (3.50)
The power absorbed by the transistor at each instant is

. . . 2
Pc = Vegic = (Vee—Rpoapic)ic = Vecle —Rioapic = Pec —Proap (3.51)
Therefore, the average power absorbed by the transistor is

Pc = Pec—Proap

(3.52)

T
* By definition Average = Area/Period = (J. idt) /T and thus if the value of the integral is zero, the average is also zero
0
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3.10 Piecewise-Linear Analysis of the Transistor Amplifier

The circuit shown in Figure 3.50 is a model to represent the transistor where the two ideal diodes
are included to remind us of the two PN junctions in the transistor.

()
N

Ieo

B ' & C
aig

b >

Figure 3.50. A transistor model

In Figure 3.50, I is the current into the reverse-biased collector with iy = 0. By KCL,
ic = aig+Ico (3.53)
and since ig = i¢+ip
ic = a(ic+ig) +1gg (3.54)
ic—aic = aig+Iqq

(1-)ic = aig+Iqq

or

_— o . 1
ic = g —a)1B+(1 _a)ICO (3.55)
From Table 3.1
1a =B
—a

Also,

and by substitution into (3.55)
ic = Big+(B+Dlco (3.56)

Thus, the equivalent circuit of Figure 3.50 may be redrawn as shown in Figure 3.51.
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(B+Dlco —
N

Pig
! >

Figure 3.51. An alternative transistor model.

The transistor models shown in Figures 3.50 and 3.51 are essentially ideal models. An improved
transistor model is shown in Figure 3.52 where for silicon type of transistors Vp~ 0.7 V and r,,

referred to as the base spreading resistance, is included to account for the small voltage drop in the
base of the transistor.

(B+Dlco
N

f i~
L

Figure 3.52. A more accurate model for the transistor

Analogous to the base resistance r, are the emitter diffusion resistance defined as

0
r, = oF (3.57)
61E ic = constant

and the collector resistance

Ove

.= =
Oic

(3.58)

ig = constant

Typical values for r,, are between 50 Q to 250 Q, for r, are between 10 Q to 25 Q, and r, is very
high, in excess of 1 MQ. The model of Figure 3.52 is for an NPN transistors. It applies also to PNP

transistors provided that the diodes, voltage polarities, and current directions are reversed.

The transistor amplifier of Figure 3.53 can be analyzed by piece-wise linear methods with the aid
of the transistor model of Figure 3.52.
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ig + Re
) — VcE +
1s * ™~a . —V
/r Rs VBE _ 1 -'CC
R, = =
+
V — 7{
v 1=

Figure 3.53. Basic transistor amplifier to be analyzed by piece-wise linear methods

For convenience, we neglect the small effects of r,, V, and (B + 1)l in Figure 3.52 and thus

the model is now as shown in Figure 3.54.

«—

 Big
4>’7

w

Li

E

E

Figure 3.54. The piece-wise linear model of Figure 3.52 where 1, , V,, and (B + 1)1 are neglected

When the transistor in the amplifier of Figure 3.53 is replaced by the piece-wise linear model of
Figure 3.54, we obtain the circuit shown in Figure 3.55(a).

. iC
BIB Vv
— . Lo = Yeel .
; B ‘ < Ic (o R, |
N IB D DC C 1
E p——
T R W\ R Vg R¢ Emitter diode | \Collector diode
+ + < 1—> . )
=V i ; Vee= open circuited ! 1 short circnited
Vg 1 E:V e - A s > 1
iy = -l is:ICFS_IB
@ (b)

Figure 3.55. Piecewise linear model for the circuit of figure 3.53 and its current transfer characteristics

The current transfer characteristics are constructed by determining the points at which the
diodes change from the conducting to the non-conducting state. The current 14 represents the

collector saturation current.

Let us now suppose that the source current i reaches a value that causes the reverse voltage

across the collector diode D to become zero and the emitter diode Dy is conducting and allows
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a current iy to flow through it. When this occurs, there is no voltage drop across either diode, all

three terminals of the transistor are at ground potential, and the current in the collector diode D

is zero. This condition establishes the right-hand break on the transfer characteristics and its value
is determined as follows:

The collector current under the conditions stated above is

\%
cc -
ic = == = Pig = I¢g
Re
or
I Vee _ Ies
PUBRe B
and since the base is grounded,
Vi Ies

(3.59)

Next, let us now suppose that the source current i becomes negative and reaches a value that
causes the collector diode D to become reverse-biased and the current in the emitter diode Dy

to reach a zero value. When this occurs, there is no current in either diode, and the base terminal
is at ground potential. This condition establishes the left-hand break on the transfer characteris-
tics and its value is determined as follows:

iy = —ic = —Pig (3.60)

But this equation is true only if B = -1. For B#-1, this equation is satisfied only if iz = 0.

Therefore, with the base terminal at ground potential and iz = 0, (3.59) reduces to

i, = Iy (3.61)

Example 3.14

A DC power supply with a transistor regulator is shown in Figure 3.56. The resistor R, provides a

suitable current to sustain the breakdown condition of the Zener diode. Any change in supply
voltage causes a compensating change in the voltage drop across the transistor from collector to

emitter and the load voltage v,,4 is thereby held constant in spite of changes in the input voltage
or load resistance R, 4. The transistor parameters are § = 100, r, = 75 Q, Vg = 0.7 V and

the current I into the reverse-biased collector is negligible.

Find the values of the load voltage v,,,4, the collect-to-emitter voltage v, and the power P
absorbed by the transistor.
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Rload +
100 Q = Vioad

Ve =35V

Figure 3.56. DC power supply for Example 3.14

Solution:

We replace the transistor with its piece-wise linear model as shown in Figure 3.57.

' Vgg = 07V
lc Bi ip = 1)i
BN B 4[| —1g=PB+Dig
: E ll
i
T R, rbéTB Rigad | +
35V 75 Q Vioad
. 3
\ v,=25v =— 1008
_ T,
—

Figure 3.57. The piece-wise linear model for the transistor in Figure 3.55

From Figure 3.57,
Tpig + Vg + Rigagle = Vz

V= Vgg = yig + (B + DR} ,4lp

V,-V _
i = z BE _ 25-0.7 _ 243 — 24mA
r,+(B+1)R 4 75+101 x 100 10175

Vieag = (B+ DRyg,qip = 101 x 100 x 2.4 x 107 = 2424V

We observe that the load voltage is independent of the supply voltage of 35 V. This occurs
because the collector can be represented as an ideal current source Big. However, if the supply
voltage falls below the Zener voltage of 25 V, the collector-base junction will no longer be

reverse-biased, and the voltage regulation action of the transistor will fail. Also, when this occurs,
the breakdown state will not be sustained in the Zener diode.

The collector current is
ic = Big = 100 x2.4 = 240 mA
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and the collector-to-emitter voltage is
vep = Supply Voltage — Load Voltage = 35-24.24 = 10.76 V
The power absorbed by the transistor is

Pe = vegic = 10.76 x 0.24 = 2.58 w

3.11 Incremental linear models

In our discussion on piece-wise linear models on the preceding section, the small voltage drop
between base and emitter is small in comparison with the bias voltage and thus can be neglected.
However, the base-to-emitter voltage cannot be neglected when only the increments of voltage
and currents is considered. Also, when calculating increments of current and voltage, it is often
necessary to account for the small effects of variations in collector voltage on both the input and
output circuits. For these reasons the incremental model for the transistor provides a better
approximation than the piece-wise linear approximation.

The base-to-emitter voltage vy and the collector current i are functions of the base current ig

and collector-to-emitter voltage v . In other words,

vee = f(ip, Vcg) (3.02)
and
ic = fig vep) (3.63)
If iy and v are changed in small increments, the resulting increment in vy can be expressed as
Ovgg .. Ovgp

Avgp ~dvgg = 3, dig + aVCEdVCE (3.64)

and the increment in i can be written as

8., dig

Aig~dic = a};dlB + W(;EdVCE (3.65)

The partial derivative in the first term of (3.64) has the dimensions of resistance and it is denoted
as r,, and that in the second term is a dimensionless voltage ratio denoted as p. It is also conve-
nient to denote these derivatives in lower case letters with lower case subscripts. Then, (3.64) is
expressed as

= 1 iy + UV, (3.66)

Ve

Likewise, the partial derivative in the first term of (3.65) is a dimensionless current ratio denoted
as B, and that in the second term has the dimensions of conductance and it is denoted as g, .

Then, (3.65) is expressed as
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i, = Biy + g, Ve (3.67)

The relations of (3.66) and (3.67) along with i, = i, + i, suggest the circuit shown in Figure 3.58

known as the hybrid incremental network model for the transistor. It is referred to as hybrid model
because of the mixed set of voltages and currents as indicated by the expressions of (3.66) and

(3.67).

The input resistance r, is the slope of the input voltage and current characteristics and it
accounts for the voltage drop across the base-emitter junction. Likewise, the output conductance
g, 1is the slope of the output current and voltage characteristics.
i, r i
b i
B-"" AN —<c
Vie v

’ < 2
HVee Blb

ce

b
i
Figure 3.58. The hybrid incremental model for a transistor in the common-emitter configuration

The voltage amplification factor p is related to the input characteristics caused by a change in
veg, and the current amplification factor B is related to the output characteristics caused by a

change in ig.

Typical values for the parameters of relations (3.66) and (3.67) are r, = 2 KQ, p = 5x 107,

B =100, and g, = 2x 10~ @', and since the value of p is a very small number, the voltage

source pv,, in Figure 3.58 can be replaced by a short circuit, and thus the model reduces to that

shown in Figure 3.59.

el —l
Vbe v

C

ce

I, ! g,
Biy
.
le
il

Figure 3.59. The hybrid incremental model for the transistor with pv,, = 0
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. . * . .
The transistor hybrid parameters provide us with a means to evaluate voltages, currents, and
power in devices that are connected externally to the transistor. Let us, for example, consider the
circuit of Figure 3.60 which is an incremental model for the transistor amplifier in Figure 3.53.

B r, C
i | g6 +
Q) R HVece Piy, Vee
14 Rigad] —
Bl
| e
L

Figure 3.60. Transistor incremental model with external devices

Now, we let R, represent the parallel combination r, = 1/g, and Ry,,4. Then,

Vee = _Rquib (368)

and

HVee

R By (3.69)

Hence, the voltage of the pv_, is proportional to the current flowing through the source, and from

this fact we can replace the voltage source with a resistance —-upR,,, and thus the model of Figure

3.60 can be redrawn as shown in Figure 3.61.

/ N\
CD & HPRe Ll =g, ) Ve

i pi, NS -

Figure 3.61. The circuit of Figure 3.60 with the voltage source pv . replaced by the resistance —upR.,

The negative resistance —upR,, is always much smaller than r, and thus the net input resistance
to the transistor is always positive. Therefore, the negative resistance -upR,, can be replaced by a

short circuit, and assuming that the base current i, is unaffected by this assumption, the voltages

and currents in the collector side of the circuit are not affected.

The current amplification A_ is defined as

* We will introduce the h-equivalent transistor circuits in Section 3.15.
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—

A, = (3.70)
1
S
where
gy 4 Piy = LR i)+
c o'ce b r, load "¢ Rl +rn S
. Rload . Rl
+ =i =
fe r, fe BR1+rnls
R R
1 load)' — 1.
( * I, fe BR1+rn1S
(ro+Rload)i - B Rl i
T, ¢ Ry+r,°
ic 3 B(Rl/(Rl +rn)) 3 BerO Rl r,

< = = = B
1 (ro + Rload)/ro (Rl + I'n)(ro + Rload) (Rl + I.n) (ro + Rload)

S

and thus the current amplification A_ is

A=l a: (3.71)
¢ 1_ - (Rl +rn)B(ro+R10ad) ‘

The parameters r,, u, B, and g, are normally denoted by the h (hybrid) parameters* as
r,=h,; =h,, p=h,=h,, Bp=nhy =hg,andg, = hy, = h,.. These designations along

with the additional notations v,, = v, i, = i;, v, = V5, and i, = i,, provide a symmetrical

form for the relations of (3.66)and (3.67) as follows:

[§

vy = hyi;+hy,v, (3.72)

iy = hy i +hyv,
o h i, +h
' le' Ire (3‘73)
I = hfell +hoeV2
In (3.73) the subscript i denotes the input impedance with the output short-circuited, the sub-
script r denotes the reverse transfer voltage ratio with the input terminals open-circuited, the

subscript f denotes the forward transfer current ratio with the output short circuited, and the

*  For a detailed discussion of the z, y, h, and g parameters refer to Circuit Analysis II with MATLAB Applications,
ISBN 0-9709511-5-9, Orchard Publications.
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subscript o denotes the output admittance with the input terminals open-circuited. The second
subscript e indicates that the parameters apply for the transistor operating in the common-emitter
mode. A similar set of symbols with the subscript b replacing the subscript e denotes the hybrid
parameters for a transistor operating in the common-base mode, and a set with the subscript ¢

replacing the letter e denotes the hybrid parameters for a transistor operating in the common-col-
lector mode.

Values for the hybrid parameters at a typical quiescent operating point for the common-emitter
mode are provided by the transistor manufacturers. Please refer to the last section of this chapter.
Table 3.3 lists the h-parameter equations for the three bipolar transistor configurations.

TABLE 3.3 h-parameter equations for transistors

Parameter | Common-Base Common-Emitter Common-Collector
hyy hyy, hje = hy /(1 +hy)) hie=hy /(1 +hy))
hy, hyy, h..~hy hy/(1+hy)-hy, h =1
h,, hg, hg.=—h,, /(1 +hy)) he,=—-1/(1 +hy)
hy, h,, hye=hy, /(1 +hy) h,o=hy, /(1 +hy)

Example 3.15
For the amplifier circuit of Figure 3.62 it is known that r, = h;; = 2 KQ, B = hy, = 100,

pw=h,=5x10"and g, = hy, = 2x10° Q'. Find the small signal current amplification

Ac = lload/ls'

< Lioad

2 KQ

i VCE 16 V] + v
ST R, r ™ I ce
1=>10 KQ B -
+ —1
Vg 2V = -

+RC

Figure 3.62. Transistor amplifier for Example 3.15
Solution:

The incremental model of this transistor amplifier is shown in Figure 3.63 where

— (l/go)Rload
o l/go + Rload

3 3
_ 50x 10" x2x 10 - 1.923 KQ

52 % 10°
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_.ib <_iload
B I, C
R /// Rload \4:
(D s R, = 10 KO D> g Wee
. \
i ~uBR, Bi, ~ g -Z_K’Q/ A
E eq
L

Figure 3.63. The incremental model for the transistor circuit of Figure 3.62

and thus the magnitude of the equivalent resistance reflected into the input part of the circuit is
IWBR | = 5x107*x 100 x 1293 x 10° = 64.65 Q = 0.06465 KO
and since this is much smaller than r, = h;; = 2 KQ, it can be neglected.

The current gain A, can be found from the relation (3.71). Then,

i R r 10 50
A, = Joad o 1 = = x100x= = 80
c T T TR+ (R 127 5

S

3.12 Transconductance

Another useful parameter used in small signal analysis at high frequencies is the transconductance,
denoted as g, and defined as
dic

dvgg|.
ic = I,

Zm (3.74)

and as a reminder, we denote time-varying quantities with lower case letters and lower case sub-
scripts. Thus, the transconductance g, is the slope at point Q on the i versus vy characteris-

tics at i = I as shown in Figure 3.64.

An approximate value for the transconductance at room temperature is g, ~ 401.. This relation

is derived as follows:

From (3.2) v
ic=Ie™ (3.75)
and with (3.70) di .
_ Ic _ 1.1 Vee/ Vr
8m = | = ITVTe (3.76)
e =1¢
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A
VBE \k)

Figure 3.64. The transconductance g, defined
By substitution of (3.75) into (3.76) we get
gn = i/ Vg (3.77)

and with V; = 26 x 107 V
g, ~40i. (3.78)
and thus we see that the transconductance is proportional to the collector current i.. Therefore,

a transistor can be viewed as an amplifier with a transconductance of 40 millimhos for each milli-
ampere of collector current.

3.13 High-Frequency Models for Transistors

The incremental models presented in the previous section do not take into consideration the
high-frequency effects in the transistor. Figures 3.65(a) and 3.65(b) are alternative forms for rep-
resenting a transistor.

L i iy i
B 2w LA B — V.. - C
Vbe r'b VCe Vbe rvb VCC
rbe \L ro I'be \L r0
Bi, gmV'be
(a) (b)
Figure 3.65. Alternative forms for the transistor model
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In Figure 3.65(a) the input impedance r, is separated into two parts; one part, denoted as r',,

accounts for the ohmic base spreading resistance; the other part, denoted as r,,, is a nonlinear

resistance and accounts for the voltage drop ', across the emitter junction. Thus,

o
I'n = I'b+I'be

From Figure 3.65(a) '
iy = VrTbe

and thus
. _ B , ¥
Blb - r Ve = 8mVbe
be

and thus the model of Figure 3.65(a) can also be represented as that of Figure 3.65(b).

From (3.76)
Zm = B/rbe
or

Thus, when i = 1 ma, r,, = 258 Q, and in general, when i is in milliamps,

ry. = (25B)/ic

(3.79)

(3.80)

(3.81)

(3.82)

(3.83)

(3.84)

The incremental models we have discussed thus far are valid only for frequencies of about
2 MHz or less. For higher frequencies, the effects of junction capacitances must be taken into

account. Figure 3.66 shows a model for the transistor at high frequencies referred to as hybrid—n

model.
1 '
— b A%
be +,,— — 1
[ c
B W— I C
Vbe Ty C C2 Vee
Tye 1_7< . I,
mVbe
1S,

Figure 3.66. The hybrid—n model for the transistor at high frequencies

v' i di
* Since i, = Bi, = B—2 it follows that IV—C = 1'0 =g,
foe Ve Vee=0 dv be Veg = constant
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The capacitor C, represents the capacitance that exists across the forward-biased emitter junction
while the capacitor C, represents a much smaller capacitance that exists across the reverse-biased
collector junction.

At low frequencies the capacitors act as open circuits and thus do not affect the transistor perfor-

mance. At high frequencies, however, the capacitors present a relatively low impedance and
thereby reduce the amplitude of the signal voltage v',. This reduction in v',, causes in turn a

reduction in the strength of the controlled source g_v',. and a reduction in the collector current
i, . We can derive some useful relations by determining the short-circuit collector current i, when
a sinusoidal input current is applied between the base and emitter terminals.

With the output short-circuited, capacitor C, is in parallel with €, between Node 1 and ground,

and the equivalent impedance is

e X 1/jo(C +Cy) Tpe

Zy. = Tpll 1/jo(C, +Cy) = jo(C, +C,) =

[

Ipe + 1/j0(C, +Cy)  Tpjo(C,+C,y) + 1

However, C, is typically 100 times as large as C, and it can be neglected. Then,

T
7 = ___be 8
be Iy joC, + 1 (3.85)

. * .. . . .
and denoting the phasor quantities with bolded capical letters, we obtain

The
v .=72.1I = ——I .
be be™ b rbejwcl +1 b (3 86)
and
' 8m’b
Ic = ng be = =

T joC, + 1 °
Using the relation of (3.82) we get

- B (3.87)

¢ 1 JoC, +1

Thus, if the amplitude of the input current is held constant as the frequency is increased, the
amplitude of the collector current decreases and approaches zero at very high frequencies.

The coefficient of I, in (3.86) must be a dimensionless constant; therefore the quantity 1/r,,C,
has the dimensions of frequency. Also, it is customary to represent C, as C,, and it is helpful to

define a new symbol o as

* Phasors are rotating vectors and are used to represent voltages and currents in complex form. Impedances and admittances
are complex quantities but not phasors. For a detailed discussion, refer to Circuit Analysis I, ISBN 0-9709511-2-4.
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1
o = C (3.88)
By substitution of (3.88) into (3.87) we get
- B
¢ jo/og+ 1Ib (3.:89)
and the magnitute of the collector current is
1 = e i (3.90)

J(©/0g) +1

Therefore, at the frequency © = o4, the magnitude of the collector current I, is reduced to

1/./2 times its low-frequency value. Thus, g serves as a useful measure of the band of frequen-

cies over which the short-circuit current amplification remains reasonably constant and nearly
equal to its low-frequency value. For this reason, o is referred to as the B cutoff frequency.

The frequency at which the current amplification is unity, that is, the frequency at which

1| = |L|, is found from (3.90) as
B = J(0/0p’+1 (3.91)

As we know, a typical value for B is 100 ; therefore, in (3.91) the term (o/ (;)B)2 is much larger

than unity and © » ;. Letting ® = o, we get
or=Bog fr~Bfy (3.92)

The relation of (3.92) is referred to as the current gain-bandwidth product for the transistor and
it is an important figure of merit for a transistor. Also, from (3.82), (3.88), and (3.92)

_ &m
op = C. (3.93)
or
_ Zm
T 2nC, (3:94)

Example 3.16

The specifications for a certain transistor state that B = 100, the current gain-bandwidth prod-

*  The figure of merit is useful in comparing different devices for their overall performance.
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uct is fy = 200 MHz, and the collector current is i = 1 mA . Using the hybrid—n model of Figure
3.66, find:

a. the transconductance g,

b. the base-emitter capacitance C,

c. the base-emitter resistance r,,

d. the B cutoff frequency
Solution:
a. From (3.78)
gmn ~ 40i- = 40 millimhos
b. From (3.94)
_8n . 40x107°
°2nfr 2px2x10°

C ~ 32 pF

c. From (3.83)

e = £ = 1% _ - 25K0
gm  40x10
d. From (3.92)
f 6
B 100

and this indicates that at this frequency the current amplification is still large.

3.14 The Darlington Connection

Figure 3.67 shows two transistors in a common collector configuration known as the Darlington
connection. The circuit has high input impedance and low output impedance.

< <
Cl1 T
g
o i
o |
™~a Bl 1C2
; 15%)
B
S )
lgp = 1gy ™
o

Figure 3.67. The Darlington connection

The combined o and B; are evaluated as follows:
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g, = iy = i¢g +ip; (3.95)
io) = oylg = oyipy (3.96)
ig, = o ip, +ip; (3.97)
. i
ig, = I—B;I (3.98)
Also,
Iy = gy +1pgy = Oyl +1ip (3.99)
. i
ig, = 1_]3;2 (3.100)
Then,
o oL, 1
ip = igy +igy = O4ig; + Oyipy = 04igy + Oyig, = 1l—z11 +1i—§22 (3.101)
From (3.98)
ig; = (1-0a,)ig, (3.102)
and by substitution into (3.101)
ip = G0l | Goley g Sl (3.103)
B l-a, l-a, PB2 T _a, '
Also, from (3.100)
ig, = (1-0y)ip, (3.104)

and by substitution into (3.103)

_ ul-ayipy i

= ay(1—ay)ig,
B l-a, l-a,

= o, (1 —0,)ig, + 0yig, (3.105)
l-oa,

= oy (1 —0y)igy +

Let the overall a value be denoted as o ; then, op = ip/ig, and dividing (3.105) by i, we get

i
o = _1 = o (l-0,)+0, = o;+a,—0a,0, (3.106)
1o

From Table 3.1
p= % - (3.107)

and with (3.102), (3.104), (3.105), and (3.107)
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By = ir _ oy (1 —a,)ig, + 0,ig, _ o (1-ay)+a,y L N )
T (-ap(I-oy)ip,  (-a)(l-0) (I-a;) (I-o)(l-0,)
(o} 1 a o o a
1 2 1 1 2 - Bl +(5152)/0‘1

T 0oy U-op(-oy) (-ay (-oy)/a;(1-oy)
and since o =~ 1
BTz By + BB, (3108)

Also, since B, « B,B,

Br=BiB,y (3.109)

3.15 Transistor Networks

In this section we will represent the common-base, common-emitter, and common collector tran-
sistor circuits by their h-equivalent and T-equivalent circuits, and we will derive the equations for
input resistance, output resistance, voltage gain, and current gain.

3.15.1 The h-Equivalent Circuit for the Common-Base Transistor

Figure 3.68 shows the common-base configuration of an NPN transistor.

i
164_ . lc € e -— C
+ E C + + Ie
. ¥ v
Veb B, b Veb Veb v L g cb
. ! . ‘ g
= T
(a) (b)

Figure 3.68. Common-base transistor circuit and its equivalent

From the equivalent circuit of Figure 3.68(b) we can draw the h-parameter equivalent circuit shown

in Figure 3.69.

+ +
hib

Veb t < l h Veb

hrchb hfble ob

-

Figure 3.69. The h-parameter equivalent circuit for common-base transistor

From Figures 3.68 and (3.69), se observe that

hy, =1, hy, = g hg = a hy =p
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Typical values for the h-parameter equivalent circuit for the common-base transistor are:
hy=30Q  hy,=5x10"  hy =098 h,=6x10°Q"

As indicated above, the input resistance h;, = r, has a small value, typically in the 25 to 35 Q.
This can be shown as follows:

From (3.2)
i = 1e™V (3.110)
or
o= Ioti, = el Vr g et Ve eV (3.111)
and since
Io = L™V (3.112)
by substitution of (3.112) into (3.111) we get
iC = ICeVbE/VT (3.113)
Normally, v, « V; and we recall that
2 3 4
= l+x+ =+ 4%y
21 31 41
Retaining only the first two terms of this series, by substitution into (3.113)
. Ve I
ic = Ic(l + V_bT) = I+ v Ve (3.114)
and the signal component of i is
. Ic
i, = \TTVbe (3.115)
Also,
o L _ IC I_E
le = a - (XVTVbe VTVbe
and thus
v
r, = be = T (3.116)
I IE
For Vi = 26 mV and Iy = 1 mA
1, =1, =26Q (3.117)
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To find the overall voltage gain, we connect a voltage source v, with its internal resistance R, at

the input, and a load resistor R at the output as shown in Figure 3.70.

+ i +
Rg h;;, | ¢ +

@ Veb + l Veb RC
hrchb hfb1 hob

<

out

‘”H

Figure 3.70. Circuit for the computation of voltage gain in a common base-transistor amplifier

The conductance h,, = g, is in the order of 0.5x10° Q™' or r, = 2 MQ, and since it is much

larger than R, it can be neglected (open circuit). Also, h,, = p = 5x 10 and the voltage
source h v , can also be neglected (short circuit). With these observations, the circuit of Figure
3.70 is simplified to that of Figure 3.71.

@ ) I L - Re= Vour

—

Figure 3.71. Simplified circuit for the computation of voltage gain in a common base transistor

From Figure 3.71,
Vour = —Rehpi, = —Read, (3.118)

ou

and
—v —v

i = s = s 119
fe Rg+h,, Rg+r, (3 )

Substitution of (3.119) into (3.118) and division by v, yields the overall voltage gain A, as

A = Your o *Re (3.120)

v Rg+r,

and since o~ 1 and r, = 26Q, the voltage gain depends on the values of Rq and R..

The current gain A; is

Ai = 0—ut = - < = (3.121)
in I
and the output resistance R, is
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R,, = R¢ (3.122)

Example 3.17

An NPN transistor is connected in a common-base configuration with V; = 26 mV,
ip = 1l mA, B =120, Rg = 2 KQ, and R = 5 KQ. Find the voltage and current gains, and
input and output resistances.

Solution:

B _ 120 _

o= L 0.992
B+1 121

hy =1, = Vi/ip = 26 mV/1 mA = 26 Q

aRc 0992 x5x 10°

AV:R +r. 3
sTle  (2+0.026)x 10

= 245

A; = o = 0992

1

R, =r, =26Q

1
R, = R¢ = 5 KQ

3.15.2 The T-Equivalent Circuit for the Common-Base Transistor

Transistor equivalent circuits can also be expressed as T-equivalent circuits. Figure 3.72 shows
the common-base T-equivalent circuit.

@ Ty ‘ b R,

Figure 3.72. T-equivalent model for the common-base transistor

We will assume that
re « I'c — OLI'c

rb « I'C

RL <r,—ar,
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and with these assumptions the input and output resistances and voltage and current gains for the

T-equivalent model for the common-base transistor are:

Input resistance = r;, = r,+1,(1—a) (3.123)
r,+1r,(l-a)+R
Output resistance = 1, = I, — bl )+ Rs (3.124)
r,+1,+Rg
aR
Voltage gain = A, = ———=—— (3.125)
ro+r(l-a)
Current gain = A, = a (3.126)
3.15.3 The h-Equivalent Circuit for the Common-Emitter Transistor
Figure 3.73 shows the common-emitter configuration of an NPN transistor.
i . .
— B — — C . e
. Cl + Ve In Vee r A H \% C
_ I . " pi, e
4o Vee UVee A Blb go
Voe B J_
) E | Li, r <l
€ ie AL
pp— E —
=
(a) (b) (c)

Figure 3.73. Common-emitter transistor circuit and its equivalent

From the equivalent circuit of Figure 3.73(b), same as Figure 3.58 with the addition of the emitter

, o -6 -1
resistor r,. The conductance g, is in the order of 27 x 107 Q™ or r,

much larger than a typical R resistance, it can be neglected. Also, h,,

40 KQ, and since it is

w=34x10" and the

dependent voltage source pv,, can also be neglected. Therefore, for simplicity and compactness,

we can represent the circuit of Figure 3.73(b) as that of Figure 3.73(c).

The h-parameter equivalent circuit of Figure 3.73(b) is shown in Figure 3.74 where

hie =, hoe = 8o hfe = B hre =K
_,ib — 1
AN
+ hie +
Vbe + l A%
_ ce
hrche hfeib hoe
—

Figure 3.74. The h-parameter equivalent circuit for common-emitter transistor
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Typical values for the h-parameter equivalent circuit for the common-emitter transistor are:

h,=15KQ  h,=34x10"  h,=8  h,=27x10°Q"

[

Figure 3.75 shows the h-parameter equivalent circuit of Figure 3.74 with a signal source v, and
its internal resistance Rg connected on the left side, and a load resistor R; connected on the

right side. Using the circuit of Figure 3.75 we can compute the exact voltage and current gains,
and input and output resistances.

@ Vbe h v -I_— l h Veb RL _Vom

v re ' ce hfele (]S

Figure 3.75. Circuit for exact computation of voltage and current gains and input and output resistances

As stated above, the conductance h,, = g, is in the order of 27 x 10° Q™' orr, = 40 KQ, and

. .. . 4
since it is much larger than R, it can be neglected. Also, h,, = p = 3.4 x 10" and the voltage
source h,.v,, can also be neglected. Therefore, to compute the input and output resistances and
overall voltage and current gains to a fairly accurate values, we can use the simplified circuit of

Figure 3.73(c), we connect a voltage source v, with its internal resistance Ry at the input, and a
load resistor R at the output as shown in Figure 3.76 where an additional resistor R is con-

nected in series with the emitter resistor r, to increase the input resistance, and R'q represents

. . . *
the series combination of Rg and r, .

Figure 3.76. The simplified common-emitter transistor equivalent circuit

* Typically, r, «r +Rg.

3-66 Electronic Devices and Amplifier Circuits with MATLAB Applications
Orchard Publications



Transistor Networks

From the equivalent circuit of Figure 3.76,

_ Vbe _ (r. +Rp)i, _ (ro +Rp)(iy, +1,) _ (r. + Rp)(iy, + Biy)

1y Iy Iy Iy

= (r,+Rp)(B+1) (3.127)

in

and since B » 1

rinz B(re+RE) (3-128)

The resistor Ry is referred to as emitter degeneration resistance because it causes negative feedback.
That is, if the collector current i, increases, the emitter current i, will also increase since
i, = ai, and any increase in the base current i, will be negligible. Thus, the voltage drop across
the resistor Ry will rise and the voltage drop across the resistor r, will decrease to maintain the
voltage v, relatively constant. But a decrease in the voltage drop across the resistor r, means a

decrease in the emitter current i, and consequently a decrease in the collector current i, .

Relation (3.128) indicates that the input resistance r;, can be controlled by choosing an appropri-

ate value for the external resistor Ry .

From Figure 3.76 we observe that the output resistance is the collector resistance R, that is,

foue = Re (3.129)
The overall voltage gain is
= Your _ Your Vb
Ay = Ve v v (3.130)
F Fi 3.76
rom Figure 3.7 Vout = Vee = —BipRe (3.131)
and
vy = (1, +Rp)iy = (1, + Rp)(ip +1y) = (r,+Rp)(iy + Biy) = (1, + Rp)(1 + )iy (3.132)
From (3.131) and (3.132)
Vout — _BibRC — _BRC (3133)
Vi (re +Rp)(1+B)iy,  (rg +Rp)(B+1)
Also,

Tin

vV, = v
b S
r;, + R

and with (3.127)

Vo _ _Tin _ _ (t+Rp(B+D)
Ve . +R.  (.+RO(B+ DR, (3.134)
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Substitution of (3.133) and (3.134) into (3.130) yields

Vg vy vg (r,+Rp)(B+1) (r,+Rp)(B+1)+R,

A = Vout VLut Vb _BRC (re+RE)(B+ 1)
v = — .

-(B+1R¢ N —BR¢
(B+ 1)(r,+Rp) +R,  B(r,+Rp) + R,

Ay = (3.135)

and the minus (-) sign indicates that the output is 180° out-of-phase with the input.

From (3.134) we observe that the introduction of the external resistor Ry results in reduction of
the overall gain.

The current gain is

Example 3.18

An NPN transistor is connected in a common-emitter configuration with V; = 26 mV,
ip = 1 mA, B =120, Rg = 2 KQ, and R.. = 5 KQ.

0.

a. Find the voltage and current gains, and input and output resistances if Rg

b. Find the voltage and current gains, and input and output resistances if R = 200Q.

c. Find the maximum value of the applied signal vg so that v,, or v, under the conditions of
(a) and (b) will not exceed 5 mV.

Solution:

a.

From (3.116)
h, =r, = Vq/ip = 26 mV/1 mA = 26 O

From (3.128)

r.~B(r,+Ry) = 12026 +0) = 3.12 KO
and from (3.129)
r = Re = 5KQ

out

The voltage and current gains are found from (3.135) and (3.136). Thus, with R; = 0, the

voltage gain is
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—-BR _ 3
Ay~ BRc _ -120x5x10° _ 14,

Pre+Ry 120 x26+2x10°

and the current gain is
A =B =-120

1

b.
r. = B(r, +Rp) = 120(26 +200) = 27.12 KQ
r.,, = Re = 5 KQ
_ -BR¢ _120x5x10° _ 206
v~ - 3 - :
B(re +Rp) + Ry 120(26 +200) +2 x 10
A =B =-120
We observe that whereas the addition of Ry has increased the input resistance by 88.5%, the
voltage gain has decreased by 82.4%.
C.
Without R,
r ~Pr, = 120 x 26 = 3.12 KQ
and
v, = —in
be T+ Rs s
I, +R 3.12+2
v (max) = mrm Ve = s X3mV =82mV
With Rg,
r~B(r,+Ry) = 120(26 +200) = 27.12 KQ
Then,
lin tR 27.12+2
v (max) = ‘"rm Ve = S xSmV =54mV
We observe that for an increase of 88.5% in input resistance, the maximum value of the
applied signal vq decreases by 51.8%.
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3.15.4 The T-Equivalent Circuit for the Common-Emitter Transistor

Figure 3.77 shows the common-emitter T-equivalent circuit.

Figure 3.77. T-equivalent model for the common-emitter transistor

We will assume that
I, «T,— O,

I'b « rc
RL <r,—Qr,

and with these assumptions the input and output resistances and voltage and current gains for
the T-equivalent model for the common-emitter transistor are:

Input resistance = r;, = I+ 1 < (3.137)
—-a
Output resist = =r(1 e+ Rs (3.138)
utput resistance = r,, = r( _a)+re're+rb+Rs .
-aR
Voltage gain = A, = ———=— (3.139)

ro+1(l1—a)

Current gain = A; = - (3.140)

3.15.5 The h-Equivalent Circuit for the Common-Collector (Emitter-Follower) Transistor

Figure 3.78 shows the common-collector or emitter-follower configuration of an NPN transistor.
The emitter-follower is useful in applications where a high-resistance source is to be connected to
a low-resistance load.
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1+
Vee -

C

l e B J;

il + =
B [
+ - \Ys
i, b
1 Boli ‘
Vin = Vp + _

(a) (b)

Figure 3.78. Common-collector or emitter-follower transistor circuit and its equivalent

From the equivalent circuit of Figure 3.78(b) we can draw the h-parameter equivalent circuit shown

in Figure 3.79 where
hfc = B hrc =H

h;, = re hoc = 8

M > Moc

A%

be
h v, o .
rcvec hfclb

E T

Figure 3.79. The h-parameter equivalent circuit for common-collector transistor

Typical values for the h-parameter equivalent circuit for the common-collector transistor are:
h,=15KQ  h, =1 hg= hy, = 27x10° Q"

Figure 3.80 shows the h-parameter equivalent circuit of Figure 3.79 with a signal source v, and its

internal resistance Rgq connected on the left side, and a load resistor R; connected on the right

side.
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rc'ec hfcib

Bl

@ Vie __" l hOC Vec RL v
h. v _

out

Figure 3.80. Circuit for the computation of voltage gain in a common-collector transistor amplifier

To find the input and output resistances and overall voltage and current gains, we denote the
conductance h,, = g, with its reciprocal r, in the circuit of Figure 3.78(b), we connect a voltage

source v, with its internal resistance R, at the input, and the circuit is as shown in Figure 3.81.

B __i, C
(e
Ry Biy i L
S ‘ I, =
VS j rO Vout

Figure 3.81. The simplified common-collector transistor amplifier equivalent circuit

From the equivalent circuit of Figure 3.81,

_ Vo _ (e rglIRD, (e + g TRy + )
iy I, iy,
(re + 1o | R (i, + Biy)

Iy

=(r.+1 IR D(B+1)

and since B » 1
Iin ™ (re + Iy H BRL)
Also, since ry» R; and r, « R}

Iin® BRL

(3.141)

(3.142)

Relation (3.142) indicates that the input resistance r;, can be controlled by choosing an appro-

priate value for the load resistor R; .
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The output resistance r,,, cannot be determined by inspection; therefore we will remove the load
resistor R, and the voltage source vy, and we will connect a test voltage source v, across the
emitter to ground terminals, that is, across the resistor r, and we will find the output resistance

from the relation of the equivalent circuit derive it from the relation r,,, = v,/i, as shown in Fig-

ure 3.82 where the current i, is shown as (1 - a)i, .

IHa

Figure 3.82. Equivalent circuit for the computation of the output resistance

From Figure 3.82 we obverse that the voltage drop across Rq is equal to the sum of the voltage

drops across r, and r,, that is,

—Rg(1-a)i, = r i, +v,

v, = —Rg(1 —a)i, —r.i,
\%
-— = Rg(1-a)+r,
16
) -V,
1e = m (3-14’3)
Also, .
ro(i, +1,) = v,
or
A (3.144)
Iy

and division of both sides by v, gives

*  See Table 3.1
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The last relation above reminds us of the formula for the combination of two parallel resistors.
Then,

R
Toue = Ty I Rg(1—a) +1, =1 || B—+S1 +r,~1, | F = r0+ R (3.145)
o S
and obviously the output resistance is quite low. The voltage gain is
A = Vout _ Your Vo
Yovg Vb Vs
where from Figure 3.81 and relation (3.141),
v, = —il_y
b Rg+r1;, S
\% I R
B o PR (3.146)
vg Rg+r, Rg+PBRy
Iy H RL
A% = — .V
out T +r IR, P
Vout _ _To IR, . Rp (3.147)
vy, Te+r IR 1 +Rp
and thus
2
A :VLutvaUt.E~ RL BRL BRL (3148)
v .

Vg Vy Vg Te+Ry Rg+PR_ (r,+R,)-(Rg+PR,)

Relation (3.148) reveals that the voltage gain of the emitter-follower is less than unity. The cur-
rent gain is

A = ut
1 lb

where by the current division expression

. ro . ro .

1 = Sl = -(B+ i

out ro+RL € I'0+RL (B )b
and thus ‘

A < lour _ ([3"‘1)roz pr,
1Y r,+R,  r,+R,
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Since ry» Ry

A~p (3.149)

Example 3.19

Figure 3.83 shows the equivalent circuit of a typical emitter-follower and it is given that B = 80.
Find the input and output resistances and voltage and current gains.

Rg

5 KQ

& |

B
+

|
\'%

Figure 3.83. Emutter-follower transistor amplifier equivalen?: circuit for Example 3.19
Solution:
From (3.142)
r, ~PBR, =80x2x10° = 160 KQ
From (3.145)
o 2T Re/B 30 10°x5x10°/80 _ (r 4
Lo+ Rs/B30%10°+5x10°/80

From (3.148)

2 6
R
PRy 80 x4 x 10 — 0.965

A ~ =
T+ R) - (Rg+BR) (1042 % 10%)(5 % 10° + 80 x 2 x 10°)

This is the voltage gain with a load resistor connected to the circuit. With this resistor discon-
nected, the input resistance as given by (3.141) where B » 1, is reduced to

Ty ~ B + 1)) (3.150)

and (3.146) becomes

Vo _ _Tin B(r,+1y)
Ve Rg+r, Rg+P(ro+1o) (3.151)

Also, (3.147) becomes

You - o (3.152)
vy, T+,
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Then, the voltage gain with the load resistor disconnected is

Vo _ You Vo _ o _ B(etro) (3.153)

A .
V‘RL—>oo Vg Vy Vg I +r, Rg+B(r +r))

and since r, «r, this relation reduces to

Pro (3.154)

A =
V‘RL—>00 Rg + Pr,

With the given values
3
A, = 80x30x10
Ri=e 5% 10" +80x30x 10

3 = 0.998

and from (3.149)
A, =B ~80

3.15.6 The T-Equivalent Circuit for the Common-Collector Transistor Amplifier

Figure 3.84 shows the common-collector T-equivalent circuit.

— 1y — 1

T T
RS b ' e +
c

@ rc RL Vout

\B ] Bib o

Figure 3.84. T-equivalent model for the common-collector transistor amplifier

We will assume that
I, «T,— O,

I'b « I‘e
I, « RL «T,—Or,

and with these assumptions the input and output resistances and voltage and current gains for
the T-equivalent model for the common-collector transistor amplifier are:

Input resistance = r;, = R (3.155)
1-a
Output resistance = r, = r, + (r, + Rg)(1 — o) (3.156)
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Table 3.4 summarizes the three possible transistor amplifier configurations.

Voltage gain

AV

~ 1

Current gain = A; =

(3.157)
(3.158)

TABLE 3.4 Phase, input and output resistances, and voltage and current gains for transistor amplifiers

Common-Base

Common-Emitter

Common Collector

Input/Output Phase 0° 180° 0°
Input Resistance r;, Low Moderate High
Output Resistance r Equal to R High Low
Voltage Gain A, Depends on ratio R-/Rg High Close to unity
Current Gain A, Close to unity High Large

3.16 Transistor Cutoff and Saturation Regions

As mentioned earlier, a transistor can be in a cutoff, active, or saturation region. The conditions
are shown in Table 3.2 and are repeated below for convenience.

Region of Operation Emitter-Base junction Collector-base junction
Active Forward Reverse
Saturation Forward Forward
Cutoff Reverse Reverse

Let us consider the transistor circuit of Figure 3.85. We will refer to it in our subsequent discussion
to define the cutoff, active, and saturation regions.

Rc

VBE
Vs =

ii

w\H\\ +

Figure 3.85. Transistor circuit for defining the regions of operation

3.16.1 Cutoff Region

If vg is such that vy <0.6 V, the emitter-base junction will be reverse-biased and since V. is

positive, the collector-base junction will also be reverse-biased, and transistor will be in the cutoff
mode. Then,
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3.16.2 Active Region

If vg is such that vy > 0.7 V, the emitter-base junction will be forward-biased and since V.. is

positive, the collector-base junction will be reverse-biased, and transistor will be in the active
mode. Then, if vgg = 0.7 V

Ve—V ve—0.7
. _ S BE _ S . _ . _ . _
lg = R =R ic = Big Ve = Vee—Rele VeB = Ve~ VBE
B B

and if vz > 0.7 V, the transistor will be in the active mode. However, if v < 0.7 V, the transis-

tor will be in the saturation mode which is discussed in the next subsection.

3.16.3 Saturation Region

The saturation region is reached by supplying a base current larger than 1.,,/p where I, is the

maximum current the collector will deliver while in the active mode. Thus, we can find the max-
imum current the collector can have while in the active mode, and we can then determine
whether the transistor is in the active mode or the saturation mode.

With reference to the circuit of Figure 3.85, the maximum current I, the collector can have
while in the active mode can be found from the relation

Relem + Ve = Vee
or

Iy = R, = R (3.159)

and if I, is the base current corresponding to the collector current Iy, it follows that

We can also find the maximum value of the applied signal voltage vg that will keep the transistor

in the active mode from the relation

Ve max = Rplpy +0.7 (3.161)

If we increase the base current above Iy, there will be a corresponding increase in I, and
since ve = Ve —Rele, v will decrease and if it falls below the value of vy, the collector-base

junction will become forward-biased and if it reaches a value of 0.6 V, any further increase in the
base current will result in a very small increase in the collector current, and whereas
B = di./dig in the active mode, we can see that this relation does not hold when the transistor
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is in the saturation mode. In this case B is referred to as the current gain at saturation and it is
denoted as B,

When a transistor is deeply into saturation, the collector to emitter voltage is denoted as v, g,

and its value is approximately 0.2 V, that is,

Vep e 02V (3.162)

and the corresponding collector current i ,, is found from the relation

ig g = 20~ Yersu (3.163)
RC

Example 3.20
For the transistor circuit of Figure 3.86 it is known that in the active mode B >50. Find v, ig,

Ve, e, and ig.

Figure 3.86. Circuit for Example 3.20

Solution:

We do not know whether the transistor operates in the cutoff, active, or saturation region, but
since vy = 8 V, it is safe to assume that it operates either in the active or saturation region.

Assuming active mode of operation, we get

ip= £ =73 _243mA
Rg  3x10°
and since i = aig, let us assume
ic~23 mA
Then, in active mode of operation
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Ve = Vee—Reie = 12-5%x10°x23x10° = 0.5 V
and since this value is much less that vy = 8 V, we conclude that the transistor is deeply into
saturation. Then, in saturation

Vo — _
i = cc”Ve _ 12 7'5=0.90mA

5100 5x10°

and

ig = ig—ic = 243-0.90 = 1.53 mA

and this is indeed a very large base current. We now can find the value of B at saturation.

ic 0.90
=< %Y _ 59
Bsat iy 153

This value also indicates that the transistor is deeply into saturation.

3.17 The Ebers-Moll Transistor Model

The Ebers-Moll model of the bipolar transistor provides a simple, closed-form expression for the
collector, base, and emitter currents of a bipolar transistor in terms of the terminal voltages. It is
valid in all regions of operation of the bipolar transistor, transitioning between them smoothly.
The Ebers-Moll bipolar transistor model expresses each of the terminal currents in terms of a for-

ward component I, which only depends on the base-to-emitter voltage, and a reverse compo-

nent I, which only depends on the base-to-collector voltage.

Let o denote the current amplification in the normal operation (Vg = forward —biased and
Vg = reverse —biased) and a denote the inverted operation (Vg = reverse —biased and
Vs

denote the normal and inverted operations respectively of the common-emitter gains. Then, the
terminal currents can be expressed as

forward - biased) common-base current gains of the bipolar transistor, and B and By

I I | I
I = [- = I. = <1 I. = L+ R (3.164)
¢ g R : AR K : Br Br
These current gains are related to one another by
Pr.r Of R
S , = : (3.165)
PR Pr r [~y
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By substituting these relationships into (3.164), we can show that the Ebers-Moll model satisfies
Kirchhoff’s current law, that is,

Ip = Io+1, (3.166)

If the emitter-base junction is forward biased and the collector-base junction is reverse biased,
then I » Iy and the bipolar transistor is said to be in the forward-active mode of operation. In this

case, the terminal currents are given by

I "
g =

Qp Pr

(3.167)

lo=1, I

Figure 3.87 shows how an NPN and a PNP transistors are biased.

oL Ciile L

— V. |

: T

Bl : E@ E|IE

Ve

Vg — S g Vg —
T Ve T
= L = L
NPN T?ansistor PNP Transistor

Figure 3.87. Biased bipolar transistors showing the direction of conventional current flow

To bias an NPN bipolar transistor into the forward-active region, we should ensure that
Ve >4V and V2 Vy. In this case, I, I, and I are positive and are flowing in the directions

indicated. To bias a PNP bipolar transistor into the forward-active region, we should ensure that
Vg >4V and Vo < Vy. In this case, 1, I, and I are positive and are flowing in the directions

indicated.

By using (3.166) and (3.167), we can express the terminal currents in terms of one another as

I I I
Io = Belg = aglg I; = (X—CF = (Bp+ DIy I = B—i- = BF—E—I (3.168)

If the collector-base junction is forward biased, and the emitter-base junction is reverse biased,
then Iy » Iz and the transistor is said to be in the reverse-active mode of operation in which the

collector and emitters effectively reverse their roles. In this case the terminal currents are given by
By using (3.166) and (3.169), we can express the terminal currents in terms of one another as

I; = —Brlg = ogxle Ic = =B+ DI = Ig/ay (3.170)
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If both junctions are forward biased simultaneously, the transistor is said to be in saturation.

Let I be the saturation current and V; the thermal voltage. Then for the NPN bipolar transis-

tor biased as shown in Figure 3.87, the forward current component, I, is given by

Ip = Ige ™ o1y = 1TV Yoy (3.171)
Likewise, the reverse current component Iy is
Ip = I(e™ V1) = 15V VY oy (3.172)

By substitution of (3.171) and (3.172) into (3.164) we express the terminal currents in terms of
the terminal voltages as

_ I -V,
IC - Is(e(VB Ve)/Vy _ 1) _ _S(e(VB Ve)/ Vi _ 1)
AR
1 _ _
1= VYV oy g ™YYy (3.173)
OR
I _ I _
IB — _S(e(vs Vi)/Vz _ 1) _ _S(e(VB Ve)/Vr _ 1)
Br Pr

If Vgp>4V; and V.2V, the transistor is biased deeply into the forward-active region and
(3.172) reduces to
Is  (Vs-vo/v,

) Iy~ B—F(e

(Vo= Vp)/Vy L VeV

) Ig~ ) (3.174)

If Vg >4V, and V> Vg, the transistor is biased deeply into the reverse-active region and
(3.173) reduces to

S (Ve VO Vr (Va=Vo)/Vy Vo=V Vr

IS
[r~—— I, ~-I(e I, ~—
e ) Tex-l ) e

) (3.175)

If Vg >4V and Vg >4V, the transistor is deeply saturated and (3.173) can be expressed as

Va-Vove, Is (va-vorv,
Io~Ig(e )——(e ‘ )
OR
1 _ _
I~ =SV eV VY (3.176)
O
| _ 1 _
IB ~ _S(e(VB VE)/VT) + _S(e(VB Vc)/VT)
Br Pr
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If Vg <-4V, and Vo <-4V, the transistor is deeply into the cutoff region and (3.173) can be

expressed as

[c~=— IEzB—i Igr——=-—= (3.177)

For the PNP transistor shown in Figure 3.86, the forward current component, I, is given by

Ves/ Vi

Ip = Ig(e —1) = 1YYy (3.178)
and the reverse current component, I, is given by
I = Ige V1) = 1™V Vo (3.179)

From the Ebers-Moll model equations we can derive relationships for small signal parameters.
First, we will find the incremental resistance seen looking into the base terminal of an NPN tran-
sistor with the emitter voltage held fixed. From (3.174), that is,

(Vg =Vg)/Vy

1
Iy~ =>(e ) (3.180)
F

we obtain this incremental base resistance by differentiating I with respect to Vg, which yields

-1
ol, -1 I _
_ 0Vg _( B) _ | Lls va-vorvy
0Vpy

I, = — =
b ol V1B

IB
or

p oo T (3.181)

Next, we shall compute the incremental resistance seen looking into the emitter terminal with the
base voltage held constant. From (3.174), that is,

I -
S (Vo VOV (3.182)

I. =~
E
OLF

we obtain this incremental emitter resistance by differentiating —I;; with respect to Vi, which

yields
-
_ OVe _ _(Og N 1Y s, ve-vorv,
T Ay _(aVE) - (‘\TT ){OTF(G )j
\%/—J
Ig

or
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r, = Vi/lg (3.183)
Now, we shall define the incremental transconductance gain of the NPN transistor as the partial
derivative of the collector current with respect to the base voltage. From (3.174)

(Ve =Vi)/Vy

) (3.184)

[o~Ig(e

we can obtain this incremental transconductance gain as

olc 1 (Vi=Ve)/Vy
= — =g Ise 3.185
Lo
or .
= < 3.186
& =y ( )
Using the relations
1 1 1
Ie = Bplg = aglg Ig = a—i = (B + DIy Iz = B_CF = BFil (3.187)

we can also express these small-signal parameters in terms of one another as

= & = (BF+1)re r = % = T g = & = % (3188)

(& m
m gm Brp+1 Iy, r

Iy
(S

3.18 Schottky Diode Clamp

In the saturation region, the collector-base diode is forward-biased. Due to the large diffusion
capacitance, it takes a considerably long time to drive the transistor out of saturation. The Schot-

tky diode alleviates this problem if connected between the base and the collector as shown in Fig-
ure 3.88.

The Schottky diode has the property that it turns on at a lower voltage than the PN junction.
Therefore, when a transistor is in the saturation region, the current between the base and the
collector is carried by the Schottky diode.

Schottky diode ¢C Schottky diode ° C
Bo—s Bo
o E ' E
NPN Transistor PNP Transistor

Figure 3.88. NPN and PNP transistors with Schottky diodes
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3.19 Transistor Specifications

Transistors are available in a variety of shapes and sizes, each with its own unique characteristics.
The specifications usually cover the items listed below, and the values given are typical.

1. Features, e.g., NPN Silicon Epitaxial Planar Transistor for switching and amplifier applications,
and mechanical data, e.g., case, weight, and packaging options.

2. Maximum Ratings and Thermal Characteristics, e.g., collector-emitter, collector-base, and
emitter base voltages, collector current, power dissipation at room temperature, thermal resis-
tance, etc.

3. Electrical Characteristics, e.g., breakdown voltages, saturation voltages, cutoff currents, noise

figure, delay, rise, fall, and storage times, etc. For example, some of the electrical characteris-
tics for the 2N3904 NPN are listed as follows:

hpp (DC current gain): min 100, typical 300 at Vo = 1 V, I = 10 mA

h;, (Inputimpedance): min 1 KQ, max 10 KQ at Vo = 1V, [ = 10 mA

h. (Voltage feedback ratio): min 0.5 x 107, max 8x 107" at Ve = 10V, I = 1 mA,
f = 100 MHz

hg, (Small signal current gain): min 100, max 400 at Vo = 10 V, I = 1 mA , f = 1 KHz

h,, (Output admittance): min 1 pQ~', max 40 uQ ' at Ve = 10V, I = 1 mA,
f =1KHz

fr (Gain-Bandwidth product): 300 MHz at V. = 20 V, I = 10 mA, f = 100 MHz
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3.20 Summary

e Transistors are three terminal devices that can be formed with the combination of two sepa-
rate PN junction materials into one block.

e An NPN transistor is formed with two PN junctions with the P-type material at the center,

whereas a PNP transistor is formed with two PN junctions with the N-type material at the
center.

e The three terminals of a transistor, whether it is an NPN or PNP transistor, are identified as
the emitter, the base, and the collector.

e Transistors are used either as amplifiers or as electronic switches.

e Like junction diodes, most transistors are made of silicon. Gallium Arsenide (GaAs) technol-
ogy has been under development for several years and its advantage over silicon is its speed,
about six times faster than silicon, and lower power consumption. The disadvantages of GaAs
over silicon is that arsenic, being a deadly poison, requires very special manufacturing pro-
cesses.

e Since a transistor is a 3-terminal device, there are three currents, the base current, denoted as
iy, the collector current, denoted as i, and the emitter current, denoted as i .

¢ For any transistor, NPN or PNP, the three currents are related as
ig+ie = ig

® [n a transistor the collector current is defined as

where 1. is the reverse (saturation) current, typically 102 A to 10° A as in junction

diodes, vy is the base-to-emitter voltage, and V~26 mV at T = 300 °K.

e A very useful parameter in transistors is the common-emitter gain B, a constant whose value
ranges from 75 to 300. Its value is specified by the manufacturer. The base current iy is much

smaller than the collector current i and these two currents are related in terms of the con-

stant 3 as
ig = ic/P

¢ Another important parameter in transistors is the common-base current gain denoted as o and
relates the collector and emitter currents as
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The parameters o and B are related as

B
B+1

™
Il
=

]

As with diodes, the base-emitter voltage vy decreases approximately 2 mV for each 1 °C rise

in temperature when the emitter current iy remains constant.

In a transistor, the output resistance looking into the collector is defined as

VA
rOllt - al - I_
C C

VBE = constant

B OvVeg

where V, is the Early voltage supplied by the manufacturer, and 1. is the DC collector current.

Two common methods of biasing a transistor are the fixed bias method and the self-bias
method.

There are four classes of amplifier operations: Class A, Class AB, Class B, and Class C.

Class A amplifiers operate entirely in the active region and thus the output if a faithful repro-
duction of the input signal with some amplification. In a Class A amplifier the efficiency is very
low. Class A amplifiers are used for audio and frequency amplification.

Class AB amplifiers are biased so that the collector current is cutoff for a portion of one cycle of
the input and so the efficiency is higher than that of a Class A amplifier. Class AB amplifiers
are normally used as push-pull amplifiers to alleviate the crossover distortion of Class B amplifi-
ers.

Class B amplifiers are biased so that the collector current is cutoff during one-half of the input
signal. Therefore, the efficiency in a Class B amplifier is higher than that of a Class AB ampli-
fier. Class B amplifiers are used in amplifiers requiring high power output.

Class C amplifiers are biased so that the collector current flows for less than one-half cycle of
the input signal. Class C amplifiers have the highest efficiency and are used for radio frequency
amplification in transmitters.

The operation of a simple transistor circuit can also be described graphically using iy versus

vge and i versus v curves.
The average power drawn from the collector supply is

Pce = Vecle
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The average power absorbed by the load is

2 . 2
Proap = Rpoaplc + Rpoan(ic rms)

The average power absorbed by the transistor is

Pe =Pec-P

The piecewise-linear analysis is a practical method of analyzing transistor amplifiers.

The incremental model for the transistor provides a better approximation than the piece-wise
linear approximation.

In the incremental model for the transistor the input resistance r, is the slope of the input

voltage and current characteristics and it accounts for the voltage drop across the base-emitter
junction. Likewise, the output conductance g is the slope of the output current and voltage

characteristics. The voltage amplification factor p is related to the input characteristics
caused by a change in v, and the current amplification factor B is related to the output

characteristics caused by a change in iy

e Transistor hybrid parameters provide us with a means to evaluate voltages, currents, and
power in devices that are connected externally to the transistor. The parameters r,, u, B,

and g, are normally denoted by the h (hybrid) parameters as r, = h;; = h;,, p = h;, = h,,
B =hy =hg,andg, = hy, = h .. These designations along with the additional notations

Vie = Vq, Iy = Iy, Vo = V,, and i, = i,, provide a symmetrical form for the relations of
(3.62)and (3.63) as follows:
vy = hyip+hpv,

I, = hy i) +hyv,

¢ In the incremental model for the transistor the current amplification A, is defined as

i
_ C
A=
S

® The transconductance, denoted as g, , and defined as

B dic B ic
Em = dvgg|. - Vr

1Ic =1¢

An approximate value for the transconductance at room temperature is g ~ 401.
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® The high-frequency models for transistors take into consideration the nonlinear resistance r,,
that accounts for the voltage drop across the emitter junction, and the capacitance C, that

exists across the forward-biased emitter junction. For higher frequencies, the effects of junc-
tion capacitances must be taken into account. Accordingly, the B cutoff frequency, denoted as

g, is defined as

1
wﬁ - rbece
e If i, is in milliamps,
25
Iphe = I_B
c

® The current gain-bandwidth product, denoted as oy, is an important figure of merit for a tran-

sistor and it can be found from the relations

g
O)TzBOJB:C—nl

c

® The Darlington connection consists of two transistors with a common collector point and
exhibits a high input impedance and low output impedance. The combined o and By are

Op = O + 0L, — 00y
and

BTzﬁl + Blﬁz

¢ The common-base, common-emitter, and common collector transistor circuits can also be rep-
resented by their h-equivalent and T-equivalent circuits.

e The Ebers-Moll model of the bipolar transistor provides a simple, closed-form expression for
the collector, base, and emitter currents of a bipolar transistor in terms of the terminal voltages.
It is valid in all regions of operation of the bipolar transistor, transitioning between them
smoothly.

¢ The Schottky diode has the property that it turns on at a lower voltage than the PN junction.
Therefore, when a transistor is in the saturation region, the current between the base and the
collector is carried by the Schottky diode.
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3.21 Exercises

1. It is known that in a NPN transistor, when the base-to-emitter voltage vz = 0.7 V, the col-

lector current i = 1.2 mA at temperature T = 27 °C. Find the range of changes in vy at

this temperature for the range 0.2 <i- <5 mA.

2. It is known that in a NPN transistor, when the base-to-emitter voltage vz = 0.7 V, the emit-

ter current iy = 1.2 mA, and iz = 12 pA at temperature T = 27 °C. Find B, a, and I..

3. For the NPN transistor circuit below, it is known that V; = -0.72 vV and B = 115. Find I,

Iy, I, and V. The circuit operates at T = 27 °C.

Re = 6KQ ¢ g Rg=8KQ
Ic_’}r /ﬁT — g
+ —
Vee = Ve B.l Vg —
“Jlov | s | v |+ EE

4. For the PNP transistor circuit below, it is known that Ry = 130 KQ, V=2V and
Veg = 0.7 V. Find o, B, and V.. The circuit operates at T = 27 °C.

= 10 KQ
Re = C E R
/vvv—o O—KAA/i
+ T
-l s | s
VCC e ’ B \Y4 % VEE
E
+l12v ‘ | -
2|
1

5. Find the output resistance r,,, of a bipolar junction transistor whose Early voltage is

V, = 75 V and the DC collector current is

a. I = 0.1 mA

b [ = 1 mA
c. Io = 5mA
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6. For the circuit below, Vg = 3.7 V, R = 3 KQ,and B = 110. Find Vi, I3, I, V¢, I, and

determine whether this circuit with the indicated values operates in the active, saturation, or
cutoff mode.

Re=>5ka M
12V Vee
¢ +
. =
B B _I, I I
+ \%
I BE
VS —

| %i

7. For the circuit below, B = 150. Find I, Vg, I, V, Iy, and determine whether this circuit

with the indicated values operates in the active, saturation, or cutoff mode. Hint: The base-to-
emitter junction of an NPN transistor is considered to be reverse-biased if Vy = Vi = 0

R = 5KQ ::V
IOVI
D E
Veg~ E i
clh
Vp<Rg —
-93 KQ

8. For the circuit below, B = 110. Find the highest voltage to which the base can be set so that
the transistor will be in the active mode. Hint: The collector-base junction will still be reverse-
biased if we make Vi = V.
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E
|

Ig
Rg

Ve
!
1

Q

9. For an NPN transistor circuit p = 100, Ve = 11.3 V, Vg = 3.5V and with the reverse-
biased collector-base junction set at V. = 1.8 V we want the collector current to be
I = 0.8 mA. What should the values of R and Ry be to achieve this value?

10. For a PNP transistor circuit with p = 120, Vg = 12V, V3 =0V, V. = =12V, and
R = 3 KQ, what would the largest value of R be so that the transistor operates at the

active mode?

11. For a PNP transistor circuit with B = 150, Vg =12V, Vg =0V, V.. =-12V,
I = 0.8 mA, and V. = -3 V, what should the values of R and Ry be so that the tran-
sistor operates at the active mode?

12. For the circuit below, it is known that B = 120 for both transistors. Find all indicated volt-

ages and currents. Are both the transistors operating in the active mode? What is the total
power absorbed by this circuit?
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1+
Rpy = 5 KQ 12 VIVCC
Rey 8 KQ E2 —
V -0
R EB2 +
1> 60 KO lsr B2 IJ v.,
10 pA + g; _
Cl + by ]
VT Vb2 T lIcz J;
Bl " IciVer | vi< R
T 5 l C2 C2
Bl ]VBEl Bl - A7 8KO
Vg1 gy -
30
R, KO ‘ Vi R,
- 5 KQ

13. For the NPN transistor circuit below, B = 100 and the output volt-ampere characteristic
curves are approximately horizontal lines.

Re=2KQ Ary
— 'CC
| 2L
Ic

a. Sketch a family of these curves for iy = 2.5,5.0,7.5, and 10 pA . Construct a load line, and
indicate the current and the voltage at which the load line intersects the axes.

b. Find the quiescent collector current I and collector-to-emitter voltage V.

c. Determine graphically and plot i versus i for —15 <i <15 pA.

14. For the PNP transistor circuit below, B = 70 and the output volt-ampere characteristic
curves are approximately horizontal lines.
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a. Find the values of R, and R required to locate the quiescent operating point Q at
ic = 1mA and vgc = 5 V.

b. Sketch the load line on the i versus vg. coordinates. Show the current and voltage at

which the load line intersects the axes, and indicate the quiescent point on this line. It is
not necessary to draw the collector characteristics.

If the input signal is a sinusoidal current, approximately what is the greatest amplitude
that the signal i can have without waveform distortion at the output?

15. For the transistor model shown below, it is known that B = 80,i, = 5 mA, r', = 50 Q, and

r, = 30 KQ.
i
b 1
B V'be C
Vbe r'b Vee
r
be r,
gmvvbe
Eili,

a. Find the transconductance g, and the base-emitter resistance ry, .

b. Repeat part (a) for p = 60, i, = 1 mA, r'y, = 50 Q, and r, = 30 KQ.

16.For the transistor circuit below, i~ = 1 mA and the hybrid parameters are r, = 2.5 KQ,
w=2x10"* B =100,and r, = 100 KQ.

a. Find the values of Ry and R required for a quiescent point Q at i = 1 mA and
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RC e \/CC

Vo

b. Using the hybrid representation for the transistor, draw an incremental model.

c. Find the current amplification A .

17. Determine whether the PNP transistor shown below is operating in the cutoff, active, or satu-
ration region

R 5KQ iy
¢ — Vee
10V [+
R p—
B B
Lﬁ 10KQ V
— B E
Rp <2 kO
+
10 Vi_ Veg

18. The equations describing the & parameters can be used to represent the network shown
below. This network is a transistor equivalent circuit for the common-emitter configuration
and the 4 parameters given are typical values for such a circuit. Compute the voltage and
current gains for this network if a voltage source of v,= coswt mV in series with 800 Q is

connected at the input (left side), and a 5 KQ load is connected at the output (right side).

:— h + —4
11 hj, =2x10
Vi * 1> hy Va
h,vy h,,i hy; =50
~ 211 )
1 hy, = 50x10° Q"
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3.22 Solutions to End-of-Chapter Exercises
1. From (3.2)

vge/ Vr

(1)

and as we know from Chapter 2 at T = 27 °C, V; = 26 mV . From the given data

ic = Le

0.7/V;

12x107° = 1e )
Division of (1) by (2) yields
1 vee/ Vr
Ic _e
12x107 7V

. - pe— 0. T
ic = 12x 1073 DY

In(ic) = n(1.2x 10°e™ "V = (12 x 107) + (vgp - 0.7)/Vy

In(ic) - In(1.2x 107) = (vgp—0.7)/Vy

i
1n(———9—_—3) = (vgg—0.7)/V;
1.2x 10

iC
Vi 1n(—_3) = vgp—0.7
1.2 % 10

i ) i
Vgg = 0.7+ V; 1n(—c_3) = 0.7+26x107 ln(—c_3) 3)
1.2 x 10 12 10

With i = 0.2 mA, from (3),

-3
02x10 10_) = 0.7+26x 10 x (~1.792) = 0.653 V
12 10

Vgp = 0.7+26x 107 ln( .

and with i = 5 mA,

5% 107 3
—j = 07+26x10°x1.427 = 0737 V
12x10

vgp = 0.7+26x 107 ln[ -

Therefore, for 0.2 <i. <5 mA, the vy range is 0.653 < v <0.737 V
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2. From (3.1)

i = ig—ig = 12x10°-0012x 10" = 1.188x 10 = 1.188 mA
From (3.3),
ip =i/
B =ic/ip = 1.1I88 mA/12 pA = 99

From (3.7),
= 99/(99+1) = 0.99

a=p/(p+1)
From (32)v
ic = IreVBE/VT
i - - °
[ = c _ LI188x10 " _ 1.I88x10 " _ 1.188x 10~ _ 242 %1075 A
TV 07/@26x107) 2692 4911 x 10"
3.
Re = 6KQ ¢ g Rp= 8K
+ B—
[c — /ﬁi Ig
. | J -
Vee — Ve Byl 072V o EE
~Tio v l 1, ] 1ov |t

- Vg +Rglp = Vig

_ Vee+Ve _ 102072 _ 4 6
E = R = 3~
E 8 x 10

= I;/(B+1) and with B = 115 we find that

From Table 3.1, I
1.16 mA -5
=———=10"A =10 pA
BT M5+ 1 :

I =

I,-Iy = 1.16x10°-10" = 1.15x 10 = 1.15 mA
By application of KVL on the collector (left) side of the circuit above, we get

Ve = Vee—Relp = 10-6x10°x 1.15x 107 = 3.1 V
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4.

From Table 3.1, o = I./1Ig, B = I/, and from the circuit above, V. = Rl - 12, and
Vg = Vg=Vge = 2-0.7 = 1.3 V. Therefore, we need to find I, I, and I..

IE = 12 -2 = 1 mA
10 KQ
IB = E = 13 V = 001 mA
Ry 130 KQ

Io = I;—Iy = 1-0.01 = 0.99 mA

I

a=C=99_ 99
IE

y ol 099 o
I, _ 0.0

Ve =RIe-12 = 5x10°x099x 107 —12 = —7.05 V

5.
a.
A%
Fout = T2 = 2 = 750 KO
Cli.=01ma 10
b.
v
= oA -5 _75K0Q
I 3
Cli.=1ma 10
C.
v
ro = -2 -2 _-s5KQ
L=sma Ox10
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6.
R +
C =
R T B
BB BT
+ Ve
al Vee | L
Vs — Eo ' g
37V _+ >Rg
— E =
‘ 5 3 KQ
Since Vi = 3.7 V it is reasonable to assume that the base-emitter junction is forward-biased
and thus Vg = 0.7 V. Then,
and
v
IE = -—E = ——-—-—3 3 = 1 mA
Rp  3x10

It is given that B = 110. Then,

and

Io = alg = 0991 x 1 = 0.991 mA
The collector voltage is

Ve = Vee-Rele = 12-5x10° x0.991 x 10 = 7.05V

This is an NPN transistor and the collector (N) to base (P) must be reverse-biased for the tran-
sistor to operate in the active mode. Since V> Vy, the transistor is indeed operating in the
active mode and our assumption that the base-emitter junction is forward-biased, is correct.
Finally,

Iy = Ip—I. = 1-0.991 = 9 uA
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7.
R +
C 5 KQ :i VCC
10V
Since the base is grounded, Vz = 0, the emitter-base junction does not conduct, Vgg = 0,
Iz = 0,1; = 0,and Vi = 0. The collector current I is also zero because I = Iy -1z = 0
and thus Vi = V- Rl = 10V. Under those conditions the transistor behaves like an
open switch and thus it is operating in the cutoff mode.
8.
=B 1O 99
Br1 111
and
Vg = Vpp+ Vg = Vpp + Rglg
L Ve-Vip _ V=07
g = =
Ry, 3 x 10
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Then,
V- 0.7

3% 10°

Io = alg = 0.991

3 VB_O.7 B_ .7
Ve = Vee—Rele = Vg = 5x 107 x0.991 10 = 5x0.991 3 = 1.652(Vz - 0.7)
X

Va—0.7 Vo —0.7
B = 12-5x0.99]1 -2

3
Vg = 12-5x10" x 0.991 3 3
3x10

= 12-1.652(V - 0.7)

Vg +1.652(V—0.7) = 12

2,652V, = 10.84

or
vy = 08 _ 400V
2.652
9.
3
Also

Vo= Veg+Vg = 1.8435 =53V (2

From (1) and (2)

R.= U3-53 _55¢0

08x107°
With B = 100,
100

= — =099

o= -B_
B+1 101

then,
I; = [o/a = 0.8/0.99 = 0.81 mA

The emitter voltage is
Vg = Vg—Vgp = 3.5-0.7 = 28 V

and thus
RE:\LE:LS:}sKQ
Ie 081x10
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10.

A PNP transistor will still be in the active mode if V. = V. For this exercise the base is

grounded so Vi = 0 and we can let V. = 0 also. Then,

or
12
R. =12 (
¢ ocIE ( )
where
=B 120 _ o (2
e e TR
and from
Vg = Vg = 07 = Vg~ Rglp = 12-Rglg
we get
I = 12‘0'37 =377 mA (3)
3x10

and by substitution of (2) and (3) into (1)

Re = 12 - 12 - = 321KQ
alg  0.992x3.77x 10
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11.
E
;_ VEE
Ry 12 Vi
E
VB 1 +
- I Vg
B _
= . T
Ve =i
I
R C
12V=—/ V¢
1+

Since the base is grounded,

and
Vi = Ve = 07V
Then,
Relg+ Vg = Vpp = 12V
Ry = 2207 4xq
0.8 x 10
Also, since
Ie = alg = B—%IE = 0.993 x 0.8 = 0.795 mA
then,
Ve+Rele = Ve
or
Re = —(L)—i = 113 KQ
0.795 x 10~
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12.

The left part of the circuit above is the same as that of Example 3.8 where we applied Theve-
nin’s theorem. Therefore the given circuit is redrawn as shown below.

e
[ — V
R — Vce
R g kO E2<5 KO 12V]-
‘= V.. B2 ) -
It 1. EB2 | N
10 pA .22 v
ch + +B2 B2 2
f C2 7
Rpy Iy, b ve LU %
+ M _VBZ C2 C2
v, ~ 20KQ ! Vap,) El ] sKe
o4V VBi + Ig -
= ‘ Vi< Rgy
- -1 5KQ
Application of KVL around the left part of the circuit yields
Rrulgi + Ve + Rgilgp = Vg
(20 x 10°)I, + 0.7+ (5 x 10V, = 4
A, +1g; = =22 = 0.66% 107
5x10
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From Table 3.1, I; = (B + 1)I. Then,
Al +(B+ DIy, = 0.66x 107
12515, = 0.66x 107

Iy, = 528x10° A = 528 pA

and

I, = (B+ DIy, = 121 x528x10°° = 0.639 mA
Then,

Vi, = Rylg = 5x10°x0.639x10° =32V
and

Vg1 = Vg + Vg, = 07432 =39V
Also,
I, = I —Ig = 0.639%x 107528 x10°° = 0.634 mA

Then,

I, = Io,—Ig, = 0.634 mA—10 pA = 0.614 mA
and

Since this is an NPN transistor and V> Vp,, the base-collector PN junction is reverse-

biased and thus the transistor is in active mode.

The emitter voltage Vi, of the PNP transistor is

and the emitter current Iy, is

Ve =V _
Iy, = cC E2 _ 12-7.79 — 0.842 mA

Rg, 5 x 103

It is given that B = 120. Then,

I, = alg, = %IE = 0.992 x 0.842 = 0.835 mA

and

Ve, = Ry, = 8x10° x 0.835x 107 = 6.68 V

To find Vg, we observe that
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Vies = Vi~ Ve, = 7.79-6.68 = 111V
Then,

Viea = Vica—Vigs = 111207 = 041 V
and

Vs = Vaea+ Vey = 041 +6.68 = 7.09 V

As expected, this is the same value as that of V; as it can be seen from the circuit above.

This is an PNP transistor and since V, < Vg, the base-collector junction is reverse-biased

and the PNP transistor is also in the active mode. The total power absorbed by this circuit is
P = Veelp = Vee(ly + 15y +1,) = 12(5.28 pA +0.614 mA +0.842 mA) = 17.5 mw

13.

a. With B = 100, i = Big = 100igz and for iy = 2.5,5.0,7.5, and 10 pA, we get
ic = 0.25,0.50,0.75, and 1.00 mA

and these are shown on the plot below.

ic (mA)
1.00 iy = 10 pA

0.75

\Q .
050 \ lB = 50 MA
I
0.25 ' ip = 25pA
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The load line is obtained from the relation
The load line then intercepts the v axis at 20 V and the i axis at 1 mA.

b. As shown in Figure 3.46, the Q point is the intersection of the load line and the line
ig = Ig. Thus with reference to the circuit above and iy = 0, I; = 10 V/2 MQ = 5 pA,

and the Q point is as shown above and we observe that I = 0.5 mA and Vo = 10 V.

C.
v
ig=Ig+i, = =B +i = 5+i
1
and
ic = Big = B(5S+1y)
Then, for the range —15 <i < 15 pA, we obtain the corresponding collector current values
as shown on the table below.
i (nay || —15 10 -5 0 5 10 15
icmA)| 0 0 0 5 10 10 10
The plot below shows the current transfer characteristics
ic (mA)
10 +--—,
|
+~ /
|
5 |
|
/— |
| .
| : ! i | | i (HA)
-5 -10 - 5 10 15
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14.
and with B = 70
\%
I,  1/70 193
b.
i (mA)
1.50
1.00 -
0.50 -
Vee (V)
The slope of the load line is
me= —c27ler _ 0=1 _ 4
Vec2~Vec1 155
The i¢ intercept, denoted as i¢q, is found from the straight line equation
where
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ICQ = 1 —MVge

and with i = 1 mA and v = 5

1-(=0.1)x5 = 1.5 mA

C.
From the plot of part (b) we see that when v = 0 (short circuit) the collector current is
ic = 1.5 mA, and since iy = i./p = 1.5/70 = 21.4 pA, and
A%
ip=Tg+i, = ~B2 = 10 4 = 143 pA+i
Ry 10510
we get
i, =ig-Iy = 214-143 = 7.1 pA
15.
i i
Bo — Vbe — C C
Ve r'b Vee
The r,
ng’be

a. From (3.78),
g~ 40i, = 40 x 5 x 10~ = 200 millimhos

and from (3.83)
B - 80 _ 4000

foe = 5~ = 200
b.
g, ~40i, = 40 x 10~ = 40 millimhos
and
rbe:izg_g: 1.5 KQ
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16.

R |+

WV

VCC

Relc+veg = Vee

Veoe — _
R = cc Vee _ 20-5 _ 15 KO
ic 107

Iy = 1o/B = 107°/100 = 10 pA

b. The incremental model circuit of Figure 3.61 is applicable here and it is shown below with
the given parameters and the values obtained in part (a).

B T

b g
25 KQ R
Ry Pig
@> RS _HBReq . l
i 2 MO 10015
-26 Q E
—
c. From (3.67)
i R r
AC — _c — B B [9)
i, (Rg+r)" (r,+Re)
or
6 5
a2 g 10
2.0025 x 10 1.15x 10
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17.
R.= 5 KQ -
=V
c Mc o 10v ]+ EE
I Ry Ve -
o
— 10KQ Vp Bl
E
I R
E E
2 KO
15
10V7 VCC
I-

Let us assume that the transistor is in the active mode. Then,
Vig = 07V

VB VB
IB = — =
Rz 10 KQ

=0.1Vg mA (1)

Vg = Vgg+ Vg = 0.7+ Vg
Also,
Vp = 10- (2 KQ)I,

10-Vy  10-(0.7+ Vp)
2KQ 2 KQ

Iy =

= 465-05V; mA (2)

where the numerical value of Vi in the last expression above is in mA, but since we've

assumed that the transistor is in the active mode, its value should be just a few microamps.
Therefore,

Iy ~ 4.65 mA

and this value implies that the transistor operates in the saturation mode. In this case,
Ve sat 0.2 V, and thus

Ve = Vi-Vepan = 07+Vg—02 = V405V
The collector current is

Ve-(-10)  Vg+0.5+10
5KQ 5KQ

IC sat —

= 02Vy+21 mA (3)

and with 1; = Iz + 1. and (1), (2), and (3)

465-Vy = 0.1V5+02Vy +2.1
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Solving for Vj,
.55

Vg = =2 =196V
1.3
Then
I, = =25 = 0.196 mA
10 KQ
Io o = 02V +2.1~3.03 mA
Also,
IC sat 3.03
= = zl .
Prat I,  0.19 >

18. We recall that

With the voltage source v,= coswt mV in series with 800 Q connected at the input and a

5 KQ load connected at the output the network is as shown below.

800 Q 1200 Q

+ —»il *—iz

@ Vi RE: | v, = 5000 Q
2x10 - P
10emy >0t 50x10° Q!

1

The network above is described by the equations

(800 + 1200)i, +2 x 10 *v, = 10~

. -6 .
50i; + 50 x 10 =i, = —=
i X vV, = 1, 2000

or
2x10%,+2x 107"y, = 107

50i, +250 x 10 %v, = 0

We write the two equations above in matrix form and use MATLAB for the solution.

A=[2"10"3 2*10/(—4); 50 250*107(-6)]; B=[10/(-3) 0]'; X=A\B;...
fprintf(' \n'); fprintf('i1 = %5.2e A \t',X(1)); fprintf('v2 = %5.2e V',X(2))

3-112 Electronic Devices and Amplifier Circuits with MATLAB Applications

Orchard Publications



Solutions to End-of-Chapter Exercises

il = 5.10e-007 A v2 = -1.02e-001 Vv

Therefore,
i, = 051 pA (3)

v, = =102 mV (4)

Next, we use (1) and (2) to find the new values of v, and i,

v, = 12x10°x 051 x 10 +2x 107 x (=102 x 107°) = 0.592 mV

i, = 50x0.51x10°x50x10°x(~102x 107) = 20.4 pA

The voltage gain is

Gy = Yo _ Z102mV 955

v, 0592 mV

and the minus () sign indicates that the output voltage in 180° out-of-phase with the input.

The current gain is

G:i_2:20-4_“A:40
P74, 7 051 pA

and the output current is in phase with the input current.
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Chapter 4

Field Effect Transistors and PNPN Devices

applications. Other PNPN devices, the four-layer diode, the silicon controlled rectifier
(SCR), the silicon controlled switch (SCS), and the triac are introduced with some of their
applications. The chapter includes also a brief discussion on unijunction transistors, and diacs.

T his chapter begins with a discussion of Field Effect Transistors (FETs), characteristics, and

4.1 The Junction Field Effect Transistor (JFET)

The Field-Effect Transistor (FET) is another semiconductor device. The Junction FET (JFET) is
the earlier type and the Metal Oxide Semiconductor FET (MOSFET) is now the most popular type.
In this section we will discuss the JFET and we will discuss the MOSFET in the next section.

Figure 4.1(a) shows the basic JFET amplifier configuration and the output volt-ampere character-
istics are shown in Fig. 4.1(b). These characteristics are similar to those for the junction transistor
except that the parameter for the family is the input voltage rather than the input current. Like
the old vacuum triode, the FET is a voltage-controlled device.

<«— b
N ip (mA)
15+ vg =0
R, 12+ vg = -1
)
9+ Vg = 2
==V 6 -
v L7 Yo = -3
- = 3 vg = -4
10 20 Vp (V)

(b)

Figure 4.1. Pictorial representation and output volt-ampere characteristics for a typical JFET

The lower terminal in the N material is called the source, and the upper terminal is called the
drain; the two regions of P material, which are usually connected together externally, are called
gates. P-N junctions exist between the P and N materials, and in normal operation the voltage
applied to the gates biases these junctions in the reverse direction. A potential barrier exists across
the junctions, and the electrons carrying the current iy in the N material are forced to flow
through the channel between the two gates. If the voltage applied to the gates is changed, the

width of the transition region at the junction changes; thus the width of the channel changes,
resulting in a change in the resistance between source and drain. In this way the current in the
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output circuit is controlled by the gate voltage. A small potential applied to the gates, 5 to 10
volts, is sufficient to reduce the channel width to zero and to cut off the flow of current in the
output circuit.

One of the most attractive features of the JFET is the fact that the input resistance, measured
between gate and source, can be made very large, from 1 to 100 megohms. This high input resis-
tance results from the fact that the input voltage v biases the junctions in the reverse direction
and consequently is required to deliver only the small leakage current across the junctions. There
are many circuits in which a high input resistance is required, and the ordinary junction transis-
tor is not suitable for such applications.

JFETs have been made with input resistances exceeding 1 megohm, with transconductances in
the range of 1 to 5 millimhos, and with the ability to provide a voltage amplification of about 10
at frequencies up to 10 MHz. The current in a JFET is carried only by majority carriers and for
this reason the FET is also known as unipolar transistor, in contrast to the ordinary transistor in
which both majority and minority carriers participate in the conduction process, and it is known
as bipolar transistor.

To better understand the JFET operation, let us review the depletion region which we discussed
in Chapter 2. Figure 4.1 shows a PN junction and the depletion region when no bias is applied.

Junction

P | N
0000000 ——————— O Hole
OOOOOOO:@ Bl === — Free Electron
00000009 ®: _______ © Negative lon
00000006 E——————— g
OO0 0000 — — ———— — @ Positive lon
OO0O00000VI———————
0000000 E|@ - — ———— —

|

'<— Depletion Region
Figure 4.2. PN junction and depletion region of a typical PN junction

The width of the depletion region depends on the applied bias. Forward-biasing, where a voltage
source is connected with the plus (+) on the P side and the minus (-) on the N side, makes the
depletion region narrower by repelling the holes and free electrons toward the junction, and if
the bias is about 0.65 V, the free electrons will cross the junction and join with the holes. Thus,
the forward biasing causes the depletion region to decrease resulting in a low resistance at the
junction and a relatively large current across it.

If a reverse-biasing is applied, where a voltage source is connected with the plus (+) on the N
side and the minus (-) on the P side, the free electrons move towards the right side while the
holes move towards the left side causing the depletion region to widen. A high resistance
between the terminals is developed, and only a small current flows between the terminals.

4-2 Electronic Devices and Amplifier Circuits with MATLAB Applications
Orchard Publications



The Junction Field Effect Transistor (JFET)

The cross-sectional area of a typical JFET channel can be controlled by variations in the voltage
applied to the gate. This is illustrated in Figure 4.3.

Drain (D)

Depletion region

Figure 4.3. JFET operation with adjustable gate bias

In Figure 4.3, let us adjust the voltage source at the gate so that V5 = 0, that is, the gate is
grounded, and set the voltage at the drain to V, = 10 V. Let us assume that under those condi-
tions the drain-to-source current through the channel is I = 10 mA .Therefore, we conclude

that the drain-to-source resistance Ry is Rpg = Vpp/Ipg = 10 V/10 mA or Rpg = 1 KQ.

Next, let us adjust the voltage source at the gate so that V5 = -2 V, and maintain the voltage

at the drain to Vpp = 10 V. This reverse-bias condition cause the depletion region to expand

and that reduces the effective cross-sectional area of the channel. Let us assume that under those
conditions the drain-to-source current through the channel is I = 0.1 mA .Therefore, we con-

clude that the drain-to-source resistance Rpg is now Rpg = 10 V/0.1 mA or R = 100 KQ.

Now, let us adjust the voltage source at the gate so that V5 = —4 V, and maintain the voltage at

the drain to Vpp = 10 V. This reverse-bias condition cause the depletion region to expand even
more and that reduces further the effective cross-sectional area of the channel. Let us assume that
under those conditions the drain-to-source current through the channel is I = 0.01 mA .There-
fore, we conclude that the drain-to-source resistance Rpg is now Rpg = 10 V/0.01 mA or
Rps = 1 MQ. Therefore, we see that the drain-to-source resistance Rpg can be controlled by the
voltage applied at the gate. The voltage at the gate which causes the drain-to-source resistance

Rpg to become infinite, is referred to as the pinch-off voltage and it is denoted as V. In other
words, when V5 = V;, no current flows through the channel.
In our discussion above, described the operation of an N-channel JFET. A P-channel JFET oper-

ates similarly except that the voltage polarities are reversed as shown in Figure 4.4 which also
shows the symbols for each.

Electronic Devices and Amplifier Circuits with MATLAB Applications 4-3
Orchard Publications



Chapter 4 Field Effect Transistors and PNPN Devices

DO + Do -
N D N b
G G
- Go—»— + Go—
S S
S}_ S
B N - Channel JFET a P — Channel JFET

Figure 4.4. N-Channel and P-Channel JFETs

Like in bipolar transistors, one important parameter in FETs is its transconductance g, defined as
the ratio of the change in current ipg to the change of voltage v;g which produced it. In other

words,
01
_ Olpg

m vgs (4.1)

Vpg = constant

Example 4.1

Figure 4.5 shows a common-source N-channel JFET amplifier circuit and Table 4.1 shows several
values of the current iy corresponding to the voltage v

G iut
o—o—Pp— o

1 s

Figure 4.5. Common-source N-channel JFET amplifier for Example 4.1
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TABLE 3.1 Current ipg versus voltage vg for Example 4.1

Vs (V) 0 -1 -2 -3 4
iDS (mA) 35 20 8 2 0
a. Find the output voltage v, if the input signal is v,, = -2.4 V.
b. Find the output voltage v, if the input signal is v;, = -1.8 V.

c. Is this an inverting or a non-inverting amplifier?

d. Find the transconductance using the results of (a) and (b).

e. Plot ipg versus vgg and indicate how the transconductance can be calculated from this plot.

Solution:
a.
+
1 KQ —
Rp —— Vb
15V |—
D o 1
=+ —
G Vout
T .7
Vin = VGs 'Ds %

1 1
Figure 4.6. Circuit for the solution of Example 4.1

From Figure 4.6,
Vout = Vpp ~Rpipg (4.2)

but we do not know all values of ij4 for the interval 0 <i,g <35 mA . Therefore, let us use the

following MATLAB script to plot a suitable curve for this interval.
vGS=[-4 -3-2 -1 0]; iDS=[0 2 8 20 35];... % These are the data in Table 4.1

curve=polyfit(vGS,iDS,4);... % Fits the data to a polynomial of fourth degree
vGSaxis=-4.0:0.1:0.0;... % Creates horizontal (vGS) axis
polcurve=polyval(curve,vGSaxis);... % Computes the polynomial for vGS axis values
plot(vGSaxis,polcurve);... % Plot the fourth degree polynomial

xlabel('vGS (volts)'); ylabel('iDS (milliamps)'); title('Plot for Example 4.1'); grid

The generated plot is shown in Figure 4.7.
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Plot for Example 4.1

i i i 35
I I I
I I I
————— B e Al A £ 0
l l l
S R AR A 25
I I I
I I I
,,,,, A T R
I I I Q
I I I £
I | | 8
***** T----—-a--—-/f-a9-----416 =
I I I 3
I I I
0
S8
I I
I I I
————— +-—--f-4-----4-----45
‘ l l
S R 0
I I I
I I I
1 1 1 _5
4 3 -2 1 0
vGS (volts)

Figure 4.7. MATLAB generated plot for Example 4.1

From the plot of Figure 4.7 we see that for v;, = vqq = 2.4 V, ipg~5 mA . Therefore,

. 3 -3
VOUt‘VGS v T Vpp—Rpips = 15-10"x5x107 = 10 V 4.3)
b.
From the plot of Figure 4.7 we see that for v;, = vgg = -1.8 V, ipg~ 10 mA . Therefore,
Vou|, _ 4y = Vbp—Rpips = 15— 10°x10x10° =5V (4.4)
vgs = —1.
C.
The results of (a) and (b) indicate that an increase in the input voltage results in a decrease of
the output voltage. Therefore, we conclude that the given JFET circuit is an inverting ampli-
fier.
d.
Ai _ -3 _
g = ps _ (5-10)x10 " _ 0.0083 O (4.5)
Aves  —24-(-18)
e

The plot of Figure 4.7 shows the slope of g and it is calculated as in (4.5).

4.2 The Metal Oxide Semiconductor Field Effect Transistor (MOSFET)

The most popular type of a FET is the Metal-Oxide-Semiconductor Field Effect Transistor or
MOSFET. Another less frequently name for the MOSFET is Insulated-Gate FET or IGFET.
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Figure 4.8 shows a cross section and the symbol for an n-channel MOSFET or NMOS FET
device. The complementary p -channel MOSFET or PMOS FET is similar but opposite in polar-
ity.

Metal
w
Source (S) Gate (G) ox
I I Drain (D)
%\ Channel | n |

p —type substrate

T—

Substrate (B)
Figure 4.8. Cross section of an n-channel MOSFET

In Figure 4.8, heavily doped N-type regions, indicated by n™, are diffused into a P-type substrate or
base. An n conducting channel may be formed and exist with the gate voltage V; = 0. A nega-
tive gate voltage will then drive electrons out of the channel, increasing the resistance from source
to drain. This is termed depletion-mode operation. The JFET also operates in this manner. Con-
versely, if no channel exists with V5 = 0, one can be formed by applying positive voltage V and
attracting electrons to a thin surface layer. This is termed enhancement-mode operation. The
enhancement mode MOSFET has a lightly doped channel and uses forward bias to enhance the

current carriers in the channel. A MOSFET can be constructed that will operate in either mode
depending upon what type of bias is applied, thus allowing a greater range of input signals.

The symbols for the four basic variations of the MOSFET are shown in Figure 4.9.

D D D D
B B «—B H»—B
S S S S
n —channel p — channel n —channel p — channel
Depletion MOSFET Enhancement MOSFET

Figure 4.9. MOSFET types and symbols

The voltage at which the channel is closed is known as the pinch-off voltage V. The minimum

voltage required to form a conducting channel between the drain and source is referred to as the
threshold voltage and it is denoted as V.
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4.2.1 The N-Channel MOSFET in the Enhancement Mode

Figure 4.10 shows the drain-to-source current ipg versus the drain-to-source voltage vg for dif-

ferent values of gate-to-source voltage v -

ing (MA)

25 + Vgg =5V

2.0 1 Vg = 4V

1.5 1 Vg = 3V

1.0 Vg = 2V

0.5 Vgg = 1V
0 5 10 Vps (V)

Figure 4.10. Current-voltage characteristics for typical MOSFET

The voltage at which the channel is closed is known as the pinch-off voltage V;, and the mini-
mum voltage required to form a conducting channel between the drain and source is referred to
as the threshold voltage and it is denoted as V. Typical values for V are 2 to 4 volts for high
voltage devices with thicker gate oxides, and 1 to 2 volts for lower voltage devices with thinner
gate oxides. In terms of this, the drain current iy, in a MOSFET can be written approximately as

ip = E\L:/Z([(VGS ~Vi)Vps — %Vés} for vpg<vgs— Vr (4.6)
where L is the channel length as shown in Figure 4.2, W is the width of the structure perpendic-
ular to the paper in Figure 4.8, woy is the oxide thickness, ¢ is its dielectric constant, and u is
the mobility of carriers in the channel. The values for the channel length and width depend on
the voltage v;¢ and typical values are 2 um <L <10 um and 100 pm <W <100 um.

. . . * .
[t is convenient to represent the quantity ep/wqoy as k, , and typical values of k, are around

20 uA/V?. Then (4.6) is expressed as

W

. 1 2
ip = knf[(VGs ~Vi)Vps — EVDS:| for vpg<vgs— Vg 4.7

*  The subscript n is used here as a reminder that the relation that follow apply to n-channel MOSFETs
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where v <vgg— Vi defines the so-called quadratic or triode region , and

. W 2
ip = =~ kn—L—(VGS -Vo) for vpg2vgs— Vr ¥ (4.8)

1
2
where vpg>vgg— Vi defines the so-called saturation or pentode region. When v;q < Vy, the

MOSEFET is said to be in the cutoff region.

The quadratic (triode) and saturation regions are as shown in Figure 4.11.

ing (MA)

Triode

- el i i
region ) Saturation region

T
|
| \VDS 2Vgs— Vr
\
Vps<Vgs— Vr

Vps = Vgs— V1

e

0 Vps (V)

Figure 4.11. Triode and saturation regions for an enhancement type NMOS where vg > V1

As shown in Figure 4.11, the triode region starts as a linear function where the drain-to-source
resistance rpg is linear but it changes to a curve because the resistance changes with changes in

the drain-to-source voltage vpq. The saturation region starts where for any further increases in

vps there is no increase in the drain current ip .

Figures 4.10 and 4.11 reveal that for small values of vy, say 0.05 < v <0.15 V, relation (4.7)

can be written as
. W
ip~ knf[(sz - V)vps] for vpg<vgs— Vr 4.9)

Thus, in that range of v, the MOSFET behaves as a linear resistor, usually denoted as rjg, and

its value can be found from

This name is carried over from the old days of the vacuum tube triode whose characteristics are as shown in Figure 4.11. It
is also referred to as the quadratic region. Likewise, the saturation region is sometimes referred to as the pentode region.

T The drain current iy is not exactly independent of the drain-to-source voltage vy . It increases with increasing vpg due
to the so-called channel width modulation caused by reduction of the effective channel length, and since iy, is inversely pro-

portional to the channel length, iy increases with vig and thus (4.8) is an approximation to the exact drain current i,

gven by ip, = % . kn¥(sz - VT)Z(I +Avpg) where A is a small quantity, typically 0.01 .
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Vbs L
= — = ————————— (4.10)
DS k,W(vgs—Vr)

Example 4.2

Compute and plot the values of rpg for an NMOS device where k, = 18 gA/V>, L = 5 um,
W = 60 um, V; = 1V as vgg varies in the interval 1.5<v5¢<3.5V in steps of 0.5 V.

Assume that k, L, and W do not change significantly for this interval.

Solution:
The MATLAB script for Example 4.2 is given below.

kn=18*10/(-6); L=5*107(-6); W=60*10"(-6); VT=1;

rD1 = 10.A(-3)."L./(kn.*W.*(1.5-VT)); rD2 = 10.AM(-3)."L./(kn.*W.*(2-VT));...% Kilohm values

rD3 = 10.A(-3).*L./(kn.*W.*(2.5-VT)); rD4 = 10.A(-3).*L./(kn.*W.*(3-VT));...

rD5 = 10.A(-3)."L./(kn.*W.*(3.5-VT)); fprintf(' \n');...

disp('vGS (Volts) rD (KOhms)";... % Display vGS and rD values

disp(’ ;...

fprintf('%6.1f  %10.2f\n', 1.5,rD1,2.0,rD2,2.5,rD3,3.0,rD4,3.5,rD5)
vDS=(0:0.01:100)*10~(-2); iD1=rD1*vDS; iD2=rD2*vDS; iD3=rD3*vDS; iD4=rD4*vDS;
iD5=rD5*vDS; plot(vDS,iD1, vDS,iD2, vDS,iD3, vDS,iD4, vDS,iD5); xlabel('vDS in V');...
ylabel('iD in mA"); title('Linear region for typical MOSFET"); grid

When this program is executed, MATLAB displays the following:
vGS (Volts) rD (KOhms)

1.5 9.26
2.0 4.63
2.5 3.09
3.0 2.31
3.5 1.85

The plot is shown in Figure 4.12.

Relation (4.8) which is repeated below for convenience, represents an n — channel MOSFET and
we observe that, in saturation, the drain current iy, is independent of the drain voltage vpyq

T (vgs = V1) for Vs> vgs - Vi (4.11)

N —

Ip

Therefore, we conclude that in the saturation mode the n—channel MOSFET behaves as an
ideal current source whose value is as in (4.11).
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Linear region for typical MOSFET

10 | | | |
ol . ___ i 77777 i””%””i:’” ,VGS =35V
e R
(RS
6l - A P S
< | | |
E sl AP —
o, Aes =30V
N LT Ngs =25V
N T ””VGS =20V
WL 77: 7777: T VGS =15V
o —
0 0.2 0.4 0.6 0.8 1
vDS inV

Figure 4.12. Plot for Example 4.2

In analogy with the transconductance in bipolar junction transistors, the MOSFET transconduc-
tance is defined as

(4.12)

g =
M Ovgs
Vps = constant

In other words, the transconductance is a measure of the sensitivity of drain current to changes in
gate-to-source bias.

As indicated in the previous chapter, subscripts in upper case represent the sum of the quiescent
and small signal parameters, and subscripts in lower case represent just the small signal parame-
ters. Thus, vgg = Vg + Vg and (4.11) can be expressed as

) 1 w 2 1 w 2
Ip = E'knf(VGS'i'Vgs_VT) = E’kn_[(VGs—VT)*'Vgs]
1 w 2 \Y 1 W 2
= 5 : knf(VGS - VT) + knf(VGS - VT)Vgs + E : knfvgs

For small signals, transconductance is defined in terms of the second term of the above expression
and thus

. W
g = knf(VGS_VT)Vgs

Letting
Ol _ dgp—lg1 _ g
ans Vgs2 _Vgsl Vgs
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and substituting the last expression above into (4.12) we get

g _ ky(W/L)(Vgs = Vp)v

gm = = (4.13)
Vs Vs
or
i W
gn = == = kT (Vgs— V) (4.14)
gs
The output conductance is defined as
o = aalD (4.15)
VDS Vgs = constant
At saturation the slope of (4.15) is
g, (sat) = 0 (4.16)

From (4.7) for the triode region

. \\% 1 2
Ip = knf[(VGS_VT)VDS_EVDSJ

Therefore the output conductance is found by differentiation of the last expression above as
dip

w
g = OVps = knf(VGs—VT—VDs) (4.17)

4.2.2 The N-Channel MOSFET in the Depletion Mode

As we've learned, in the enhancement mode we apply a positive voltage v and as this value

increases, the channel conductivity increases until we reach saturation. However, a MOSFET
can also be fabricated with an implanted channel so that drain current i, will flow if we apply a

voltage vy even though the voltage vgq is zero. If, however we want to decrease the channel
conductivity, we can apply a sufficiently negative vg to deplete the implanted channel, and this
mode of operation is referred to as the depletion mode. The negative value of vq that causes the
channel to be entirely depleted is the threshold voltage V; of the n—channel MOSFET and
obviously has a negative value. At this threshold negative voltage V., the drain current iy is

zero although v may still be present.

Typical values of drain current i, versus the gate-to-source voltage vsq characteristics for an

n —channel MOSEFET that operates in the enhancement mode only are shown in Figure 4.13(a)
and one that operates in both the depletion and enhancement modes are shown in Figure

4.13(b).
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Enhancement mode

(a) Enhancement mode only

Depletion mode | Enhancement mode
ip (mA)

30 +

251

20 +

15 # T
+10
TS

I — I I I f I I
-3 =2 -1 0 1 2 vgs (V)

(b) Depletion — Enhancement mode
Figure 4.13. Typical n—channel MOSFET i, vs v characteristics

As noted in Figure 4.13(b), Igg is the value of the drain current in saturation with vgg = 0.

Figure 4.14 shows typical i, vs vg characteristics for a depletion-type n — channel MOSFET.

Example 4.3

It is known that for a depletion-type n - channel MOSFET, k, = 03 mA/V>, W = 100 pum,
L =10 pum,and V; = -3 V.

a. At what value should the voltage vpg be set so that this device will be operating in the satura-

tion region when voq = 2 V?
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ip (mA)
27 L vps < Vg — Vo— —YDs > Vas ~ V1

Figure 4.14. Typical iy, vs v characteristics for a depletion-type n — channel MOSFET

b. What would the drain current i, be if the voltage vpq is set to its minimum value to keep the
device in the saturation region?

Solution:

a. The dotted curve of the iy vs vy characteristics of Figure 4.14 separates the saturation

region from the triode region. Therefore, the voltage vpg should be such that
Vps2Vgs— V122-(-3)=25V

b. Relation (4.11) indicates that at saturation the current iy, is independent of the voltage vy .
Therefore,

100

W 2 _
kT 2= (3] =375 mA

2 1

4.2.3 The P-Channel MOSFET in the Enhancement Mode

For the p — channel MOSFET the threshold voltage V is negative and the drain-to-source volt-
age vpg must also be negative or the source-to-drain voltage vq, must be positive. Therefore, to

create a channel we must have v;4 <V and vpg <0, or vgp > 0.

In a p — channel MOSFET device operating in triode mode the drain current ip is found from
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. W 1
ip = kpf|:(VGs - Vo)Vpg— Evés} for (Vvpg=vgs—Vr) (4.18)

and if the device operates in the saturation mode, the drain current i, is found from

_ 1

. W 2 *
ip = 3 kpf(VGs—VT) for vpg<vgs— Vg (4.19)

The constant k, in relations (4.18) and (4.19) is analogous to k, for the n—channel MOSFET

and typical values of k, are around 10 pA/ V2.

Example 4.4

It is known that for an enhancement-type p — channel MOSFET, k, =8 mA/V?, W = 100 pum,
L = 10 pm, and V; = -1.5 V. If v4 = 0, and vg = 5V, compute the drain current i, if:

a. vp =4V
b. vp = 1.5V
c. vp =0V
d. vp = =5V
Solution:

As stated above, to create a channel v;q must be equal or less than Vi, and v must be nega-

tive and using the conditions specified in (4.18) and (4.19) we will determine whether the device
is in the triode or saturation mode. For convenience, we list the following conditions:

Vgs = Vg~ Vs
Vps = Vp— Vg

Vgs— Vr

*  As with the n-channel MOSFET, the drain current ip, is not exactly independent of the drain-to-source voltage vy . It

increases with increasing vy due to the so-called channel width modulation caused by reduction of the effective channel

length, and since iy, is inversely proportional to the channel length, i, increases with vig and thus (4.18) is an approxi-

1 .kn\fV(sz —VT)2(1 +Avpg) where vgg, vpg, Vo, and A are all

mation to the exact drain current iy, given by iy, = 3

negative.
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Vps > Vgs— Vr

Vgs = Vg—Vg =0-5=-5V
Vgs<Vr=>-5<-15
Vpg = Vp—Vg = 4-5=-1V
Vgs— Vr = -5-(-15) =35V
Vps > Vgs— Vr=>-1>-35

and we conclude that the device operates in the triode mode. Then, with (4.17) we get

iy = kp%’[(sz—vT)vDs—%vésJ = 8 x % K [(=5—(=1.5)) x (<1)] = 0.5 x (—1)* = 0.24 mA
b.
Vpg = Vp—Vg = 1.5-5=-35V
Vag—Vp = —=5-(-1.5) = 3.5V
Vps = Vgs— V1 = 35V
and we conclude that the device operates at the point where the triode mode ends and the
saturation region begins. Then, with (4.19) we get
iy = % .kp‘%/(sz—vT)2 = 0.5x8x 10[=5—(-1.5)]* = 0.49 mA
C.

Vpg = Vp—Vg = 0-5=-5V
Vps <Vgs— Vp=>-5<3.5

and we conclude that the device operates well in the saturation region.Then, with (4.19) we
get

ip = % -kp\%/(sz-vT)2 = 0.5x8x10[=5—(-1.5)]> = 0.49 mA
d.
Vpg = Vp—Vg = =5-5=-10V
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Vgs—Vr =-5-(-15) =35V
Vps <Vgs— Vp=>-10<3.5

and we conclude that the device operates deeply in the saturation region. Then, with (4.19) we
get

ip = -1<p¥(v(}s—VT)2 = 0.5x8x10[=5—(-1.5)]> = 0.49 mA

NI—

4.2.4 The P-Channel MOSFET in the Depletion Mode

Depletion type p — channel MOSFETs operate similarly to depletion type n — channel MOSFETs
except that the polarities of all voltages are reversed and the current iy, flows from source to drain.

Figure 4. 16 shows typical i, vs vpg characteristics for a depletion-type p — channel MOSFET.

4.2.5 Voltage Gain

The voltage gain in a MOSFET device is defined as the ratio of the small signal quantities v, to
Vg - We will derive it with the aid of the MOSFET in Figure 4.15.

RD
y 1+
D 7VDD
b T
G |«B P

L L

Vgs ——

Figure 4.15. Circuit for the derivation of the voltage gain

Figure 4.15 shows that the substrate is connected to the source; this is a common practice with
MOSEFET devices. From Figure 4.15,

Vp = Vpp—Rpip
vp = Vpp—Rp(p +1iy)

vp = Vpp—Rp(Ip+1iy) = Vp+Rpip —Rp(Ip+iy) = Vp—Rpiy
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Enhancement mode 30 -

I I vgs (V)
0 | 3 GS

(a) Enhancement mode only

Depletion mode | Enhancement mode

ip (mA)

30 +
251
20 +

15+ Ipgg
-10
-5
: : : : — : : :
-3 2 -1 0 1 2 vgs (V)

(b) Depletion — Enhancement mode

Figure 4.16. Typical ij, vs v, characteristics for a depletion-type n — channel MOSFET

and
vy = —Rpiy
From relation (4.14)
i
g =
gs
id = nggs
Va = _RDid = _RngVgs
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Then, the voltage gain A, is
A, = v/ = Rpg,, (4.20)

v
and the minus (-) sign indicates 180° phase reversal.

Relation (4.20) reveals that high gains can be achieved with increased drain resistance R . How-

ever, external resistors are not used in IC MOSFETS because they require large areas and their
tolerance may cause some undesirable effects. Instead, constant current sources are used, and the
most commonly used current sources are the so-called current mirrors. A typical current mirror is
shown in Figure 4.17.

+ )
VDDi Rp b jil Djlz
BM‘ G G <4 B

— —

So S o

Figure 4.17. Typical circuit of a current mirror

A current mirror is essentially an adjustable current regulator. In the circuit of Figure 4.17, both
MOSFETs share the same voltage v and the ratio of the currents i, and i, is directly related to

the ratio of the geometry of the transistors, that is,

i,  (W/L),

i, (W/L),
and if the two MOSFETs have the same geometry, then i; = i,, and hence the name current mir-
ror. A similar current mirror circuit can be implemented with bipolar transistor.

MOSFET devices can be used as amplifiers provided that they operate in the saturation region.

However, the CMOS devices, discussed on the next section, are the most common amplifiers in
the FET technology.

4.3 Complementary MOS (CMOS)
Complementary MOS or CMOS technology combines one NMOS device and one PMOS device

into a single device referred to as CMOS. These devices are used extensively in both analog and
digital circuits, and integrated circuits.

In CMOS devices only one of its components is on at any given time, that is, either the NMOS
device is on and the PMOS device is off, or vice versa. Thus, CMOS chips require less power than
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chips using just one type of a MOSFET, and unlike bipolar transistors, a CMOS has almost no
static power dissipation. This makes CMOS devices particularly attractive for use in battery-pow-
ered devices, such as portable computers. Personal computers also contain a small amount of bat-
tery-powered CMOS memory to hold the date, time, and system setup parameters.

In this section we will briefly discuss the three types of CMOS amplifiers, and in subsequent
chapters we will see how CMOS devices are used as logic inverters and gates.

4.2.1 The CMOS Common-Source Amplifier

Figure 4.18 shows how a CMOS device is configured as a common-source amplifier where the
upper two MOSFETS serve as a current mirror to perform the function of a resistor.

Hoo
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Figure 4.18. Typical CMOS common-source amplifier

A typical common-source CMOS amplifier can provide gains of 20 to 100, and the output is
180° out-of-phase with the input. It exhibits both high input and high output resistances.

4.2.2 The CMOS Common-Gate Amplifier

Figure 4.19 shows how a CMOS device is configured as a common-gate amplifier. The DC volt-
age Vpc at the gate provides a bias voltage but the AC signal is zero and this is the reason that

the circuit is referred to as CMOS common-gate amplifier. A typical common-source CMOS
amplifier can provide gains of 20 to 100, and the output is in-phase with the input. It exhibits a
low input resistance, and a high output resistance.

4.2.3 The CMOS Common-Drain (Source Follower) Amplifier

A typical common-drain (source follower) CMOS amplifier is shown in Figure 4.20. Its voltage gain
is less than unity, and the output is in-phase with the input. It exhibits a low output resistance,
and thus it can be used as a buffer amplifier. It is referred to as common-drain amplifier because
there is no signal at the drain of the upper MOSFET device; the voltage Vp, just provides a bias.
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It is also referred to as source follower because the lower right MOSFET device acts as a load for
the upper MOSFET device.

A ] |
T e,
of N

c v
‘ VDCJQ 1
}i

Figure 4.19. Typical CMOS common-gate amplifier
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Figure 4.20. Typical common-drain (source follower) amplifier

4.3 The Metal Semiconductor FET (MESFET)

The Metal-Semiconductor-Field-Effect-Transistor (MESFET) consists of a conducting channel posi-
tioned between a source and drain contact region. The carrier flow from source to drain is con-
trolled by a Schottky metal gate. The control of the channel is obtained by varying the depletion
layer width underneath the metal contact which modulates the thickness of the conducting chan-
nel and thereby the current. MESFETSs use GaAs (gallium arsenide) technology. Only n — channel
MESEFETS are available, because holes have a slower mobility.

The main advantage of the MESFET is the higher mobility — also referred to as surface mobility —
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of the carriers in the channel as compared to the silicon-type MOSFETs. The higher mobility
results in a higher current, transconductance and transit frequency of the device.

However, the presence of the Schottky metal gate limits the forward bias voltage on the gate to
the turn-on voltage of the Schottky diode. This turn-on voltage is typically 0.7 V for GaAs
Schottky diodes. The threshold voltage therefore must be lower than this turn-on voltage. As a
result it is more difficult to fabricate circuits containing a large number of enhancement-mode

MESFET.

The higher transit frequency of the MESFET makes it particularly of interest for microwave cir-
cuits. While the advantage of the MESFET provides a superior microwave amplifier or circuit,
the limitation by the diode turn-on is easily tolerated. Typically depletion-mode devices are used
since they provide a larger current and larger transconductance and the circuits contain only a
few transistors, so that threshold control is not a limiting factor. The buried channel also yields a
better noise performance as trapping and release of carriers into and from surface states and
defects is eliminated.

The use of GaAs rather than silicon MESFETs provides two more significant advantages: first of
all the room temperature mobility is more than 5 times larger, while the saturation velocity is
about twice that in silicon, and second it is possible to fabricate semi-insulating (SI) GaAs
substrates which eliminates the problem of absorbing microwave power in the substrate due to
free carrier absorption.

4.4 The Unijunction Transistor

The unijunction transistor (UJT) is a three-terminal, single-junction device which exhibits nega-
tive resistance and switching characteristics totally unlike those of conventional bipolar transis-
tors. As shown in Figure 4.21, the UJT consists of a bar of n-type silicon having ohmic contacts
designated Base 1 (B, ) and Base 2 (B,) on either side of a single PN junction designated the

emitter.
B, E
. + E
Emitter| " 1g . °
7 ™
| B
Base 1 n Base 2 B, 5
B Structure B, Equivalent Circuit
Symbol

Figure 4.21. Unijunction transistor structure, symbol, and equivalent circuit

In operation, a positive voltage is applied to B, and B, is placed at ground potential. The

B, - E - B, junctions then act like a voltage divider which reverse-biases the emitter junction.
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An external voltage having a potential higher than this reverse bias will forward-bias the emitter
and inject holes into the silicon bar which move toward B, . The emitter-B, resistance then

decreases, and this, in turn, causes the emitter voltage to decrease as the emitter current increases,
and a negative resistance characteristic is obtained as shown in Figure 4.22.

v;,-
& I Negative- Q .
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Van | eak point | Emitter to base-
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Vap=10V |  characteristic
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Valley point
Vi (sat) - o
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v I :
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P v E
f.t;u"l =10 uA

Figure 4.22. UJT emitter characteristics curve with important parameters (Courtesy of General Electric)

On the emitter characteristics curve of Figure 4.22, the points of interest are the peak point, and
the valley point. The region to the left of the peak point is called the cutoff region, and in this region
the emitter is reverse biased and only a small leakage current flows. The region between the peak
point and the valley point is referred to as the negative resistance region. The region to the right of
the valley point is the saturation region and as we can see, the resistance in this region is positive.

Device 2N2646 is a popular UJT and can be used for the design of pulse and sawtooth generators,
analog-to-digital converters, relay time delay circuits, and frequency dividers.

Other UJT devices, referred to as programmable U] Ts, can have their parameters set by external
components such as resistors and capacitors. Device 2N6027 is known as a programmable UJT.

4.5 The Diac

The diac is a two-terminal, transistor-like component which exhibits bistable switching for either
polarity of a suitably high applied voltage. As shown in Figure 4.23, the diac closely resembles a
PNP transistor without an external base terminal.

1 i
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Figure 4.23. Diac structure, symbol, and characteristics
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Basically the diac does not conduct (except for a small leakage current) until the breakover
voltage Vg is reached, typically 20 to 40 volts. At that point the diac goes into avalanche
conduction also at that point the device exhibits a negative resistance characteristic, and the
voltage drop across the diac snaps back, typically about 5 volts, creating a breakover current Ig

in the order of 50 to 200 uA sufficient to trigger a triac or SCR.

The negative-resistance characteristic of the diac makes it useful for very simple relaxation oscilla-

* . . . . . . . . . . .
tors and pulse generators, but its major application is in conjunction with a triac, to be discussed
in Section 4.8, to produce ac phase-control circuits useful for motor-speed control, light dim-
ming, and other AC power-control functions.

4.6 The Silicon Controlled Rectifier (SCR)

The silicon controlled rectifier, usually referred to as an SCR, is one of the family of semiconductors

that includes transistors and diodes. Another name for the SCR is thyristor'. It is similar to a
diode with an additional terminal that is used to turn it on. Once turned on, the SCR will remain
on as long as current flows through it. If the current falls to zero, the SCR behaves like an open
switch. This device is much larger in size than a transistor or a MOSFET and it is designed to
operate at higher voltages and currents, typically 1, 000 V or higher, and 100 A or higher

The SCR is a four-layer semiconducting device, with each layer consisting of an alternately N or
P-type material, for example N-P-N-P. The main terminals, labelled anode and cathode, are across
the full four layers, and the control terminal, called the gate, is attached to one of the middle lay-
ers as shown in Figure 4.24.

Anode |

P P Anode Anode

N N N SR

P — P P Gate o
Gate Gate

N N

Cat[ilode

Catl;ode

Cathode |

Figure 4.24. Parts of an SCR, the two-transistor equivalent circuit, and its symbol

*  Relaxation oscillators. are circuits that generate non-sinusoidal waveforms such as pulse and sawtooth generators.

T An earlier gas filled tube device called a Thyratron provided a similar electronic switching capability, where a small con-
trol voltage could switch a large current.
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SCRs are mainly used where high currents and voltages are involved, and are often used to control
alternating currents, where the change of sign of the current causes the device to automatically
switch off. Like a diode, an SCR conducts only in one direction. A similar 5-layer device, called a
triac, to be discussed on the next section, conducts current in both directions.

Modern SCRs can switch large amounts of power (up to megawatts). In the realm of very high
power applications, they are still the primary choice. However, in low and medium power (from
few tens of watts to few tens of kilowatts) they have almost been replaced by other devices with
superior switching characteristics like MOSFETs. While an SCR is that is it not a fully controlla-
ble switch in the sense that triggering current direction need to be reversed to switch it off, a
newer device, the gate turn-off SCR (GTO) can be turned on and off with a signal applied to the
gate. The turn-on signal is a small positive voltage and the turn-off is a negative small signal.
GTOs are used for the output stages of medium-voltage, high horsepower, variable frequency
drives. In high-frequency applications, SCRs are poor candidates due to large switching times aris-
ing out of bipolar conduction. MOSFETs, on the other hand, has much faster switching capability
because of its unipolar conduction (only majority carriers carry the current).

Figure 4.25 shows the volt-ampere characteristics of a typical SCR.

i
+

PIV

Figure 4.25. The voltage-current characteristics of a typical SCR

As shown in Figure 4.25, when the forward bias voltage from anode to cathode reaches a value
indicated as +V, and a positive signal is applied to the gate, the device reverts to a low impedance
and current flows from the anode to cathode. The dotted line shows the interval of the voltages
from anode to cathode in which the SCR will be conducting after the trigger signal has been
removed. The current must be limited by the load to the value +1, or the SCR will be damaged.

When the forward bias from anode to cathode is reduced to zero or becomes negative, the SCR
becomes a non-conductive device and the signal at the gate, even if present, will not change the
non-conductive state of the device. If the negative bias exceeds the peak-inverse voltage indicated
as PIV, the SCR will be damaged. It is recommended that the PIV value should be at least three
times the RMS value of the applied voltage.
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Figure 4.26 shows sinusoidal waveform applied to the gate of an SCR where during the positive
half cycle the SCRis triggered at 45° after the sinewave starts from zero and increases in the pos-
itive direction.

0 = 45°

FG’{ Conduction
angle

K

Firing angle

Figure 4.26. SCR gate control

As shown in Figure 4.26, the number of degrees from the beginning of the cycle until the SCR is
gated to the on condition is referred to as the firing angle, and the number of degrees that the
SCR remains conducting is known as the conduction angle. For accurate SCR gating, the firing
circuit must be synchronized with the AC line voltage being applied anode-to- cathode across
the device. Without synchronization, the SCR firing would be random in nature and the system
response will be erratic. Also, when the firing angle is greater than zero, the voltage applied to the
load is no longer sinusoidal. This presents no problem in the case of motor loads, but for radio
and television an interference is created and usually the manufacturer of the SCR equipment will
include an electromagnetic interference (EMI) filter to rectify the problem.

In closed-loop systems, such as motor control, an Error Detector Circuit computes the required fir-
ing angle based on the system setpoint and the actual system output. The firing circuit is able to
sense the start of the cycle, and, based on an input from the Error Detector, delay the firing pulse
until the proper time in the cycle to provide the desired output voltage. An analogy of a firing cir-
cuit would be an automobile distributor which advances or retards the spark plug firing based on
the action of the vacuum advance mechanism.

In analog control systems the error detector circuit is usually an integrated circuit operational
amplifier which takes reference and system feedback inputs and computes the amount of error
(difference) between the actual output voltage and the desired setpoint value. Even though the
SCR is an analog device, many new control systems now use a microprocessor based, digital, fir-
ing circuit to sense the AC line zero -crossing, measure feedback and compare it with the set-
point, and generate the required firing angle to hold the system in a balanced state.

Another consideration is SCR protection. The SCR, like a conventional diode, has a very high
one-cycle surge rating. Typically, the device will carry from eight to ten time its continuous cur-
rent rating for a period of one electrical cycle. It is extremely important that the proper high-
speed, current-limiting, rectifier fuses recommended by the manufacturer be employed; one
should never substitute with another type fuse. Current limiting fuses are designed to sense a
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fault in a quarter-cycle and clear the fault in one-half of a cycle, thereby protecting the SCR from
damage due to short circuits.

Switching spikes and transients, which may exceed the device PIV rating, are also a serious con-
cern with semiconductor devices. Surge suppressors, such as the GE Metal-Oxide-Varistor
(MOV), are extremely effective in absorbing these short-term transients. High voltage capacitors
are also often employed as a means of absorbing these destructive spikes and provide a degree of
electrical noise suppression as well.

4.6.1 The SCR as an Electronic Switch

The SCR circuit of Figure 4.27 shows a possible arrangement for switching the SCR to the off
position. We recall that to switch the SCR to the off position, the anode to cathode voltage must
be zero or negative.

;V
Bzoc SRS
Ay B
— T+
R, /1 Ve S

Figure 4.27. A switching circuit using an SCR

The SCR in the circuit of Figure 4.27 is switched to the on (conducting) state by applying a posi-
tive triggering pulse at v;, and with the SCR on, there is there is a very small voltage drop from

anode to cathode. The capacitor then charges to voltage v and this voltage is approximately

equal to V. The SCR will be turned off by closing the switch S, and when this occurs, we observe

that the positive side of the capacitor is connected to the ground. Since the capacitor voltage can-
not change instantly, the anode of the SCR becomes negative with respect to the cathode. The
anode current no longer flows, and the SCR is turned Off. Obviously, for repetitive operation at

fast rates the switch S in Figure 4.27 can be replaced by another controlled rectifier as shown in
Figure 4.28.

As with the circuit of Figure 4.27, in Figure 4.28 a positive triggering pulse applied at v, , turns
the SCR on the left On. Then a subsequent positive pulse applied at v, turns the SCR on the

right On; this action is equivalent to closing the switch in Figure 4.27, and it switches the SCR on
the left off. The capacitor now charges with the opposite polarity, and another positive pulse
applied at v, turns the SCR on the left On; with the aid of the capacitor this action turns the

SCR on the right Off.
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Figure 4.28. SCR circuit for repetitive operation at fast rates

If a train of positive pulses is applied simultaneously at v;, and v, , they have no effect on the

rectifier that is conducting, but they turn the nonconducting SCR on. Again, with the aid of the
capacitor this action turns the conducting SCR off. Thus a train of positive pulses applied simul-
taneously to the gates of the SCRs causes them to switch on and off alternately.

4.6.2 The SCR in the Generation of Sawtooth Waveforms

Another important application for SCRs is in circuits for the generation of sawtooth waveforms.
Sawtooth generators have many important engineering applications. They are used in oscillo-
scopes to provide the sweep voltage for horizontal deflection, and they are used in circuits for the
measurement of the time interval between the occurrence of two events. Figure 4.29 shows an
ideal sawtooth generator.

out

s
Figure 4.29. An ideal sawtooth generator and its output waveform

When the switch S is open, the current source delivers a constant current to the capacitor, and

as a result the voltage across the capacitor increases linearly with time as shown in Figure 4.28.
At a certain instant the switch is closed momentarily, and the capacitor discharges through the
switch. The switch is reopened immediately, and the capacitor begins to charge again. If the clos-

ing of the switch is periodic, a periodic sawtooth waveform of voltage appears at v, . If the
switching is not periodic, the successive peaks in the waveform are not of the same amplitude;

however, the amplitude of each peak is directly proportional to the duration of that particular
switching interval. A practical sawtooth generator is shown in Figure 4.30.

* We recall that v = Jldt = It (ramp)
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Figure 4.30. A practical sawtooth generator using an SCR as a switch

In the circuit of Figure 4.30 the SCR performs the function of the switch in the ideal generator of
Figure 4.29. Resistor R, is a large resistor in the order of 1 MQ and this with the voltage source

Vg approximate the current source in the ideal sawtooth generator; since a true current source is

not used, the output voltage shown in Figure 4.31 is not exactly linear.

—|T |~

Figure 4.31. Waveforms for the circuit of Figure 4.30

The voltage v;, is the control voltage for the rectifier, and R, is a resistance that limits the recti-
fier current to a safe value when the capacitor is discharging.

When the SCR is switched off, the capacitor charges with a current from the DC supply voltage
Vg that is almost constant, and the capacitor voltage rises exponentially with time. The wave-

forms of voltage and current are shown in Figure 4.31. When the capacitor voltage reaches the
critical value V, known as firing voltage, the SCR fires and discharges the capacitor rapidly. When

the capacitor is discharged to the critical voltage V_, referred to as the extinction voltage, the SCR
switches off, and the cycle repeats itself.

The duration of the charging interval T, is determined by the firing voltage V;, the extinction
voltage V_, the capacitor current i, and the capacitance C. Since the firing voltage depends on

the control voltage v, , the amplitude and frequency, of the sawtooth wave can be adjusted by

in?

adjusting v, . For a practical circuit triggering pulses of voltage can be applied at v, to control
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the firing of the SCR and thereby synchronize the sawtooth with an external signal.

The duration of the discharging interval T, depends on the amplitude of the sawtooth voltage,

the discharging current, and the capacitance C. For rapid discharging, which is highly desired,
the discharging current should be as large as possible; however, the current must be limited to a
value that is safe for the SCR. Thus, for good performance the SCR should have a high current
rating and short switching times.

All applications for the sawtooth generator require a highly linear sawtooth waveform and a short
discharge time. These two quantities can be related in a very simple way to the important param-
eters of the circuit. During the charging interval T, the SCR is switched off, and the circuit is a

simple series connection of R,, C, and V. Thus, choosing t = 0 at the beginning of the charg-

ing interval, the equation for the output voltage v, during that interval has the form

out
Vou = Vgt AT (4.21)

Whent =0, v
(4.21) we get

out has its minimum value V, as shown in Figure 4.26; hence letting t = 0 in

Vout = VS'*'A = Vx
or
A=V, -V
and by substitution into (4.21)

Vour = V= (Vg—v e/ (4.22)

Relation (4.22) defines the output voltage v,,, during the charging interval T,. Next, we let

out

(Vs=Vy = Vig (4.23)
Then
V= Vig+V, (4.24)
and by substitution into (4.22)
(-t/R,C)
Vour = Vig+V, —V'ge (4.25)

The exponential factor in (4.25) can now be expanded in a power series to obtain the following
more useful expression:

* For an introduction to transient analysis, refer to Circuit Analysis I with MATLAB Applications, ISBN 0-9709511-2-4.
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Since we want the output voltage v, . to be a linear function of time, our sawtooth generator

out
must be designed so that the second term on the right side of (4.26) should be sufficiently small.

Then,
t
Vour = Vo + Vg = 4.27)

out S R4C

The right-band side of (4.26) is a converging alternating series; hence the error in truncating the
series at any point is smaller than the first term in the part out off. Thus, the magnitude of the

error at any instant is smaller than
1., t )2
Avyy = zV's| === (4.28)

At the end of the charging interval t = T, the output voltage is

T
Vout = Vf = VX+V'S ’ R4C (4‘29)

It now follows from (4.29) and Figure 4.30 that the amplitude of the sawtooth wave is

T
V=V-V_ = V’S'R:C (4.30)

and the error at the end of the charging interval, which is the amount by which the actual ampli-
tude is less than the amplitude given by (4.30), is smaller than

= 3V(5) (431)

o (4.32)

From (4.30) and (4.32)

AVout — \% — Tc (433)
vV 2V 2R,C

Relation (4.33) reveals that the fractional error depends only on the relative sizes of the sawtooth
amplitude and the effective DC supply voltage; in order to have good linearity it is necessary to
have an effective supply voltage much larger than the required amplitude of the sawtooth. Good
linearity is often obtained by the direct expedient of using a large supply voltage or by generating a

Electronic Devices and Amplifier Circuits with MATLAB Applications 4-31
Orchard Publications



Chapter 4 Field Effect Transistors and PNPN Devices

sawtooth wave of small amplitude. In more sophisticated designs the effect of a very large supply
voltage, often thousands of volts, is simulated by the use of additional circuitry in which amplifi-
ers are frequently used. One method of simulating a large supply voltage is illustrated in Example
4.5 at the end of this section. When the capacitor is charged from an ideal current source, as in
Figure 4.28, the effective supply voltage is the open-circuit voltage of the source; this voltage is
infinite, giving zero error.

In designing a sawtooth generator, V4 and V' must be chosen so that the fractional error given
by (4.33) is sufficiently small. The time constant R,C can then be chosen to produce the desired
slope to the sawtooth. With the control voltage v, in Figure 4.29 held constant, the firing volt-
age V; and the sawtooth amplitude V are also constant, and the slope of the sawtooth deter-
mines the length of the charging period. From Equation (4.30),

\Y
T = RO (434)

and when a train of triggering pulses is applied at v, T is determined by the interval between

in?’

the pulses, and the slope of the sawtooth determines the amplitude V. With a fixed slope, V is a
measure of the time interval T, .

At the end of the charging interval the SCR switches on, and the capacitor discharges exponen-
tially through the SCR at a rate determined by the resistance R; in Figure 4.29. During the dis-

charging interval the voltage across the capacitor changes by the amount

V=vV,-V = %Q" (4.35)

The duration of the discharging interval T, can be determined from this relation. To simplify the
calculation we will approximate the discharging current pulse, shown in Figure 4.30, with a pulse

that decreases linearly with time from the peak value 1 to zero. With this approximation the

C max

average value of the current during the discharging interval is 1. ,,,,/2, and the charge removed

from the capacitor during this interval is T41 /2. Thus (4.33) can be written as

C max

- Td IC max
Va =5 (4.36)

Also, since the capacitor current I ,,,, is approximately equal to the current 1, through the

SCR, we can express (4.36) as

Td Imax
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or
T, = ZICV (4.38)
Division of (4.38) by (4.34) yields
Ty _ 2V'g
T_c - R4 Imax (439)

For good linearity we must have V « V'g, and since the voltage drop across R, during the charg-
ing interval is approximately V'g, and V's/R, is very nearly the charging current I, for the

capacitor, (4.37) can be expressed as
T, 21,

T I

C max

(4.40)

where I is the charging current for the capacitor, and I, is the peak discharging current

X
through the SCR. To provide a relatively short discharge time, the peak SCR current must be
much greater than the capacitor charging current.

Any load that is connected across the output terminals of the sawtooth generator in Figure 4.30
will affect the operation of the circuit, and any leakage resistance that develops across the capaci-

tor has a similar effect. Figure 4.32(a) shows a sawtooth generator with a load resistor R, con-

nected across the output terminals.

SCR i |, Ry +
Circuit C — Rp = Vout

(a)
— i
' lo)
+
R, |
SCR lc + Roy
Circuit C < V¢ "
_TVTH
‘ )
(b)

Figure 4.32. A sawtooth generator with resistive load and its Thevenin equivalent

Electronic Devices and Amplifier Circuits with MATLAB Applications 4-33
Orchard Publications



Chapter 4 Field Effect Transistors and PNPN Devices

To simplify the circuit of Figure 4.32(a), we apply Thevenin’s theorem at points x —y and we
obtain the circuit of Figure 4.32(b) where

Ry
Vg = R4+RL. (4.41)
and
Raly (4.42)

Rpg = ——m
TH
R, +R|

It is then evident that the addition of the load resistor R, affects both the slope and the linearity
of the sawtooth waveform. The presence of R; affects the effective DC supply voltage, and
hence on the linearity, is especially severe. Therefore, it becomes necessary to make R; greater
than 1 MQ. A load resistor of about 100 KQ would reduce the effective supply voltage and will
increase the fractional error by a factor of more than 10. It is quite possible in such cases for the
effective voltage Vi to be less than the firing voltage V,, for the SCR; then the rectifier never

fires, and no sawtooth wave is generated. Accordingly, the output from the sawtooth generator
must be connected to a very high impedance device such as a MOSFET. The output can also be
delivered to a bipolar junction transistor, but a very special circuit configuration must be used to
provide the required high input resistance.

Example 4.5

A sawtooth generator is shown in Figure 4.33 (a). The capacitor is charged through a transistor in
order to approximate a current source supply. Figure 4.33(b) shows how an SCR can be used as
the discharge switch for the capacitor. We want to design the circuit to produce a 1 KHz saw-
tooth wave having a fractional error smaller than 1 per cent. The SCR can be assumed ideal with
a maximum permissible current rating of 100 mA .

Solution:

With the capacitor in Figure 4.33(b) discharged there is no voltage across the SCR; thus the rec-
tifier is switched off, and its cathode is at a potential of 20 volts. The potential at the gate termi-
nal of the rectifier is fixed by R, and R;, and it is less than 20 volts; thus a reverse bias is applied

to the gate. As the capacitor charges through the transistor from the 20-volt supply, the potential
at the cathode of the SCR drops, but the SCR remains switched off until the cathode potential
drops below the gate potential. At this point the gate.to-cathode voltage becomes positive and
the SCR switches on. The capacitor then discharges almost to zero volts, and the SCR switches
off, provided the current drawn by the collector of the transistor is less than the holding current
for the SCR. The cycle then repeats itself periodically.
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Figure 4.33. Circuits for Example 4.5

In order to examine the circuits of Figure 4.33 in more detail, it is helpful first to simplify and rear-
range the circuit. During the charging interval the SCR conducts no current, and it can be omit-
ted from the circuit. If Vg is much larger than the small emitter-to-base voltage drop, the transis-
tor can be represented to a very good approximation by the model shown in Figure 4.34(a) where
E, C, and B are the transistor terminals. The resistance r. in this model is the collector resis-

tance of the transistor.

CJ s ¢
Vout +
1 e k
L 20V —
3 O v
iE = 1 mA Alg out
— E . -
QI
T
VS — B =
+ = =

(a)

Figure 4.34. Piecewise-linear and equivalent circuits for the sawtooth generator of Figure 4.33
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In most circuits the collector resistance is in parallel with a much smaller load resistance and it
can be neglected; this is not the case in the circuit of Figure 4.34(a), however, and the collector
resistance has an important effect. As the next step in the simplification of the circuit, it is noted
that because of the short circuit between base and ground, the emitter circuit affects the collec-
tor circuit only through the action of the controlled source aiy. Thus when iy is known, the

emitter circuit can be ignored. And finally, the current source and its shunt resistance can be
converted to an equivalent voltage source with a series resistance. The resulting equivalent cir-
cuit is shown in Figure 4.34(b). From relation (4.23), the effective supply voltage is

Vg = Vg-V, (4.43)
and for our example,

Vg = 20 + aigle (4.44)

The equivalent circuit of Figure 4.34(b) shows that by charging the capacitor through the tran-
sistor an effective supply voltage of

V'g = 20+ aliglz -V, (4.45)

is obtained. The extinction voltage V_, is a negligible fraction of a volt, and the emitter current

i is 1 ma. Thus taking typical values of & = 0.98 and . = 1 MQ, relation (4.45) yields
V'g = 20+980 = 1000 V (4.46)

For a fractional error of 1 per cent in the amplitude of the sawtooth, relation (4.33) yields

AVOut — 001 — \

v Vs (4.47)

and thus
V=20V (4.48)

Thus, in principle the amplitude of the sawtooth output can be as large as the DC supply voltage;
however, to avoid possible non linearities in the transistor characteristics at low voltages and to

allow for possible variations in the supply voltage, a value of 15 volts might be chosen for V.
Accordingly, the values of resistors R, and R; should be chosen to make the gate-terminal

potential about 5 volts when the SCR is switched off.

To limit the SCR current to the maximum safe value of 100 ma, the value of resistor R, should

be

_ v _ 15 _
R4_I =53 150 Q (4.49)

max

For a sawtooth frequency of 1 KHz,
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T, +Ty = Tc(l +¥—d) = % = 0.001 sec (4.50)
From (4.40)
T, 20
f; - max (451)

= 100 mA and using (4.50) and (4.51) we get

max

1
Tc(l +21—@) = 1.02T, = 0.001 (4.52)
and thus
T. = 0.00098 sec (4.53)
Finally, from (4.34)
\Y
T, = R4c\—/§
or
T.V's  0.00098 1000
=<5 _ =22 0. F X
C R,V o T 0.0655 n (4.54)

where R, = . = 1 MQ is as shown in Figure 4.33(b).

4.7 The Triac

The triac is a device capable of switching on for either polarity of an applied voltage. As can be
seen in Figure 4.35, the triac has a single gate lead and is therefore the AC equivalent of the SCR.
A triac is essentially two SCRs connected back to back with a common gate and common termi-
nals where each terminal is the anode of one SCR and the cathode of another.

1 .
Iy

1

1o
2

Figure 4.35. Triac symbol
Figure 4.36 shows an SCR circuit and a triac circuit for comparison. The diode D in the SCR cir-

cuit ensures a positive trigger voltage. Figure 4.37 shows a comparison of the waveforms at the
input, gate, and output of these two devices.
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Figure 4.36. Comparison of SCR and Triac circuits
SCR Triac

C
C

Figure 4.37. Comparison of SCR and Triac waveforms

The triac exhibits voltage-current characteristics similar to those of the SCR. Applications for
triacs include AC motor-speed control, AC light dimmers, and general AC power-control appli-
cations.

4.8 The Shockley Diode”

The Shockley diode or four-layer diode, or PNPN diode, is a four-layer sandwich of P-N-P-N semi-
conductor material very similar to the SCR but without a gate as shown in Figure 4.38.

* The Shockley diode should not be confused with the Schottky diode, the two-layer metal-semiconductor device known for
its high switching speed. We discussed the Schottky diode in Chapter 2.
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Figure 4.38. Parts of a Shockley diode, the two-transistor equivalent circuit, and its symbol

A Shockley diode can be to turned on by applying sufficient voltage between anode and cathode.
This voltage will cause one of the transistors to turn on, which then turns the other transistor on,
ultimately latching both transistors on where they will tend to remain. The two transistors can be
turned off again by reducing the applied voltage to a much lower point where there is too small
current to maintain transistor bias, at which point one of the transistors will cutoff, which then
halts base current through the other transistor, sealing both transistors in the off state as they were
before any voltage was applied at all. In other words, the Shockley diode tends to stay on once it's
turned on, and stay off once it's turned off. There is no in-between or active mode in its operation:
it is a purely on or off device, as are all thyristors.

There are a few special terms applied to Shockley diodes and all other thyristor devices built upon
the Shockley diode foundation. First is the term used to describe its on state: latched. The word
latch is reminiscent of a door lock mechanism, which tends to keep the door closed once it has
been pushed shut. The term firing refers to the initiation of a latched state. In order to get a
Shockley diode to latch, the applied voltage must be increased until breakover is attained. Despite
the fact that this action is best described in terms of transistor breakdown, the term breakover is
used instead because the end result is a pair of transistors in mutual saturation rather than
destruction as would be the case with a normal transistor. A latched Shockley diode is reset back
into its nonconducting state by reducing current through it until low-current dropout occurs.

It should be noted that Shockley diodes may be fired in a way other than breakover: excessive
voltage rise, or dv/dt. This is when the applied voltage across the diode increases at a high rate of
change. This is able to cause latching (turning on) of the diode due to inherent junction capaci-
tances within the transistors. Capacitors, as we recall, oppose changes in voltage by drawing or
supplying current. If the applied voltage across a Shockley diode rises at too fast a rate, those tiny
capacitances will draw enough current during that time to activate the transistor pair, turning
them both on. Usually, this form of latching is undesirable, and can be minimized by filtering high-
frequency (fast voltage rises) from the diode with series inductors and/or parallel resistor-capacitor
networks. The voltage rise limit of a Shockley diode is referred to as the critical rate of voltage rise
and it is provided by the manufacturer.
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4.9 Other PNPN Devices

Other PNPN devices include the light-activated SCR (LASCR), silicon unilateral switch (SUS), sil-
icon bilateral switch (SBS), and light-emitting four-layer diodes. The LASCR is a conventional SCR
installed in a housing having a transparent window or collection lens. Operation of the LASCR is
similar to that of a conventional SCR except an optical signal replaces the gate electrical signal.

LASCRs exhibit very-high gain and permit relatively large amounts of current to be controlled by
a relatively weak optical signal. The light-activated silicon controlled switch (LASCS) is an LASCR
with both anode and cathode gate terminals. The SUS is an SCR with an anode gate instead of
the usual cathode gate and a self-contained low-voltage avalanche diode between the gate and
cathode. The SBS is two SUS devices arranged in inverse-parallel to permit bidirectional switch-
ing.

Light-emitting four-layer diodes are gallium-arsenide devices which emit recombination radia-
tion when they are switched on. These devices are unique in that exceptionally simple optical
pulse sources can be fabricated since the source is also the switching element. A particularly
interesting device of this kind is the PNPN injection laser.

The silicon controlled switch (SCS) is very similar to the SCR but all four regions are accessible to
the external circuit. as shown in Figure 4.39.

Anode |

Anode

p P Anode
Gate 1 0

N Gate 1 N N 071 (0}1
P — P P

Gate 2 Gate 2
N N

G,

Cathode Cathode

I Cathode [

Figure 4.39. Parts of an SCS, the two-transistor equivalent circuit, and its symbol

As shown in Figure 4.39, the basic construction of the SCS is the same as for the SCR, with the
addition of a second gate lead. Thus the SCS has an anode, a cathode, an anode gate, and a cath-
ode gate. The SCS has two advantages over the SCR and the Shockley diode. First, because both
gate regions are accessible, they can be biased so as to completely cancel the rate effect we
described with the four-layer diode. Second, since we can now control both end junctions, we
can actively turn the SCS off without the need to reduce the applied voltage or current.
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4.10 Summary

The Field-Effect Transistor (FET) is another semiconductor device. The FET is a voltage-con-
trolled device.The Junction FET (JFET) is the earlier type and the Metal Oxide Semiconduc-
tor FET (MOSFET) is now the most popular type. A FET has four terminals, drain, source,
gate and substrate. The substrate is normally connected to the source and thus a FET is essen-
tially a three-terminal device.

One of the most attractive features of the FET is the fact that the input resistance, measured
between gate and source, can be made very large, from 1 to 100 megohms.

N-channel FETs are the most common. P-channel FETs operate similarly except that the volt-
age polarities are reversed.

One important parameter in FETs is its transconductance g, defined as the ratio of the

change in current ijg to the change of voltage vsg which produced it. In other words,

B Oipg

m
O0vgs ~
Vps = constant

In other words, the transconductance is a measure of the sensitivity of drain current to changes
in gate-to-source bias.

A MOSFET is said to operate in the depletion mode when a negative voltage is applied at the
gate. The JFET also operates in this manner. A MOSFET is said to operate in the enhance-
ment mode if a positive voltage is applied at the gate. A MOSFET can be constructed that will
operate in either mode depending upon what type of bias is applied, thus allowing a greater
range of input signals.

In a MOSEFET, the voltage at which the channel is closed is known as the pinch-off voltage
Vp, and the minimum voltage required to form a conducting channel between the drain and

source is referred to as the threshold voltage and it is denoted as V1. Typical values for V; are
2 to 4 volts for high voltage devices with thicker gate oxides, and 1 to 2 volts for lower voltage
devices with thinner gate oxides.

In a MOSFET, the three regions of operation are the cutoff, the quadratic or triode, and the
saturation or pentode. In the cutoff mode, v5q < V4 and no drain current flows. In the qua-

dratic region the drain current is determined from the expression
. W 1 2
Ip = knf[(VGS_VT)VDS_EVDSJ for vps <vgs = Vr

and in the saturation region from the expression

. W 2

N —
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where k, is a constant depending on electron mobility, and oxide thickness, permittivity, and

capacitance for n-channel MOSFETs. For p-channel MOSFETs this parameter is denoted as
k,. The ratio W/L denotes the ratio of the channel width W to channel length L. Typical

values of k, are around 20 pA/ V2, for k,, around 10 pA/ v?, and for W/L about 10.

e For small signals, transconductance is defined as
i AW
Em = — knf(VGs - Vo)
\%
gs
¢ The output conductance is defined as
dip,

OVpg ~
Vgs = constant

(0]

¢ The voltage gain A, in a MOSFET device is defined as

A = 4 - R
_V - ng

\%
gs
and the minus (-) sign indicates 180° phase reversal.

¢ In high density integrated circuits, current mirrors are normally used in lieu of resistors.

¢ Complementary MOS or CMOS technology combines one NMOS device and one PMOS
device into a single device referred to as CMOS. These devices are used extensively in both
analog and digital circuits, and integrated circuits. Also, CMOS devices are the most common
amplifiers in the FET technology.

e In CMOS devices only one of its components is on at any given time, that is, either the
NMOS device is on and the PMOS device is off, or vice versa. Thus, CMOS chips require less
power than chips using just one type of a MOSFET, and unlike bipolar transistors, a CMOS
has almost no static power dissipation.

e A CMOS device can be configured as a common-source amplifier, common-gate amplifier,
and common-drain or source follower.

¢ The Metal-Semiconductor-Field-Effect-Transistor (MESFET) consists of a conducting chan-
nel positioned between a source and drain contact region. The carrier flow from source to
drain is controlled by a Schottky metal gate. The control of the channel is obtained by varying
the depletion layer width underneath the metal contact which modulates the thickness of the
conducting channel and thereby the current MESFETSs use GaAs (gallium arsenide) technol-
ogy. Only n — channel MESFETS are available because holes have a slower mobility.
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e The unijunction transistor (UJT) is a three-terminal, single-junction device which exhibits
negative resistance and switching characteristics totally unlike those of conventional bipolar
transistors. UJT's can be used for the design of pulse and sawtooth generators, analog-to-digital
converters, relay time delay circuits, and frequency dividers. Other UJT devices, referred to as
programmable UJTs, can have their parameters set by external components such as resistors
and capacitors.

e The diac is a two-terminal, transistor-like component which exhibits bistable switching for
either polarity of a suitably high applied voltage. The diac closely resembles a PNP transistor
without an external base terminal. Its major application is in conjunction with a triac to pro-
duce AC phase-control circuits useful for motor-speed control, light dimming, and other ac
power-control functions.

e The silicon controlled rectifier (SCR) is a four-layer semiconducting device, with each layer
consisting of an alternately N or P-type material, for example N-P-N-P. The main terminals,
labelled anode and cathode, are across the full four layers, and the control terminal, called the
gate, is attached to one of the middle layers. Another name for the SCR is thyristor. It is similar
to a diode with an additional terminal that is used to turn it on. Once turned on, the SCR will
remain on as long as current flows through it. If the current falls to zero, the SCR behaves like
an open switch.

e The triac is a device capable of switching on for either polarity of an applied voltage; It is the
AC equivalent of the SCR.

e The Shockley diode, (not to be confused with the Schottky diode), or four-layer diode, or
PNPN diode, is a four-layer sandwich of P-N-P-N semiconductor material very similar to the
SCR but without a gate.

® The silicon controlled switch (SCS) is very similar to the SCR but all four regions are accessi-
ble to the external circuit.
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4.11 Exercises

1. For the JFET amplifier circuit below, prove that the voltage gain A, depends only on the

transconductance g, and the value of the drain resistor Ry, that is, show that A, = —g_Rp,.

VDD

il

o
g+

G \'%
o——o—Pp—| o
+
1
1 i

t

2. Compute the value of rpg for an NMOS device where k = 18 pgA/V?, L = 5 um,
W =60um,Vy =2V,and vgg = 4 V.

3. Draw an equivalent circuit that represents the n — channel MOSFET in the saturation mode.

4. An n-channel MOSFET with k, = 50x 10, W = 10 um, L = 1 pm, and V; = 1 V, is
biased with vgg = 3 V and vpg = 5 V.

a. Compute the drain current iy
b. Compute the transconductance g
c. Compute the output conductance g, if Vpg = 2 V
d. Compute the output conductance g, if Vpg = 0 V
5. An enhancement-type p — channel MOSFET with k, = 10 x 10° W=10um,L = 1 um,

and V; = -2 V, is biased with v = 0 V and vg = 5 V. What is the highest voltage of v,

that will keep the device in saturation?

6. In the circuit below, the SCR is used to control the power delivered to the 50 Q load by the
sinusoidal source. As shown, the gate supply Vs is adjustable.

a. Over what range may the conduction angle of the SCR be continuously varied?

a. Over what range may the load DC current be continuously varied if the frequency is
60 Hz?
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50 Q

@

100sin ot

7. The circuit below is in steady state with the switch open and the SCR is in the conducting
state. The voltage drop across the SCRis 1 V while it is conducting. The switch is then closed

at t = 0, and it is assumed that the SCR switches instantly to the non-conducting state and
remains non-conducting thereafter.

a. What are the initial and final values of the voltage across the capacitor with the polarities
shown?

b. If the anode potential of the SCR must remain negative for 10 ps to ensure that the SCR
switches to the non-conducting state, what is the minimum value of the capacitor C that

should be used?
R
10 KQ S
@ R,< 20 KQ
100sinot
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4.12 Solutions to End-of-Chapter Exercises
1.

By definition

and since

it follows that

Vout = Vpp ~Rpipg
dvour = —Rpdipg
and with (1)

Thus, the voltage gain is

dVout = _ngDdVin

A —
2. From (4.10),

dv
v = '&V;._u—t = _ngD

n

_Vps _ L _ 5%10°
S T KW(vgs - Vo)
Ip (Vs = V1)

S 3 = 23 KQ
18x 10 "x60x10 (4-2)

3. In the saturation mode the n - channel MOSFET behaves as an ideal current source whose
value is as in (4.11) and it can be represented by the equivalent circuit shown below.
G

— Ip
i D
T +
Vas ! % : kn%/(VGS - VT)2 Vpg = constant
Loos !
4.

a. Since vpg>vgg— Vo= 5>3 -1, the device is in saturation and the drain current iy is
found from (4.11). Thus,

1D=

D=

Ky (vgs = Vo) = 3-50x 100 G- 1) = 1ma
b. The transconductance g is found from (4.13). Then,

\S)

m kn%(VGS_VT) = 50 x 10_6 . 11—0(3 -1 =1 mQ™!
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c. The output conductance g, is found from (4.16). Then,

-6 10
8o = nL(VGS Vi—vpg) = 50x10 —-(3—1—2)

This result is not surprising. With reference to Figure 4.14 we observe that for
Vps = Vs — Vr the slope is zero.

d. If Vg = 0V, the device is in the triode region since v <v,q— V= 0<3-1. Then,

g, = HL}yGS Vi—vpg) = 50 x (3_1_0) I mQ

The device will be in saturation as long as vpg < vgg— V. For this exercise,

Vp+3 = Vgs—Vp = 5-(=2) =

ot

firing
angle 100sinmt

a. The SCR will fire for the interval 0 < @t<n/2 or not at all depending on the value of V.

b. The load DC current I, is the average value for the interval 0 <a <n/2 and its value is
determined by the integral

T

100 sinmt

Ipc = 2nI 50

d(ot) = —(—cos ot)

(04

Ifa =0,
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Ipe = 2/7 = 0.637 A
Ifa=mn/2,
Ipc = 1/n = 0318 A
If SCR never fires,
7.
Vbe, 50V
Ry L R
’ 4< 50 KQ
1 KQ +
=t
R, /! c
10 KQ S
@ R,< 20 KQ
100sinmt

a. Just before the switch closes, the voltage drop across the SCRis 1 V and the voltage drop
across the capacitor is 49 V with the polarity as shown. The capacitor voltage cannot
change instantaneously so immediately after the switch is closed, the capacitor voltage will
be —49 V as shown in the figure below, and the SCR will be Off.

R R,
KO = S0KQ

C

W

tL

VDC =
—50v

e

The capacitor voltage will eventually charge to 50 V with respect to the ground and thus
it will undergo a change from —49 V (initial value) to +50 V (final value).

b. We want the SCR anode to remain negative for 10 ps, that is, until the voltage across the
capacitor reaches the value of 0 V. Using the general formula for the capacitor voltage, we

must have
ve(®) = V= (Vo= Viggae”
or
0 = 50—[50—(<49)]e /¢
4-48 Electronic Devices and Amplifier Circuits with MATLAB Applications

Orchard Publications



Solutions to End-of-Chapter Exercises

¢ R 2 50,99

-t/R;C = In(50/99)

-t/Ry  (Z10x 10°%)/10°

= = = 14.64 nF
In(50/99) ~0.683
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Chapter 5

Operational Amplifiers

his chapter begins with an introduction to operational amplifiers (op amps), characteristics,

and applications. We will discuss the ideal op amp, analysis of circuits in the inverting and

non-inverting configurations, and gain and bandwidth on circuit performance. We will also
introduce some circuits consisting of op amps and non-linear devices, and analog computers.

5.1 The Operational Amplifier

The operational amplifier or simply op amp, is the most versatile electronic amplifier. It derives it
name from the fact that it is capable of performing many mathematical operations such as addi-
tion, multiplication, differentiation, integration, analog-to-digital conversion or vice versa. It can
also be used as a comparator and electronic filter. It is also the basic block in analog computer
design. Its symbol is shown in Figure 5.1.

Figure 5.1. Symbol for operational amplifier

As shown above the op amp has two inputs but only one output. For this reason it is referred to as
differential input, single ended output amplifier. Figure 5.2 shows the internal construction of the
popular 741 op amp. This figure also shows terminals V, and V_. These are the voltage sources

required to power up the op amp. Typically, V, is +15 volts and V_ is —15 volts. These terminals

are not shown in op amp circuits since they just provide power, and do not reveal any other useful
information for the op amp’s circuit analysis.

5.2 An Overview of the Op Amp

The op amp has the following important characteristics:
1. Very high input impedance (resistance)
2. Very low output impedance (resistance)

3. Capable of producing a very large gain that can be set to any value by connection of external
resistors of appropriate values
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4. Frequency response from DC to frequencies in the MHz range
5. Very good stability

6. Operation to be performed, i.e., addition, integration etc. is done externally with proper selec-
tion of passive devices such as resistors, capacitors, diodes, and so on.

% o & ‘J v
%——-[‘\J Q9 GE‘I L\QIB
o KOH
NON~INVERTING > a2 2 INVERTING -
INPUT a1 INPUT r 3-8 |
R7 Q15 ]
45K
=l C1{
03 ol T soef| re < R
A N % 75K 32

‘{D? ]/ms [ UEOUTPLI‘
N

< R10
2 50
Q17
Q6 Q10
Q5 —En 022 Q20
! 5 OFFSET
OFFSET NULL by

R1 R} <R2 R4 > R12 R11
1K 50K & 1K 5K 50K 50

- s

Figure 5.2. The 741 op amp (Courtesy National Semiconductor)

5.3 The Op Amp in the Inverting Mode

An op amp is said to be connected in the inverting mode when an input signal is connected to the
inverting (-) input through an external resistor R, whose value along with the feedback resistor

R; determine the op amp’s gain. The non-inverting (+) input is grounded through an external

resistor R as shown in Figure 5.3.

For the circuit of Figure 5.3, the voltage gain G, is

v R
G = -out _ (5.1)
¥ Vin Rin
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+
Vin _
L 1+ out

Figure 5.3. Circuit of inverting op amp

Note 1: In the inverting mode, the resistor R connected between the non-inverting (+) input
and ground serves only as a current limiting device, and thus it does not influence the op
amp’s gain. So its presence or absence in an op amp circuit is immaterial.

Note 2: The input voltage v;, and the output voltage v, as indicated in the circuit of Figure

5.3, should not be interpreted as open circuits; these designations imply that an input
voltage of any waveform may be applied at the input terminals and the corresponding
output voltage appears at the output terminals.

As shown in the relation of (5.1), the gain for this op amp configuration is the ratio -Ry/R;
where R; is the feedback resistor which allows portion of the output to be fed back to the input.

The minus (-) sign in the gain ratio —R;/R;, implies that the output signal has opposite polarity

from that of the input signal; hence the name inverting amplifier. Therefore, when the input sig-
nal is positive (+) the output will be negative (-) and vice versa. For example, if the input is +1
volt DC and the op amp gain is 100, the output will be —100 volts DC. For AC (sinusoidal) signals,
the output will be 180° out-of-phase with the input. Thus, if the input is 1 volt AC and the op amp

gain is 5, the output will be -5 volts AC or 5 volts AC with 180° out-of-phase with the input.

Example 5.1

Compute the voltage gain G, and then the output voltage v , for the inverting op amp circuit

out

shown in Figure 5.4, given that v;, = 1 mV. Plot v; and v_ , as mV versus time on the same set

of axes.
R, Ry 120 k0
+ > AWAWAN -
Vin - 20 KQ A
2 Ve
Figure 5.4. Circuit for Example 5.1
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Solution:

This is an inverting amplifier and thus the voltage gain G, is

G = Re o 120KQ
VT R~ 20KQ
in
and since
GV = Vout/Vin
the output voltage is
Vout = vain = -6x1
or
\Y% = -6 mV

out —

The voltages v, and v, are plotted as shown in Figure 5.5.

2,
o 1
S o —
E -1 1 V|N=1mV
< 5]
Zz
z j: Vout = —6 mV
5 5
L6
7 Time

Figure 5.5. Input and output waveforms for the circuit of Example 5.1

Example 5.2

Compute the voltage gain G, and then the output voltage v, for the inverting op amp circuit

out

shown in Figure 5.6, given that v; = sint mV. Plot v, and v_ , as mV versus time on the same

set of axes.
R
Rin f 120 KQ

+ J—

Vin 20 KQ S

1 —+ Vout

Figure 5.6. Circuit for Example 5.2
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Solution:

This is the same circuit as that of the previous example except that the input is a sine wave with
unity amplitude and the voltage gain G, is the same as before, that is,

Ry _ 120KQ _

= =022 6
VTR 20 KQ

and the output voltage is

Vour = Gy Vi, = —6 x sint = —6sint mV

The voltages v;, and v, are plotted as shown in Figure 5.7.

Time ——>

Vour/ Vin (millivolts)

Figure 5.7. Input and output waveforms for the circuit of Example 5.2

5.4 The Op Amp in the Non-Inverting Mode

An op amp is said to be connected in the non-inverting mode when an input signal is connected to
the non-inverting (+) input through an external resistor R which serves as a current limiter, and
the inverting (-) input is grounded through an external resistor R, as shown in Figure 5.8. In our

subsequent discussion, the resistor R will represent the internal resistance of the applied voltage
v, when this voltage is applied at the non-inverting input.

o 4o+
Vout
~Vin R -

Figure 5.8. Circuit of non-inverting op amp

For the circuit of Figure 5.8, the voltage gain G, is
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G, = 2 = |4t (5.2)
As indicated by the relation of (5.2), the gain for the non-inverting op amp configuration is
1 +R;/R;, and therefore, in the non-inverting mode the op amp output signal has the same
polarity as the input signal; hence, the name non-inverting amplifier. Thus, when the input sig-
nal is positive (+) the output will be also positive and if the input is negative, the output will be
also negative. For example, if the input is +1 mV DC and the op amp gain is 75, the output will
be +75 mV DC . For AC signals the output will be in-phase with the input. For example, if the
input is 0.5 V AC and the op amp gain is G,= 1+19 KQ/1 KQ =20, the output will be

10 V AC and in-phase with the input.

Example 5.3

Compute the voltage gain G, and then the output voltage v, for the non-inverting op amp cir-

out

cuit shown in Figure 5.9, given that v., = 1 mV. Plot v; and v_,, as mV versus time on the

same set of axes.

R
R. r 120 KQ
TAWAN }\n S
— 20 KQ .
+ — AN Vout

:VLin R AL_

Figure 5.9. Circuit for Example 5.3

Solution:

The voltage gain G, is

v
G, = out _ R 10K, 0y
Vi, R, 20 KQ
and thus
Vout = vain: 7x1mV =7mV

The voltages v, and v, are plotted as shown in Figure 5.10.
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/

Vout = 7 mV

Vy=1mVv

~

Time ———

Figure 5.10. Input and output waveforms for the circuit of Example 5.3

Vout / Vi (millivolts)
o = N W d» OO N

Example 5.4

Compute the voltage gain G, and then the output voltage v . for the non-inverting op amp cir-

cuit shown in Figure 5.11, given that v, = sint mV. Plot v; and v_,, as mV versus time on the

same set of axes.

R
Rin f 120 KQ
-+ 20 k0 B
+ ANANA o + Vout

e L
Figure 5.11. Circuit for Example 5.4

Solution:

This is the same circuit as in the previous example except that the input is a sinusoid. Therefore,
the voltage gain G, is the same as before, that is,

v
G, = out_ R 10RO 6y
vir R, 20 KO
and the output voltage is
Vour = GVVin = 7 x sint = 7sint mV

The voltages v;, and v are plotted as shown in Figure 5.12.
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Vout = 7sint

Time ——

Vout / Vin (millivolts)

Figure 5.12. Input and output waveforms for the circuit of Example 5.4

Quite often an op amp is connected as shown in Figure 5.13. For the circuit of Figure 5.13, the
voltage gain G is

et et
v

u
R 1

+
1"
Figure 5.13. Circuit of unity gain op amp

and thus

Vout = Vin

For this reason, the op amp circuit of Figure 5.13 it is called unity gain amplifier. For example, if
the input voltage is 5 mV DC the output will also be 5 mV DC, and if the input voltage is
2 mV AC, the output will also be 2 mV AC. The unity gain op amp is used to provide a very

high resistance between a voltage source and the load connected to it. An application will be pre-
sented as Example 5.8.

5.5 Active Filters

An active filter is an electronic circuit consisting of an amplifier and other devices such as resistors
and capacitors. In contrast, a passive filter is a circuit which consists of passive devices such as
resistors, capacitors and inductors. Operational amplifiers are used extensively as active filters.

A low-pass filter transmits (passes) all frequencies below a critical (cutoff) frequency denoted as

5-8 Electronic Devices and Amplifier Circuits with MATLAB Applications
Orchard Publications



Active Filters

o¢, and attenuates (blocks) all frequencies above this cutoff frequency. An op amp low-pass filter

is shown in Figure 5.14(a) and its amplitude frequency response in Figure 5.14(b).

Low Pass Filter Frequency Respone

<— Ideal
0.8
— < Half-Power Point
PR 4
- < 06 -
5 <— Realizable
+ £ 0.4 -
Vll’l L R + 0.2 1
- e Vou

Radian Frequency (log scale)

(a) (b)

Figure 5.14. An active low-pass filter and its amplitude frequency response

In Figure 5.14(b), the straight vertical and horizontal lines represent the ideal (unrealizable) and
the smooth curve represents the practical (realizable) low-pass filter characteristics. The vertical
that is, the gain

scale represents the magnitude of the ratio of output-to-input voltage v /vi,,

G, . The cutoff frequency o, is the frequency at which the maximum value of v /v,  which is

unity, falls to 0.707 x G, and as mentioned before, this is the half-power or the -3 dB point.

A high-pass filter transmits (passes) all frequencies above a critical (cutoff) frequency o, and

attenuates (blocks) all frequencies below the cutoff frequency. An op amp high-pass filter is shown
in Figure 5.15(a) and its frequency response in Figure 5.15(b).

High-pass Filter Frequency Response

10 4
Ideal ——
™ 0.8 1
- Half-Power Point
T I3 € - > %°7 Realizable —>
Vin S S \5 ealizable
- § it out £
= = - 1 02 |
0.0 - ©
Radian Frequency (log scale)
(a) (b)
Figure 5.15. An active high-pass filter and its amplitude frequency response
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In Figure 5.15(b), the straight vertical and horizontal lines represent the ideal (unrealizable) and
the smooth curve represents the practical (realizable) high-pass filter characteristics. The vertical

scale represents the magnitude of the ratio of output-to-input voltage v /v, that is, the gain
G, . The cutoff frequency o, is the frequency at which the maximum value of v /v, which is

unity, falls to 0.707 x G, i.e., the half-power or the -3 dB point.

A band-pass filter transmits (passes) the band (range) of frequencies between the critical (cutoff)
frequencies denoted as ®, and ®,, where the maximum value of G, which is unity, falls to

0.707 x G,,, while it attenuates (blocks) all frequencies outside this band. An op amp band-pass
filter and its frequency response are shown below. An op amp band-pass filter is shown in Figure
5.16(a) and its frequency response in Figure 5.16(b).

A band-elimination or band-stop or band-rejection filter attenuates (rejects) the band (range) of fre-
quencies between the critical (cutoff) frequencies denoted as ®, and ®,, where the maximum
value of G, which is unity, falls to 0.707 x G, while it transmits (passes) all frequencies outside

this band. An op amp band-stop filter is shown in Figure 5.17(a) and its frequency response in
Figure 5.17(b).

Ay
/1

+ =
Vin S W
1 § it Vout
(a)

Band Pass Filter Frequency Response

0.8 4
0.7 4 <— Half-Power Points
0.6 §
0.5 4
0.4 4
0.3 .

Realizable —>
0.2
0.1

09 ] ldeal —> \

[Vour / vinl

o1
Radian Frequency (log scale)

(b)

Figure 5.16. An active band-pass filter and its amplitude frequency response
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o——o-i—
e

Band-Elimination Filter Frequency Response

1 - _
09 4 Ideal —>

0.8 1

0.7 4 <— Half-Power Points
0.6 §
0.5 4
0.4 4
0.3 4
0.2 4

0.1

Realizable ——

[Vout / Vinl

1 ®2
Radian Frequency (log scale)

(b)
Figure 5.17. An active band-elimination filter and its amplitude frequency response

5.6 Analysis of Op Amp Circuits

The procedure for analyzing an op amp circuit (finding voltages, currents and power) is the same
as for the other circuits which we have studied thus far. That is, we can apply Ohm’s law, KCL
and KVL, superposition, Thevenin’s and Norton’s theorems. When analyzing an op amp circuit,
we must remember that in any op-amp:

a. The currents into both input terminals are zero
b. The voltage difference between the input terminals of an op amp is zero

c. For circuits containing op amps, we will assume that the reference (ground) is the common terminal of
the two power supplies. For simplicity, the terminals of the power supplies will not be shown.

In this section we will provide several examples to illustrate the analysis of op amp circuits without
being concerned about its internal operation; this will be discussed in a later section.
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Example 5.5

The op amp circuit shown in Figure 5.18 is called inverting op amp. Prove that the voltage gain
G, is as given in (5.3) below, and draw its equivalent circuit showing the output as a dependent

source.
RV
Rin f !
+ —
Vin /1 — o +
L 1+ Vout
. % R 1
Figure 5.18. Circuit for deriving the gain of an inverting op amp
v R
Gv_ out _ _ By (53)
Vin Rin
Proof:

No current flows through the (=) input terminal of the op amp; therefore the current i which
flows through resistor R, flows also through resistor R;. Also, since the (+) input terminal is

grounded and there is no voltage drop between the (-) and (+) terminals, the (-) input is said to
be at virtual ground. From the circuit of Figure 5.22,

Vout = —R¢i
where
i = Vin
Rin
and thus
v .= Rt
out in
Rin
or
G = Vout _Rf
Vo yv.. T R
in in

The input and output parts of the circuit are shown in Figure 5.19 with the virtual ground being
the same as the circuit ground.
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I

Figure 5.19. Input and output parts of the inverting op amp

These two circuits are normally drawn with the output as a dependent source as shown in Figure
5.20. This is the equivalent circuit of the inverting op amp and the dependent source is a Voltage

Controlled Voltage Source (VCVS).”

Figure 5.20. Equivalent circuit of the inverting op amp

Example 5.6

The op amp circuit shown in Figure 5.21 is called non-inverting op amp. Prove that the voltage gain
G, is as given in (5.4) below, and draw its equivalent circuit showing the output as a dependent

source.
Rin Ry
= - +
oo Vout
T
Figure 5.21. Circuit of non-inverting op amp
v R
G, = wout _ 4 Re (5.4)
V. .
n n
Proof:

Let the voltages at the (=) and (+) terminals be denoted as v, and v, respectively as shown in

Figure 5.22.

*  For a definition of dependent sources see Circuit Analysis [ with MATLAB Applications, ISBN 0-9709511-2-4.
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+ _
R. 1 R¢
n Vl
1,.<— 4 o
h Va v N
+ o OEt
I

Figure 5.22. Non-inverting op amp circuit for derwation of (5.4)

By application of KCL at v,

or
Vi—V
Ly L _out g (5.5)
Rin Ry

There is no potential difference between the () and (+) terminals; therefore, v;—v, = 0 or

v, = v, = v;, . Relation (5.5) then can be written as

Rearranging, we get

GV = out = 1+— (5.6)

Figure 5.23 shows the equivalent circuit of Figure 5.22. The dependent source of this equivalent
circuit is also a VCVS.

] +
+4
Vin

R
(1 + I{_f)vln Vout

. _I mn 3
L

Figure 5.23. Equivalent circuit of the non-inverting op amp
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Example 5.7

If, in the non-inverting op amp circuit of Example 5.6, we replace R,  with an open circuit

(R;, = ) and R; with a short circuit (R, — 0), prove that the voltage gain G, is

\%
G, = out _ 1 (5.7)
Vin
and thus
Vout = Vln
Proof:

With R, open and R; shorted, the non-inverting amplifier of the previous example reduces to
the circuit of Figure 5.24.

o—e—o

Vout

it

4o+
_Vin
L

Figure 5.24. Circuit of Figure 5.22 with R, open and R; shorted

The voltage difference between the (+) and (-) terminals is zero; then v, = v, .

We will obtain the same result if we consider the non-inverting op amp gain

v R
G, = 2 =1+~
V. R.

mn mn

Then, letting R, — 0, the gain reduces to G, = 1 and for this reason this circuit is called unity

gain amplifier or voltage follower. It is also called buffer amplifier because it can be used to “buffer”
isolate) one circuit from another when one “loads” the other as we will see on the next example.
1 f her wh “loads” the oth 11 h. pl

Example 5.8
For the circuit of Figure 5.25:

a. With the load Ry, disconnected, compute the open circuit voltage v,

b. With the load connected, compute the voltage v, ,4 across the load R, 4
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c. Insert a buffer amplifier between a and b and compute the new voltage v,,, across the same
load R, ,4
7 KQ

a
Rload
5 KQ
Vin T 12V b 7 SKQ

€L
Figure 5.25. Circuit for Example 5.8

Solution:

a. With the load R, disconnected the circuit is as shown in Figure 5.26.

7 KQ a
X
R
5 KO load
VT 12V b 5 KQ
L

Figure 5.26. Circuit for Example 5.8 with the load disconnected

The voltage across terminals a and b is

_ 5KOQ
Vab ™ " T o s v
7KQ+5 KQ

b. With the load R,,4 reconnected the circuit is as shown in Figure 5.27. Then,

x12 =5V

5KQ| 5 KQ

_ x12 = 3.16 V
VLOAD = 7RO+ 5 KQ || 5 KQ

Here, we observe that the load R,,,; “loads down” the load voltage from 5 V to 3.16 V and
this voltage may not be sufficient for proper operation of the load.

7KQ u

Rload
p <5 KQ

1

5 KQ
\2 12V

1n

Figure 5.27. Circuit for Example 5.8 with the load reconnected

c. With the insertion of the buffer amplifier between points a and b and the load, the circuit now
is as shown in Figure 5.28.
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7 KQ —
a + +

R
/]\ load Vload = Vab = 5 V
5 KQ 5V 5KQ7 _
1

b
Figure 5.28. Circuit for Example 5.8 with the insertion of a buffer op amp

From the circuit of Figure 5.28, we observe that the voltage across the load is 5 V as desired.

Example 5.9

The op amp circuit shown in Figure 5.29 is called summing circuit or summer because the output is
the summation of the weighted inputs. Prove that for this circuit,

Vout = _Rf(;inl +I:in2) (5.8)

inl in2

Figure 5.29. Two-input summing op amp circuit

Proof:

We recall that the voltage across the (-) and (+) terminals is zero. We also observe that the (+)
input is grounded, and thus the voltage at the (-) terminal is at “virtual ground”. Then, by appli-
cation of KCL at the (-) terminal, we get

in2 | “out _ g (5.9

and solving for v_ , we get (5.8). Alternately, we can apply the principle of superposition to derive
this relation.
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Example 5.10

Compute the output voltage v_ . for the amplifier circuit shown in Figure 5.30.

out

Figure 5.30. Circuit for Example 5.10

Solution:
Letv,,,, be the output due to v, , acting alone, v, be the output due to v, , acting alone,
and v, be the output due to v, , acting alone. Then by superposition,

Vout = Voutl + Vout2 + Vouts (510)

First, with v, | acting alone and v, , and v, , shorted, the circuit becomes as shown in Figure

5.31.

R Ry 1 MQ

inl

10 KQ S S
Vini 1 mV P io_utl
= %O KQ %30 KQ =
RirlZ Rin3

Figure 5.31. Circuit for Example 5.10 with v, | acting alone

We recognize this as an inverting amplifier whose voltage gain G is

G, = 1 MQ/10 KQ = 100

and thus

v = (100)(-1 mV) = —100 mV (5.11)

outl
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Next, with v; , acting alone and v, , and v, shorted, the circuit becomes as shown in Figure

5.32.

R
R, | £ 1 MQ
% 10 KQ o +
Rin2 Kin3 30 KQ N
20 KQ
Vin2 —
1T 4 mV

Figure 5.32. Circuit for Example 5.10 with v, , acting alone
The circuit of Figure 5.32 as a non-inverting op amp whose voltage gain G, is
G, = 1+1 MQ/10 KQ = 101

and the voltage at the plus (+) input is computed from the voltage divider circuit shown in Figure

5.33.

To v
+)
R, , <20 KQ +
R.
Vino =30 KQ
4 mV _

Figure 5.33. Voltage divider circuit for the computation of V(4 with vy acting alone

Then,
o Rim 30K oy
™ 7R, ,+R, ;"7 50 KQ
and thus
Voup = 101 x2.4 mV = 242.4 mV (5.12)

and v.

.y shorted, the circuit becomes as shown in Figure

Finally, with v, , acting alone and v

5.34.

inl

The circuit of Figure 5.34 is also a non-inverting op amp whose voltage gain G, is
G, = 1+1 MQ/10 KQ = 101

and the voltage at the plus (+) input is computed from the voltage divider circuit shown in Figure

5.35.
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R
Rinl £ 1 MQ
Jf* 10 KQ el o+
+ Vout3
Rin2 Rin3 %_
20 KQ 30 KQ
Vin3 =10 mv

Figure 5.34. Circuit for Example 5.10 with v, , acting alone

To v,

in2

20 KQ

Figure 5.35. Voltage divider circuit for the computation of v with v; 5 acting alone

From Figure 5.35,

R.
in2 20 KQ
v = ———888 X V. = x 10 mV = 4 mV
" 7R, ,+R;,,; M7 50 KQ
and thus
Vous = 101 x4 mV = 404 mV

Therefore, from (5.11), (5.12) and (5.13),

\ +v +v = — 100+ 2424 + 404 = 546.4 mV

Vout = Youtl out2

out3

Example 5.11
For the circuit shown in Figure 5.36, derive an expression for the voltage gain G, in terms of the

external resistors R;, R,, R;, and R;.

|<4:

==
Ry

Figure 5.36. Circuit for Example 5.11

5-20 Electronic Devices and Amplifier Circuits with MATLAB Applications
Orchard Publications



Analysis of Op Amp Circuits

Solution:

We apply KCL at nodes v, and v, as shown in Figure 5.37.

R, v, Ry

B

in

i % 1=
[ R, 1

Figure 5.37. Application of KCL for the circuit of Example 5.11

Atnode v, :
VI_Vin_i_vl ~ Vout -0
R, R,
R, R R, R
(Rl + Rf) _Rpvi RyvVout
RiR; /! R|R;
or
R;v. +R,v
v, = _f7in ~ 71 "out (5.13)
R, +R;
Atnode v,:
YamVin V2 _
R, R;
or
R.v.
v, = —3Vin (5.14)
R, +R;
and since v, = v,, we rewrite (5.14) as
R.v.
v, = —3Yin (5.15)
R, +R;
Equating the right sides of (5.13) and (5.15) we get
Vin + Ryvoy _ Ryvig
R, +R; R, +R
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or

_ R3Vin

Revi, +Ryv (R;+Ryp)

Dividing both sides of the above relation by R, v, and rearranging, we get

V. R,(R, +R;) R,
and after simplification
_ _ R{Ry-RyR;
v \'A R;(R, +Rj3)

n

(5.16)

5.7 Input and Output Resistances

The input and output resistances are very important parameters in amplifier circuits. The input
resistance R, =~ of a circuit is defined as the ratio of the applied voltage vg to the current ig drawn

by the circuit, that is,

= s

in

lg

(5.17)

Therefore, in an op amp circuit the input resistance provides a measure of the current iy which

the amplifier draws from the voltage source vg. Of course, we want ig to be as small as possible;

accordingly, we must make the input resistance R, as high as possible.

Example 5.12

Compute the input resistance R of the inverting op amp amplifier shown in Figure 5.38 in

terms of R; and R;.

R, R;
+ N -
Vg —1g e +
1 Eman + out
= = T

Figure 5.38. Circuit for Example 5.12
Solution:

By definition, R, = vg/ig and since no current flows into the minus (-) terminal of the op amp
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and this terminal is at virtual ground, it follows that

From the above relations we observe that

R, =R, (5.18)

[t is therefore, desirable to make R, as high as possible. However, if we make R, very high such as
10 MQ, for a large gain, say 100, the value of the feedback resistor R; should be 1 GQ. Obvi-

ously, this is an impractical value. Fortunately, a large gain can be achieved with the circuit of
Exercise 8 at the end of this chapter.

Example 5.13

Compute the input resistance R, of the op amp circuit shown in Figure 5.39.

Ry 100 kKO

Figure 5.39. Circuit for Example 5.13
Solution:

In the circuit of Figure 5.39, v, is the voltage at the minus (-) terminal; not the source voltage
vg . Therefore, there is no current ig drawn by the op amp. In this case, we apply a test (hypothet-

ical) current iy as shown in Figure 5.40, and we treat v, as the source voltage.

Re 100 KQ
mn

iX - +
\%
i

V-

Figure 5.40. Circuit for Example 5.13 with a test current source

We observe that v, is zero (virtual ground). Therefore,

Rin - \il = 9_ =0
Ix Ix
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By definition, the output resistance R, is the ratio of the open circuit voltage to the short circuit cur-

rent, that is,

\%
R, = -oc¢ (5.19)
Isc

The output resistance R, is not the same as the load resistance. The output resistance provides a

measure of the change in output voltage when a load which is connected at the output terminals
draws current from the circuit. It is desirable to have an op amp with very low output resistance
as illustrated by the following example.

Example 5.14

The output voltage of an op amp decreases by 10% when a 5 KQ load is connected at the out-
put terminals. Compute the output resistance R ;.

Solution:

Consider the output portion of the op amp shown in Figure 5.41.

""""""""""""""" T Rout

AW +
Vout
1

,,,,,,,,,,,,,,,,,,,,,,,,,,,,, — +

Figure 5.41. Partial circuit for Example 5.14

With no load connected at the output terminals, we observe that

Vout = Voc = GyVi, (5.20)

out

With a load R,,,4 connected at the output terminals, the load voltage v, ,4 is

Rload
Vicoad = Rout + Rload X Vout (521)
and from (5.20) and (5.21)
Rload
Vicad = m X GVVin (522)
Therefore,
Vioad =09 = 5 KQ
Voc R, +35KQ
and solving for R, we get
R,, = 555 Q
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From (5.22) we observe thatas R, =0, v|.,q4 = G,v;, and with (5.20), v,;.4 = voc-

out

5.8 Op Amp Open Loop Gain

Operational amplifiers can operate either a closed-loop or an open-loop configuration. The opera-
tion — closed-loop or open-loop — is determined by whether or not feedback is used. Without feed-
back the operational amplifier has an open-loop configuration. This open-loop configuration is
practical only when the operational amplifier is used as a comparator — a circuit which compares
two input signals or compares an input signal to some fixed level of voltage. As an amplifier, the
open-loop configuration is not practical because the very high gain amplifies also electrical noise
and other unwanted signals, and creates poor stability. Accordingly, operational amplifiers operate
in the closed-loop configurations, that is, with feedback.

Operational amplifiers are used with negative (degenerative) feedback. Negative feedback has the
tendency to oppose (subtract from) the input signal. Although the negative feedback reduces the
gain of the operational amplifier, it greatly increases the stability of the circuit. Also, the negative
feedback causes the inverting and non-inverting inputs to the operational amplifier will be kept at
the same potential. All circuits that we considered in the previous sections of this chapter operate
in the closed loop configuration.

The gain of any amplifier varies with frequency. The specification sheets for operational amplifiers
state the open-loop at DC or 0 Hz. At higher frequencies, the gain is much lower and decreases
quite rapidly as frequency increases as shown in Figure 5.42 where both frequency and gain are in
logarithmic scales.

10

1

1

Figure 5.42. Typical op amp open-loop frequency response curve (log scales)
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The frequency-response curve of Figure 5.42 shows that the bandwidth is only 10 Hz with this
configuration. The unity gain frequency is the frequency at which the gain is unity. In Figure 5.46
the unity gain frequency is 1 MHz. We observe that the frequency response curve shows that the
gain falls off with frequency at the rate of —20 dB/decade. Figure 5.42 reveals also the gain-
bandwidth product is constant at any point of the curve, and this product is equal to 1 MHz,
that is, the unity gain frequency. Thus, for any op amp

Gain x Bandwidth = Unity Gain Frequency (5.23)

Denoting the open-loop gain as A, the 3 dB bandwidth as BW; 45, and the unity gain fre-
quency as f,,, we can express (5.23) as

u

The use of negative feedback increases the bandwidth of an operational amplifier circuit but
decreases the gain so that the gain times bandwidth product is always equal to the unity gain fre-
quency of the op amp. The frequency-response curve shown in Figure 5.43 is for a circuit in which
negative feedback has been used to decrease the circuit gain to 100 (from 100,000 for the opera-
tional amplifier without feedback). We observe that the half-power point of this curve is slightly

above 10 KHz.

3 :dB poir:lt (oper:l loop)i

T T

10 4~--- ----- - S-d]:B pt)int*:(-ciosa:i- hrop—)v:

Unity EGain fllrequenc:y

______________________

Figure 5.43. Closed-loop frequency response for a gain of 100

5.9 Op Amp Closed Loop Gain

An ideal op amp is shown in Figure 5.44. Of course, an ideal op amp does not exist but the out-
standing characteristics of the op amp allow us to treat it as an ideal device. An exact equivalent
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of the ideal op amp is referred to an a nullor consists of two new elements — the nullator for the
input, i.e., no voltage or current, and the norator for the output, i.e., any voltage or current.

The open-loop gain A, of an op amp is very high; for the popular 741 device, A, = 200, 000. The

external devices, i.e., resistors and capacitors should be chosen for a closed-loop gain of about one-
tenth to one-twentieth of the open loop gain at a given frequency. This will ensure that the op
amp will operate in a stable condition and without distortion.

Ideal Conditions

R
R. out
Vin = V27V % n + - 0
i @Aol(vz—vl) v

Rin
out
Rout =0

- Vout = AolVir

Figure 5.44. The ideal op amp

From Figure 5.44
Vour = Ag(Vy3—Vy) (5.25)

We observe that when v, > v, the output voltage v, is positive and when v, >v,, v_,, is nega-

tive. Accordingly, we call the lower terminal v, the non-inverting input and the upper terminal

v, the inverting input. However, if v, = v, v ,, = 0 and we call this condition common-mode

rejection. In other words, the op amp rejects any signals at its inputs that are exactly the same.

Example 5.15

Figure 5.45 shows a circuit that can be used as a high-pass filter. We want to find the range of the
open-loop gain A, for which the system is stable. Assume that the input impedance is infinite
and the output impedance is zero.

R
-
TRy R,
N K + Vout
Vi G ] G =R, T
1 — R

Figure 5.45. Circuit for Example 5.15
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Solution:

For stability, the coefficients on the denominator of the transfer function must all be positive. To
derive the transfer function, we transform the given circuit into its s — domain equivalent as
shown in Figure 5.46.

R v3
e e o
V v,
| 1 \/
+ P + Vout
Vin 1 SCI 1 SC i—
1 = R

Figure 5.46. The s —domain equivalent circuit of Figure 5.49

Application of KCL at Node V, yields

\%
sC(V, -V, )+ IR—O“ +5C,(V,=V,) = 0 (5.26)

AtNode V,
sC,(V, =V )+ g-z (5.27)

1
and since there is no voltage drop across resistor R,

V3 =0 (5.28)
Also,
Vout = AOI(VZ_V3) = AOI(VZ—O) = A01V2 (529)
or
V, = V /Aol (5.30)

Substitution of (5.30) into (5.26) and (5.27) yields

V, —
SCI(Vl—Vin)+ITOut+SC2(Vl—V0ut/A01) =0 (5.31)
V. JAy = V) + o/ Bl (5.32)
5 2( out ol — 1)+T .

Solving (5.31) and (5.32) for V,, equating right sides, and rearranging, we get the transfer func-

tion
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2
G5y = Your _ A, [R,R,C,C,]s 5.3
Vin  [R,RC,Cyls% + [R,Cy(1 -~ Ay) + R,C; + R,C,]s + 1
For stability, the coefficient of s in the denominator of (5.33) must be positive, that is,
R,C,(1-A,)+RC, +R,C,>0 (5.34)
or
R, R.C
A, <1 +— L1 (5.35)
R, R|G,

Let Ry = 100 KQ, R, = 1 KQ, C, = 1 pF, and C, = 0.01 pF. With these values (5.34)

becomes
5 5 -6
A01<1+1—03+—103><10 :
10 10° x 10™
or
A, < 10,101

5.10 Transresistance Amplifier

/1;,, and transcon-
/1, . The sim-

In our previous chapters we introduced voltage gain v /v, , current gain i

out out

ductance i,,,/v;,. Another term used with amplifiers is the transresistance gain v

out out

ple op amp circuit shown in Figure 5.47 is known as a transresistance amplifier.

Rg

| <+

n o—+—o +

v
L= ant
- jum— L

Figure 5.47. Transresistance amplifier

The circuit of Figure 5.47 is the same as that of Figure 5.39, the circuit for Example 5.13, where
we found that R, = 0. Figure 5.48 shows the circuit model of the transresistance amplifier which

was introduced in Exercise 4 of Chapter 1. As in Example 5.13, a test current i, at the inverting

input produces an output voltage v . whose value is v, = v;, - R, , and since v;, = 0, the

transresistance R of the circuit of Figure 5.47 is

R, = —out - Tout _ g (5.36)
Lin 1y
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Lin —lout
t Rt
out R Vout
\% v m -~
mn Rll’l i lein out 1in . -
Lout =
- 1 -

Figure 5.48. Transresistance circuit model

and the minus (-) sign indicates that them output voltage v  , and the test current i, are 180°

out-of-phase with each other.

5.11 Closed Loop Transfer Function

In all of the previous sections of this chapter, the external devices in the op amp circuits were
resistors. However, several other circuits such as integrators, differentiators, and active filters
contain capacitors in addition to resistors. In this case it is convenient to denote devices in series

as an impedance in the s — domain as Z(s), and in the jo — domain as Z(jo). Likewise, it is also
convenient to denote devices in parallel as Y(s) or Y(jo). Thus, for the inverting input mode,
the closed loop transfer function G(s) is

Voui(s) _ Z«(s)

Gs) = V.5) | Z,(5)

(5.37)

where Z(s) and Z,(s) are as shown in Figure 5.49.

—1
Z,(s) Z(s)
+o—1
V. (s) —I(s) bt
mn Vou (S)
1L L L_t

Figure 5.49. The s — domain inverting amplifier

Example 5.16
Derive the closed-loop transfer function for the circuit of Figure 5.50.
Solution:

To derive the transfer function, we first convert the given circuit to its s — domain equivalent,
and for convenience we denote the series devices as Z,(s) and the parallel devices as Y(s). The

circuit then is as shown in Figure 5.51.
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L * -
Figure 5.50. Circuit for Example 5.16

Yf(s), -

Z1(S‘),_-.-\\\\
. R, 1/sC; \1/Scf

. VA S N
+ < \\’/ X N

Yl i Voul(s)

1 7 1

Figure 5.51. The s — domain equivalent circuit of Figure 5.50

From Figure 5.51,

Z,(s) = R;+1/sC, = (sC;R, +1)/sC, (5.38)
1, _1 _
Y(s) = Rf+ T/sC, = Rf+ sCp = (1 +sCRp)/R; (5.39)
Zi(s) = = (5.40)
f Yi(s) 1+SCiRp '
From (5.37), (5.38), and (5.40)
G(s) = Vout(s) B Zf(s) B Rf/(l +SCfRf) B SClRf (541)

Vi(s)  Z,(s)  (SC,R,+1)/sC,  (sC,R; + [)(SC;R+ 1)

5.12 The Op Amp Integrator

The op amp circuit of Figure 5.52 is known as the Miller integrator. For the integrator circuit of Fig-
ure 5.52, the voltage across the capacitor is

Ve = é [ icat (5.42)
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EREE A
1~ = C
R, C
A
— 1 L -
in i
Vout

Figure 5.52. The Miller integrator

and assuming the initial condition that at t = 0, the voltage across the capacitor is V), we can

express (5.43) as

ve = é Ioticdt+V0 (5.43)

Since the inverting input is at virtual ground, the output voltage v, is the negative of the
capacitor voltage v, thatis, v, = —v¢, and thus

1¢t.
Vou = g icdt=V, (5.44)
Also, since

: : Vin

ic=1= -2 (5.45)
R,

we rewrite (5.44) as

1 t
Vou = "R [ Vindt=Vy (5.46)

Example 5.17

The input voltage to the amplifier in Figure 5.53(a) is as shown in Figure 5.53(b). Find and
sketch the output voltage assuming that the initial condition is zero, that is, V, = 0.
+)/— v (V)

I\

1 MO bt
S v IO

_ — out
é (a) 1 (b)

Figure 5.53. Circuit and input waveform for Example 5.17
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Solution:
From (5.46)

t
Vout = _RIC OVindt_VO

and with R,C = 10°%107° = 1 and V, = 0, the above integral reduces to

Vour = =] Vipdt = —j:zdt = 2t = -6

out
0

This result shows that the output voltage v, decreases linearly from zero to -6 V in the time

out

interval 0 <t<3 s and remains constant at =6 V for t >3 s thereafter as shown in Figure 5.54.

Vout (V)

3 £ (s)

S

Figure 5.54. Output waveform for the integrator circuit of Figure 5.57

The output voltage waveform in Figure 5.54 indicates that after the capacitor charges to 6 V, it
behaves like an open circuit and effectively the negative feedback is an open circuit. Now, let us
suppose that the input to the op amp integrator circuit of Figure 5.57(a) is the unit step function

ug(t) * as shown in Figure 5.55(a). Then, ideally the output would be a negative ramp towards

minus infinity as shown in Figure 5.55(b).

Vin (V) Vout (V)
Uo(t) ()

t(s)
(a) (b)

Figure 5.55. The output voltage of the circuit of Figure 5.57 (a) when the input is the unit step function

*  For a detailed discussion on the unit step function refer to Signals and Systems with MATLAB Applications, ISBN O-

9709511-6-7.
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In reality, the output voltage saturates at the power supply voltage of the op amp, typically £15 V
depending on the polarity of the input DC signal. This problem can be rectified if we place a
feedback resistor R, in parallel with the capacitor, and in this case the circuit behaves like a low-
pass filter as shown in Exercise 13 at the end of this chapter. This feedback resistor should be at
least as large as the input resistance R, .

Example 5.18

The input voltage to the amplifier in Figure 5.56(a) is as shown in Figure 5.56(b). Find and
sketch the output voltage for the interval 0 <t<10 s assuming that the initial condition is zero,
thatis, V, = 0.

Rer 5 MQ
W v. (V)
R c'ho2 uF 2 "
1
+ —NN— 1
- 1 MQ ——
1n
. Lj Vout I i 3 t (s)

= (a) 1 (b)

Figure 5.56. Circuit and input waveform for Example 5.18

Solution:

This is the same circuit and input voltage waveform as in Example 5.17 except that a 5 MQ
feedback resistor has been added and the capacitor value was changed to 0.2 pF to simplify the
computations. Since it is stated that the initial condition is zero, the capacitor charges in accor-

dance with the relation
~(1/RO)t

) (5.47)

Ve = Vo (1-e

where

V, = -iR; = —=2R, = 1_1\59 x5 MQ = —10V

for 0 <t<3 s. The output voltage for this time interval is

Vo = —ve = —10(1—¢ /Y
andatt =3s
Vou|, L, = —10(1 =) = ~10(1-0.05) = ~10(0.95) = 9.5
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Att=10s
Voul, - g = Vou, _, Sxe_(l/RC)t = 10" = _10x4.54x 107 = —45.4 uV
The output waveform is shown in Figure 5.57.
Vout (V)

3 10

t(s)

957
Figure 5.57. Output waveform for the circuit of Example 5.18

As we can see from Figure 5.57, the addition of the feedback resistor makes the circuit of Figure
5.56 somewhat less than an ideal integrator.

5.13 The Op Amp Differentiator

The op amp can also be configured to perform differentiation. The basic differentiator circuit is
shown in Figure 5.58.

—_—

C Ic Ry

Figure 5.58. Basic differentiator circuit

We observe that the right side of the capacitor is virtually grounded and therefore the current
through the capacitor is

dve dv;,
lc=Cq = g
Also,
Vout = _RfiC
dv.
Vo = —R,C gtm (5.48)
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and we observe that the output voltage v, , is the derivative of the input voltage v, ..

out
The circuit of Figure 5.58 is not a practical differentiator because as the frequency increases, the
capacitive reactance X decreases and the ratio of the feedback resistance R, to the capacitive
reactance increases causing a gain increase without bounds. We could connect a resistor is series
with the capacitor but the circuit then becomes a non-ideal differentiator.

Example 5.19

The time constant t of the differentiator circuit of Figure 5.591is t© = 1 ms, and v (0 ) = 0

a. Find the value of the feedback resistor R,
b. Derive the transfer function V_ (s)/V,,(s)

c. Find the magnitude and phase at f = 1 KHz

d. If a resistor is added in series with the capacitor to limit the high frequency gain to 100, what
should the value of that resistor be?

R¢
1 nF
C
— |/ >
N f ot +
Vin - ve(t) + I
L Vout

Solution:

and with C = 107 .
=10 _ 1m0

R, = X
T C o7

b. Differentiation in the time domain corresponds to multiplication by s in the complex fre-

quency domain, minus the initial value of f(t) att = 0 N Thus,

dve _
T < sVe(s)—ve(0)

*  For all Laplace transform properties, refer to Circuit Analysis 11 with MATLAB Applications, ISBN 0-9709511-5-9.
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and since v(0 ) = 0, from (5.48)
Voui(s) = —=sRCV, (s)

or
Vou(s)

= —sR;C
Vin(s)

c. With s = jo, the transfer function can be expressed in magnitude and phase form as

v
°“t(,J(D) —joR,C
Vin(.]('o)
Vout = (l)RfC
Vin
0 = -90°
’VLM = 2% 10°x10°%x 107 = 272 x 10° x 10~ = 2=
Vin f=1KHz

and the phase angle is —90° at all frequencies.

d. As f— o, the capacitor behaves as a short circuit and so with the addition of a resistor R, in

series with the capacitor, the closed loop voltage gain G, is

and with R; = 1 MQ, for a gain of 100, R, = 10 KQ.

5.14 Summing and Averaging Op Amp Circuits

The circuit of Figure 5.60 shows the basic inverting summing and averaging op amp circuit.

+ .
R IRy —1 R
Vini 1 f
- + . .
— —1
AL Vin2 R2 12 o—%——= +
_i +°—’\/V\/_>7i — VOut
= VinN Ry M 1T

ul

Figure 5.60. Basic inverting summing and averaging op amp circuit

In the circuit of 5.60, the total current is
=1+ +..+iy
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where
iz unt o Yin i = vinN
1 ]R1 2 R2 ce N RN
Also
Vour = “Rel = —Re(ij+ip + ... +iy)
Then,
. o . R, R, R,
Vout = —Rel = —Ry(ij +i+ ... +iy) = _(f{—lvinl + Evinz + ..+ R—Nvi“N) (5.49)
If all input resistances are equal, that is, if
R1:R2:..:RN:R
the relation of (5.49) reduces to
Rf
Vout = ~ E(Vinl +Vipy + oo+ Vinn) (5.50)
If Ry = R, relation (5.49) reduces further to
Vout = ~(Vin1 * Vina + -+ + Vinn) (5.51)

and this indicates that the circuit of Figure 5.60 can be used to find the negative sum of any num-
ber of input voltages.

The circuit of Figure 5.60 can also be used to find the average value of all input voltages. The
ratio Ry/R is selected such that the sum of the input voltages is divided by the number of input
voltages applied at the inverting input of the op amp.

The circuit of Figure 5.61 shows the basic non-inverting summing and non-inverting averaging op

amp circuit. In Figure 5.61 the voltage sources v,,;, Vi, .-, Vipn and their series resistances

R, R,, ..., Ry can be replaced by current sources whose values are v;,; /Ry, Vin2/Ry, ..., Vion/ Ry

and their parallel resistances R, R,, ..., Ry ." The circuit of Figure 5.61 can now be represented as
in Figure 5.62.

*  For voltage source with series resistance to current source with parallel resistance transformation see Circuit Analysis |

with MATLAB Applications, ISBN 0-9709511-2-4
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Rf
R
;’\Mﬁf -
R, = ——o +
+ + Vout
le -
R 1
_ 2
J— + -
- Vin2 Ry
1 +— NN

- VinN

Figure 5.61. Basic non-inverting summing and averaging op amp circuit

Ry

\\}

t

L .+
VOU
R 1

Figure 5.62. Equivalent circuit for the circuit of Figure 5.61
In the circuit of Figure 5.62, the voltage V, at the non-inverting input is V, = R I, and thus
the output voltage is

Vou = [+ 1)Va = (41 Ryl (5.52)

5.15 Differential Input Op Amp
The circuit of Figure 5.63 is a differential input op amp.

Figure 5.63. Differential input op amp
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The differential input configuration allows input signals to be applied simultaneously to both
input terminals and produce an output of the difference between the input signals as shown in
Figure 5.63. Differential input op amps are used in instrumentation circuits.

We will apply the superposition principle to derive an expression for the output voltage v -

With the input voltage v;,, acting alone and v,,, grounded, the circuit of Figure 5.63 reduces to

that of Figure 5.64.

in2

Rf
R,
+
Vin1 ——
1 Vout1
R, L

Figure 5.64. The circuit of Figure 5.63 with v, acting alone

The circuit of Figure 5.64 is an inverting amplifier and thus

v = ——vy. (5.53)

outl Rl inl

Next, with the input voltage v, ; grounded and v, , acting alone, the circuit of Figure 5.63

reduces to that of Figure 5.65 and as indicated, we denote the voltage at the non-inverting input

as v,.
Rf
Rl

[

fp— V2 I +
+ Vout2
Vin2 R L_
L ’ -

Figure 5.65. The circuit of Figure 5.67 with v, , acting alone

Then, by the voltage division expression,

R3
T R,+R, 2

(5.54)

\p)
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The circuit of Figure 5.65 is a non-inverting amplifier and thus

R
Voutz = (R_Ilp*' I)Vz (5.55)
Then, from (5.54), (5.55), and (5.56),
\% =v +v —__lz_fVA +(&+1)(__R_3__V )—_R_fv, (w) .
out — Youtl out2 — R, inl R, R, +R, in2 ) — R, inl R,R, +R R, in2
or
R Ry/Ry+1
Vout =~V +(R—2 e iz (5.56)

To be useful, a differential input amplifier must have a high common mode rejection ratio (CMRR)
defined as

. . . A 4
CMRR = Differential gain__ ‘A * (5.57)
Common mode gain A

where the differential gain A, is the gain with the input signals applied differentially, and common
mode gain is the ratio of the output common-mode voltage V
em in> thatis, A, =V

smaller than unity.

em out tO the input common-mode

voltage V /Vemin- Ideally, A is zero but in reality is finite and much

cm out

It is highly desirable that the differential input op amp of Figure 5.63 produces an output voltage

Vout = 0 when v, = v, and as we now know, this is referred to as common-mode rejection.

We also want a non-zero output when v,,, # v;,; . If the common-mode rejection condition is

achieved, that is, when v, , = v;;; and v, = 0, relation (5.57) above reduces to

R,  Ry/Rj+1
R, R,/Ry+1

R
(&+ l)R1 = (—2+ I)Rf
R, R

R2
R;+R, = R;+ —R;
R3
R2
R, = —R
1 f
R3

*  The common mode rejection is normally expressed in dB, that is, CMR(dB) = 20log(A,/A_,,) = 20logCMRR.
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and thus for optimum CMMR

R X (5.58)
R, R2
By substitution of (5.58) into (5.56) we get
R
Vout = I?If(vinZ - Vinl) (559)

Next, we will derive the input resistance for the differential input op amp circuit of Figure 5.63.
For convenience in (5.58) we let R, = R,. Then R; = R; and with these simplifications the cir-

cuit of Figure 5.63 is as shown in Figure 5.66.

R, R¢
+ ; -
Vin2 = Vin1 /‘Q et
— + v
Rl

out

Figure 5.66. Differential input op amp for derivation of the input resistance

Application of KVL around the input circuit starting at the minus (=) terminal and going coun-
terclockwise, and observing that there is a virtual short between the inverting and non-inverting
inputs, we get

Ryi+Ryi—(Vip=Vijp) = 0

Vina = Vin1 = 2Ryi (5.60)
Also, by definition
Vin2 = Vin1
R, = —— (5.61)
and from (5.60 and (5.61) R = 2R, (5.62)

Relation (5.59) reveals that for a large differential gain, we must make the feedback resistor R; as
large as possible and the resistance R, as small as possible. But with small R, the input imped-

ance will also become small as we can see from (5.62).

5.16 Instrumentation Amplifiers

High input resistance differential input amplifiers are suitable for use in differential measurement
applications and the associated circuits are referred to as instrumentation amplifiers such as that
shown in Figure 5.67.
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+ + N Vor  R3 Ry
\2] e 1 %
Vi—Va I\ Ry +A3 e +
Vout
1
R,
1
+e =
\p)
1

Figure 5.67. High input resistance differential input op amp for use with instrumentation circuits

In the circuit of Figure 5.67 we have made the assumption that there is no current flowing at the
inputs of amplifiers A, and A, and thus the same current flows through the resistive R, - R, - R,

network. Thus,
— Vi Vi—=Vy, V=V

[= Yo=Y _ - (5.63)
R2 Rl RZ

We also have made the assumption that there is no voltage difference between the amplifiers A,

and A, input terminals.
The output voltage v, of amplifier A, is
Vo = ROI+RII+RI+v , = (R +2R)I+v,
and with the second term on the right side of (5.63) the above relation can be expressed as

Vi—V,

2R,
) +V = (1 + R—)(V1 —Vy)+V,,
1

2R

Vor =¥y = (14 22) (v, -v) (5.64)
1
2R

Vgy— Vo = (1 +E—2)(v2—v1) (5.65)

1

To find the output v, of amplifier A; we express (5.59) as
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and with (5.65)

R, 2R
Vou = (R_lz +1)(v,-v)) (5.66)
Therefore, the differential gain is
_ Vout _ E 2R2
Moo= g = (_Rl +1) (5.67)

To make the overall gain of the circuit of Figure 5.67 variable while maintaining CMRR capabil-
ity, op amp manufacturers recommend that the resistor R, be replaced with a fixed value resistor

in series with a variable resistor. The fixed resistor will ensure that the maximum gain is limited,
while the variable resistor (a potentiometer) can be adjusted for different gains. The interested
reader may refer to Exercise 16 at the end of this chapter.

5.17 Offset Nulling

Figure 5.2 shows that pins 1 and 5 in the 741 op amp are identified as offset null. The offset null
connections (pins 1 and 5) provide a simple way to balance out the internal variations and zero
out the output offset which might be apparent with zero input voltage. It is used simply by con-
necting a trimmer potentiometer between pins 1 and 5, as shown in Figure 5.68. As shown, the
slider on the potentiometer is connected to the negative power supply. To adjust for zero offset,
we must set the input voltage to zero and use the offset null potentiometer to set the output volt-
age precisely to zero.

Figure 5.68. Offset nulling terminals of the 741 op amp

According to the 741 op amp specifications, the maximum input offset voltage is £6 mv and
assuming that the closed loop gain is 100, the output voltage with respect to ground can be

100 x 6 x 10~ = +0.6 V and this value can be either positive or negative even though the input
signal is zero volts.
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5.18 External Frequency Compensation

General purpose op amps like the 741 op amp, are normally internally frequency compensated so
that they will be stable with all values of resistive feedback. Other types of op amps like the 748 op
amp, are without internal frequency compensation and require external connection of frequency
compensating components to the op amp. Typically, the compensating components alter the open
loop gain characteristics so that the roll-off is about 20 dB/decade over a wide range of frequen-
cies. Figure 5.69 shows a typical op-amp with external frequency compensation where 3 external
capacitors can be used as frequency compensating components. With the appropriate selection of
capacitors C,, C,, and Cy, we can alter the frequency response as shown in Figure 5.70.

B
i

I u

Figure 5.69. Typical op amp with externally connected capacitors for frequency compensation

100

90

80
70
60
50
40

Open-loop gain (dB)

30,
20

Frequency (Hz)

Figure 5.70. Frequency responses with and without external frequency compensation

5.19 Slew Rate

There is a limit to the rate at which the output voltage of an op amp can change. Therefore, man-
ufacturers specify a new parameter referred to as the slew rate. By definition, the slew rate (SR) is
the maximum rate of change of an output voltage produced in response to a large input step func-
tion and it is normally expressed in volts per microsecond, that is,

Electronic Devices and Amplifier Circuits with MATLAB Applications 5-45
Orchard Publications



Chapter 5 Operational Amplifiers

dv
Slew Rate = SR =
dt

out (5.68)

max

Of course, relation (5.68) is the slope of the output voltage under maximum rate of change con-
ditions. Typical slew rates range from 0.1 V/us to 100 V/us, and most internally compensated
op amps have slew rates in the order of 1 V/us. Figure 5.71 shows a step function of amplitude
10 V applied to the input of a unity gain op amp, and the waveform at the output of this op amp.

Vin (V) Vout (V)

lew rate = Slope
10— o ] I (S —
+ v

V ot
_Vin R i
A;L —

+

t
t

Figure 5.71. The resultant slew rate when a step function is applied to a unity gain op amp

The linearly rising slew rate shown in Figure 5.71 will not be produced if the input voltage is
smaller than that specified by the manufacturer. In this case, the slew rate will be a rising expo-
nential such as the rising voltage across a capacitor. In most op amps the slew rate is set by the
charging rate of the frequency compensating capacitor and the output voltage is

Vou = Ve(l—e %) (5.69)
where V; is the final value of the output voltage as shown in Figure 5.71, ®,, = 2nf,,, and f,,

ug’
is the unity gain frequency as defined in (5.24), i.e.,, A;;- BW; 45 = f,.

u

Vil oo

\at = 170,
—o,t
Figure 5.72. Plot for expression v, = V(1 —e ")

5.20 Circuits with Op Amps and Non-Linear Devices

Op amps are often used in circuits with non-linear devices. There are many circuits that can be
formed with op amps and non-linear devices such as junction diodes, zener diodes, bipolar tran-
sistors, and MOSFETs. In this section we will introduce just a few.
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Figure 5.73 shows a positive and negative voltage limiter circuit and its transfer characteristics. In the
voltage limiting circuit of Figure 5.73 the Zener diodes D, and D, limit the peak-to-peak value of
the output voltage. Thus, when the output voltage is positive, its value is limited to the value
Vz, + Ve where Vi is the voltage drop across the forward-biased Zener diode and it is typically

about 0.7 V. Likewise, when the output voltage is positive, its value is limited to the value
~(Vy,+ V).

Vout
D, D,
t
vV, +V
R, Ry oyt
+ > 1 Vin
Vin ————t (V.. +Vp)
s % t Vout Slope = —R./R, & | F

Figure 5.73. A positive and negative voltage limiter circuit and its transfer characteristics

Example 5.20
In the circuit of Figure 5.73, Vz,=Vz, =63V, Vp=07V,R, =5KQ, and R; = 100 KQ.
Describe the output waveforms when

a. v;, = 0.3sin10t

b. v., = 0.6cos100t
C. vy, = 3¢co0s(1000t+m/6)
Solution:

Since this is an inverting amplifier, its gain is R;/R, = 100/5 = 20 and since we are interested

in peak values, the frequencies and phase angles are immaterial for this example. With the given
values, the output peaks on positive half-cycles are limited to

VZI+VF =63+07=7V

and the output peaks on negative half-cycles are limited to

~(Vz,+Vp) = «(63+07) = -7V

*  The gain is always expressed as a positive quantity. The minus sign simply implies inversion.
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a. With v,, = £0.3 V peak,
Vout (peak) = (_Rf/Rl)Vin = 20 x (i03) = ¢6 A\

This value is lower than +7 V and neither Zener diode conducts. Therefore, the output volt-
age is an unclipped sinusoid.

b. With v,, = 0.6 V peak,
Vour (beak) = (=Ry/Ry)viy = =20 x (£0.6) = ¥12 V

and this would be the output peak voltage if the Zener diodes were not present. Since they
are, the output peak voltage is clipped to v, (peak) = F7 V.

c. With v, = £3 V peak,
Vou (eal) = (—Ry/R,)v, = 20 x (£3) = 60 V

This is indeed a very large voltage for the output of an op amp and even without the Zener
diodes, the op amp would saturate. But with the Zener diodes present, v,,, (peak) = F7 V.

Figure 5.74 shows a positive voltage limiter and its transfer characteristics where both the Zener
diode and the junction diode limit the positive half-cycle of the output voltage. As shown by the
transfer characteristics, v_  cannot rise above the voltage level Vz, + Ve because the Zener

diode enters the Zener (avalanche) region and the output is clipped. However, the negative half-
cycles are not clipped unless the op amp is driven into negative saturation.

D1 D2 out
> t
V, + Vg
R, Ry "y /
+ - Vin
v, et

_j; —t Vout Slope = —Ry/R,

Figure 5.74. A positive voltage limiter circuit and its transfer characteristics

Figure 5.75 shows a negative voltage limiter and its transfer characteristics.
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D 1 D2 Vout
R, R,
+ - /
SR S
Vin + v /
out

% Slope = —R/R;

I-

t
(V22 + Vi)
{

Figure 5.75. A negative voltage limiter circuit and its transfer characteristics

Figure 5.76 shows a limiter where only a single Zener diode is used. This circuit is often referred to
as a half-wave rectifier with limited positive output

D

Slope = -

in

Figure 5.76. A half-wave rectifier with limited positive output and its transfer characteristics

In the circuit of Figure 5.76, the output is limited by the Zener diode during the positive half-
cycles of the output voltage, and during the negative half-cycles of the output voltage is limited by
the Zener diode forward voltage drop V. Figure 5.77 shows another limiter where only a single

Zener diode is used.

D Vout
R, R¢
+ — t t Vin
Vin —o—— + // _VZ
% + Vout Slope = —Rf/Rl ‘
Figure 5.77. A

half-wave rectifier with limited negative output and its transfer characteristics
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The circuit of Figure 5.77is often referred to as a half-wave rectifier with limited negative output. In
the circuit of Figure 5.77, the output is limited by the Zener diode during the negative half-cycles
of the output voltage, and during the positive half-cycles of the output voltage is limited by the
Zener diode forward voltage drop V..

5.21 Comparators

A comparator is a circuit that senses changes in a varying signal and produces an output when a
threshold value is reached. As a comparator, an op amp is used without feedback, that is, the op
amp is used in the open loop configuration. Figure 5.78 shows a differential input amplifier with-
out feedback used as a comparator.

v
out v > V.
+VCC +VCC o ref in
2
+ SN
Vin 3 -+

to—t 1% v

L v - Veer
B _L —Vee i

""" —Vee

Figure 5.78. A differential input op amp without feedback used as a comparator

As shown in Figure 5.78, vy, = +Ve if Vep> Vi, and vy = =V if v,ep < vy, - The switching
time from -V to +V is limited by the slew rate of the op amp. Comparators are used exten-
sively in analog-to-digital conversion as we will see in a subsequent section.

Op amp applications are limitless. It is beyond the scope of this text to describe all. It will suffice
to say that other applications include zero-crossing detectors also known as sine-wave to square-

wave converters, sample and hold circuits, square-wave generators, triangular-wave generators, saw-
tooth-wave generators, Twin-T oscillators, Wien bridge oscillators, variable frequency signal generators,

. . . . . . . . . * . .
Schmitt trigger, and multivibrators. We will discuss the Wien bridge oscillator , the digital-to-ana-
log converter, and the analog-to-digital converter in the next sections, and the Schmitt trigger
and multivibrators in Chapter 7.

5.22 Wien Bridge Oscillator

The circuit shown in Figure 5.79 is known as Wien bridge oscillator. This circuit produces a sinuso-
idal output.

* We will revisit the Wien bridge oscillator in Chapter 8.
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IS 10 D, |D
1 R 1 2
Ré Tc & 2 ke | +

Hfsomz

Figure 5.79. The Wien bridge oscillator

\\Ho<

Figure 5.79 shows that the Wien bridge oscillator uses two RC networks connected to the non-
inverting input of the op amp to form a frequency selective feedback circuit and this causes oscil-
lations to occur. It also amplifies the signal with two negative feedback resistors. The input signal

to the non-inverting input is in phase with the output V of the op amp at the particular frequency

1
f. = 5.70
7 2zRC .70)
provided that
R =R, = R,
and

The Wien bridge oscillator requires precision resistors and capacitors for reliable operation. The
feedback signal at the non-inverting input of the op amp leads the output V of the op amp at fre-
quencies below f,, and lags V at frequencies above f;. The amount of negative feedback to the

inverting input of the op amp and amplitude can be adjusted with the 50 KQ potentiometer. The
diodes prevent excessive feedback amplitude.

Example 5.21

For the oscillator circuit of Figure 5.80, what values of R,, C,, and C, are required to obtain a
frequency of approximately 1 KHz?
Solution:

The value of resistor R, must also be 100 KQ . The values of capacitors C,, and C, must also be

equal. From (5.70),

fi= 1KHz = —L_ = L
2nRC 2r %10’ xC
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O
[ SN

10 D/| D
120(02% = Ry ko| |
, Cl J ) Vv +

= out

>§50KQ 1=

Figure 5.80. Circuit for Example 5.21

and thus

C=C =C=——" =159 pF

21 x10° % 10

5.23 Digital-to-Analog Converters

As we will see in Chapter 6, digital systems" recognize only two levels of voltage referred to as
HIGH and LOW signals or as logical 1 and logical 0. This two-level scheme works well with the
binary number system. It is customary to indicate the HIGH (logical 1)and LOW (logical 0) by
Single-Pole-Double-Throw (SPDT) switches that can be set to a positive non-zero voltage like 5
volts for HIGH and zero volts or ground for LOW as shown in Figure 5.81.

Vi Vp Ve Vg Va

Lo

i P s W Yy VY M
TV | s v |

O‘/o

vl v v BT

Figure 5.81. Digital circuit represented by SPDT switches

In Figure 581 V, = 0, Vo =1, Vg = 0,and V, = 1, that is, switches A and C are HIGH (5

volts) and switches B and D are LOW (0 volts). The first 16 binary numbers representing all pos-
sible combinations of the four switches with voltage settings V,, (least significant position)

through Vp, (most significant position), and their decimal equivalents are shown in Table 5.1.

*  Refer also to Logic Circuits, Orchard Publications, ISBN 0-9744239-5-5
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TABLE 5.1 Vo;tage levels for the circuit of Figure 5.81 and binary and decimal equivalents

Voltage Level Binary Equivalent Decimal Equivalent
Vo Ve Vg vV, A B C D
LOW | LOW | LOW | LOW 0 0 0 0 0
LOW | LOW | LOW | HIGH 0 0 0 1 1
LOW | LOW | HIGH | LOW 0 0 1 0 2
LOW | LOW | HIGH | HIGH 0 0 1 1 3
LOW | HIGH | LOW | LOW 0 1 0 0 4
LOW | HIGH | LOW | HIGH 0 1 0 1 5
LOW | HIGH | HIGH | LOW 0 1 1 0 6
LOW | HIGH | HIGH | HIGH 0 1 1 1 7
HIGH | LOW | LOW | LOW 1 0 0 0 8
HIGH | LOW | LOW | HIGH 1 0 0 1 9
HIGH | LOW | HIGH | LOW 1 0 1 0 10
HIGH | LOW | HIGH | HIGH 1 0 1 1 11
HIGH | HIGH | LOW | LOW 1 1 0 0 12
HIGH | HIGH | LOW | HIGH 1 1 0 1 13
HIGH | HIGH | HIGH | LOW 1 1 1 0 14
HIGH | HIGH | HIGH | HIGH 1 1 1 1 15

A digital-to-analog (D/A or DAC) converter is used to convert a binary output from a digital system
to an equivalent analog voltage. If there are 16 combinations of the voltages V, through V,, the
analog device should have 16 possible values. For example, since the binary number 1010 (deci-
mal 10) is twice the value of the binary number 0101 (decimal 5), an analog equivalent voltage of
1010 must be double the analog voltage representing 0101.

Figure 5.82 shows a DAC with binary-weighted resistors.

Vanalog
R R R R R

on 8 4 2

Vi Vp Ve o VgV,

Figure 5.82. Digital-to-analog converter using binary-weighted resistors

We can prove that the equivalent analog voltage V shown in Figure 5.82 is obtained from

analog

the relation

Va+2Vp+4V+8Vp+...
1+2+4+8+...

A% (5.71)

analog =

The proof is left as an exercise at the end of this chapter.

The DAC with binary-weighted resistors shown in Figure 5.82 has the disadvantage that it
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requires a large number of precision resistors. The DAC of Figure 5.83, known as R—2R ladder
network, requires more resistors, but only two sets of precision resistance values, R and 2R.

v

analog

Ji— 2R R R R
2R 2R 2R 2R

Va Vg Ve D

Figure 5.83. Digital-to-analog converter using the R—2R ladder network

We can prove that the equivalent analog voltage V shown in Figure 5.83 is obtained from

analog
the relation
Va+2Vp+4V+8Vp+...

2n

\Y (5.72)

analog =

where 7 is the number of digital inputs. The proof is left as an exercise at the end of this chapter.

Figure 5.84 shows a four-bit R-2R ladder network and an op-amp connected to form a DAC. The
op amp shown is an inverting amplifier and in this case the reference voltage V_.; should be neg-
ative so that the amplifier output will be positive. Alternately, a non-inverting op amp could be
used with a positive value of V ;.

I

Vref ‘ ‘
Figure 5.84. Typical R-2R DAC circuit

Example 5.22

Figure 5.85 shows a four-bit DAC where all four switches are set at the ground level. Find the
analog voltage value at the output of the unity gain amplifier for each of the sets of the switch
positions shown in Table 5.2. Fill-in the right-most column with your answers.
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20KQ 10KQ 10KQ  10KQ B S S
L + Vanalog
B 20 KQ 20 KQ 20 KQ 20 KQ i_
D (Isb) ¢ C B A (msb)
1 0 1 T 0 1 T 0 1 T 0
, ]
8 VDC
L
Figure 5.85. DAC circuit for Example 5.22
TABLE 5.2 Switch positions for Example 5.22
A2’ B 2' c2’ D 2’
() 1 I I I
(b) 1 0 0 1
(c) 1 0 1 0
(d) 0 1 0 0
Solution:

This is a 4-bit DAC and thus we have 2* = 16 distinct binary values from 0000 to 1111 corre-
sponding to decimals O through 15 respectively. From (5.72):

a.
Vanalogz VA+2VB+;"VC+8VD _ 1X8+2X8+44X8+8X8 - 75V
2 2
b.
Vinatog = VA+2VB+:11VC+8VD _ 1><8+2><O+44><O+8><8 _45V
2 2
C.
Vinatog = VA+2VB+;1VC+8VD _ 1><8+2><O+44><8+8><O _25V
2 2
d.
Vanalogz VA+2VB‘*2';|'Vc+8VD _ 1X0+2X82+44X0+8X0 - 10V

Electronic Devices and Amplifier Circuits with MATLAB Applications

Orchard Publications

5-55



Chapter 5 Operational Amplifiers

Based on these results, we can now fill-in the right-most column with the values we obtained,
and we can plot the output versus inputs of the R-2R network for the voltage levels 0 V and
4 V as shown in Figure 5.86.

vout (V)

4.0+ —
3.5+
3.0+
2.5¢
2.0+
1.5+
1.0+
0.51

B B S A a0

Figure 5.86. Output vs. inputs for an R—2R network with levels O to 4 volts

A typical DAC must include an op amp to match the resistive network to a low-resistance load
and to provide gain also. Placing an impedance-matching device (the op amp in this case) at the

output of the resistive network is called buffering the output of the network. Figure 5.87 shows an
R-2R type DAC with buffered output and gain.

= 1

Figure 5.87. Op amp placed between the resistive network and output for buffering and gain

5.24 Analog-to-Digital Converters

Often an analog voltage must be converted to a digital equivalent, such as in a digital voltmeter.
In such cases, the principle of the previously discussed digital-to-analog or D/A converter or sim-
ply DAC can be reversed to perform analog-to-digital A/D conversion. There are different types
of analog-to-digital converters, usually referred to as ADC, such as the flash converter, the suc-
cessive approximation converter, the dual-slope converter, and the Delta-Sigma algorithmic con-
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verter. We will not discuss the latter; the interested reader may refer to http://www.allaboutcir-
cuits.com/vol_4/chpt_13/9.html. We begin our discussion with the flash converter because of its
simplicity.

5.24.1 The Flash Analog-to-Digital Converter

Figure 5.88 shows a typical flash type ADC consists of a resistive network, comparators, and an 8-

to-3 line encoder.” The flash ADC is so named because of its high conversion speed.

12 VDC Supply
A
12V - 8 Overflow
+
105V = A
+ Comparator
v :bﬂ
> A X A.
A% 6
+ V)’ l
75V - As
+
A =
6V — 4
n 8—to—3 Inputs | Output
Line — B, Vy = V| Previous Value
45V - A3 | Encoder Vi>Vy A =0
g2 V, <V |A =1
L 5B yIot
A 0
3V — 2
+ For Example, if Analog Input=5.2V,
A thenA0=A1=A2=A3=1
1.5V _’—_ 1 andA4=A5=A6=A7=A8=O
(Y = Ao
e +
Analog Input

Figure 5.88. A typical circuit for a flash type ADC

The truth table of the 8-to-3 line encoder is shown in Table 5.3. Obviously, a practical ADC

would require a circuit with many more comparators and a suitable line encoder.

*  For a detailed discussion of line encoders please refer to Logic Circuits, ISBN 0-9744239-5-5
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TABLE 5.3 Truth table for the 8-to-3 line encoder of Figure 7.88

>
o
2z
>
(@)
>
@)
>
N
>
[
>
o
>
>
(@)
jov]
o
=z
ov]
(@)

Analog Input
Less than O V
O toless than 1.5 V
1.5 to less than 3.0 V
3.0 to less than 4.5V
4.5 to less than 6.0 V
6.0 to less than 7.5 V
7.5 to less than 9.0 V
9.0 to less than 10.5 V
10.5t0 12V
Greater than 12V
T Underflow
T Overflow

>
AN

—O|—|O|—=|O|— O

— | O|O|O|O|Oo|o|o|o|Oo
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5.24.2 The Successive Approximation Analog-to-Digital Converter
Figure 5.89 shows a typical successive approximation type ADC.

™ x|

analog

Count—up command

Up — Down Counter

A

Inverter Count—down command

Line amplifier
Clock

Figure 5.89. A typical circuit for a successive approximation ADC

The up-down counter has a digital output that increases with each clock pulse when the count-
up line is HIGH and the count-down line is LOW. Conversely, it counts down with each clock

pulse when its count-up line is LOW and its count-down line is HIGH. Op amp A, is a compar-

ator and its output goes HIGH when its inverting input becomes slightly more negative than its
non-inverting input. Conversely, its output goes LOW when its inverting input I becomes slightly

*  For a detailed discussion on up-down counters, refer to Logic Gates and Digital Circuits, ISBN 0-9744239-5-5.
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more positive than its non-inverting input. When its output is HIGH (positively saturated), the
count-up line is also HIGH. Likewise, when the output of A, is LOW (negatively saturated), the

count-up line is LOW also. Thus, depending on whether the output of A, is HIGH or LOW, the

up-down counter counts digitally up or down, respectively.

When the up-down counter is counting up, an upward staircase voltage appears at point X. When
the counter is counting downward, a downward staircase is present at point X.

Op amp A, serves as a voltage follower and it buffers the DAC resistive network.The output volt-
age of the resistive network is applied to the non-inverting input of A; and subsequently to

inverting input of A, and it is compared with the analog input voltage V which is the volt-

analog

age to be digitized. If V exceeds the voltage of the resistive network, the output of A, goes

analog
HIGH, and the up-down counter counts up, bringing the resistive network’s output voltage up, in
steps, to the analog input V .Butif v

the output of A, goes LOW, and the up-down counter counts down, bringing the voltages at the

is less than the resistive network’s output voltage

analog analog

input of the comparator in line with each other.
Because this system has feedback which keeps the voltage output of the resistive network approx-
analogs this ADC is also known as the feedback-type

ADC. In this way the output of the up-down counter is always a digital equivalent of the analog
input V In a typical ADC of this type, the output of the counter is fed to a circuit to provide

imately equal to the analog input voltage V

analog *

a digital readout.

The line amplifiers are required just in case the maximum value of V exceeds the level of

analog
output voltages of the up-down counter. The junction diodes prevent excessive differential inputs
to the comparator, and the Zener diodes are selected to clip the comparator’s output to levels
compatible with the up—down counter.

5.24.3 The Dual-Slope Analog-to-Digital Converter

The dual-slope ADC is designed with an integrating dual-slope architecture. The simplest form of
an integrating ADC uses a single-slope architecture as shown in Figure 5.90(a) where an unknown

It

has the advantage of providing a straightforward approach to converting a low bandwidth analog
signal into its digital representation.

input DC voltage v;, is integrated and the value is compared with a known reference value v, ;.

Op amp A, is a Miller integrator and we recall that charging a capacitor with a constant current

produces a linear voltage across it. As shown in Figure 5.90(b), the time it takes for the integrator
to cause the comparator to change state is proportional to the input voltage v, ..
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C Vint
K Vief
R
Vin - Vint
+ A
Vief out
— g ¢
(a) (b) mt

Figure 5.90. An ADC with single-slope architecture

The output voltage v, is fed to a logic circuit which initiates counting in a binary counter.

Thus, the circuitry of the this ADC translates a voltage level into a time measurement which can
be counted with the binary counter.

The single-slope converter of Figure 5.90(a) is not practical because it is subject to errors caused
by variation of the timing components R and C, temperature, and aging. These errors will change
the conversion results and make measurement repeatability difficult to attain. To overcome

these sensitivities, the dual-slope integrating architecture is used. Figure 5.91 shows a typical
dual-slope ADC.

—OS/IO—
K C Vmax7~~~~~~~7**}
Vino— R %
Viefo—2° Sz B Ving — i
+ 3
+ Vout : t
— 1 | T | — T, —|
(2) (b)

Figure 5.91. An ADC with dual-slope architecture

In the circuit of Figure 5.91(a) Switch S, is used to discharge the capacitor before the start of the
conversion cycle and thus v,,, = 0. The conversion cycle begins with opening Switch S, and
placing Switch S, to the v,, position. A constant current whose value is Iy = v;,/R charges the

capacitor for a reference time T, as shown in Figure 5.91(b). The output voltage v, is fed to a

out
logic circuit which initiates counting in a binary counter. The binary counter counts the pulses
from a fixed clock frequency f. and the counting is proportional to time T, . At the end of time

has

a negative value. The current into the integrator reverses direction and its value is

T, the binary counter is reset to zero and Switch S, is placed to the v, position where v,
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Iggr = Viep/R. The voltage v;,, at the output of the integrator decreases linearly during time T,

as shown in Figure 5.91(b) and when this voltage reaches zero volts, the comparator initiates a sig-
nal to stop the binary counter.

Let n, be the counter reading at the end of T, and n, be the counter reading at the end of T, .
Since v,/ T, = v;y/(RC), v, .. /Ty = v,/ (RC), and n,/T; = n,/T,, it follows that

max

V:
n, = ny( 2 ) (5.73)

Vief
and this expression indicates that the content of the counter at the end of the conversion proce-
dure is directly proportional to the voltage v;, to be digitized. The major advantage of the dual-
slope architecture ADC over the single-slope architecture ADC is that the entire cycle of the con-
version is insensitive to errors since any error introduced by the components R and C during time
T, will be cancelled out during time T, .

5.25 Quantization, Quantization Error, Accuracy, and Resolution

In the previous section we’ve learned how to convert an analog signal to its digital equivalent. We
assumed that the analog signal is continuous in both time and amplitude. To express this signal to
a digital form we must subdivide both time and amplitude (for instance volts) into a number of
equally spaced intervals. The subdivision is referred to as quantization. Figure 5.92 shows how an
analog voltage is quantized in both time and amplitude. The intervals on the time and voltage
axes are equally spaced but need not be the same.

v (mV) Tv (mV)

/

0" 12 3 45 6 7 8 9 10
(a) (b)

Figure 5.92. An analog voltage quantized in time and amplitude

From Figure 5.92(b) we see thatatt = 1 us, v = 1.0 mv,att = 2 us, v = 2.5 mv, and so on.
But with the quantization we chose, we do not know intermediate values, for instance, we do not
know what the amplitude of the voltage at t = 1.6 us. Of course, we could quantize the time axis
in smaller intervals but no matter how small the intervals are, there will always be a small number
that will fall between the time intervals. Subdividing the time axis into a finite number of intervals
is known as sampling.
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We may wonder what sampling rate one must choose to faithfully (exactly) reproduce an analog
signal such as that of Figure 5.92(a) from its digital equivalent of Figure 5.92(b). The answer to
this question is provided by the well known sampling theorem which states that to faithfully repro-
duce an analog signal from it digital equivalent, the analog signal, before conversion to a digital,
must be sampled at least twice the frequency of the highest frequency component of the signal.
This minimum frequency is known as the Nyquist rate. Thus, to reproduce exactly a 10 KHz sinu-
soid, theoretically, we must sample it at least at 20 KHz rate and in this case the Nyquist rate is
20 KHz. And how do we know the highest frequency component of a signal? The answer is from

N
Fourier series.

In practice, the Nyquist rate is not sufficient; it is a theoretical value and because of electronic
equipment limitations and component imperfections, this theoretical value cannot be achieved.
A general rule is to sample at five to ten times the highest frequency of the analog signal.

The difference between an exact analog value and the closest discrete value after sampling is
known as quantization error. Obviously, every ADC suffers from a quantization error no matter
how small.

The linearity of an ADC or DAC is a measure of accuracy and it is an indication of how close the
converter’s output is to the ideal input-output transfer characteristics. The output of an ADC is

accurate to within £1/2 of the least significant bit (LSD).

Example 5.23

What is the accuracy of an 8-bit ADC if the converter encodes an analog voltage between 0 and
+15 volts.

Solution:

The LSD represents increments of 16/2° = 16/256 = 1/16 so the LSD is 1/16. With an accu-
racy of +1/2 of the LSD, this ADC produces a digital output that represents the analog input
within +1/32 = 31.3 mV.

Another term used in ADCs and DAC: is resolution. Accuracy and resolution have different
meaning. Accuracy is the degree with which an instrument measures a variable in terms of an
accepted standard value or true value; usually measured in terms of inaccuracy but expressed as
accuracy; often expressed as a percentage of full-scale range. Resolution is the smallest change in
the parameter being measured that causes a detectable change in the output of the instrument.
Typically, an eight, ten, or at most twelve bits of digital output provides adequate resolution.

*  For a thorough discussion on Fourier series and the Fourier transform, please refer to Signals and Systems with MAT-

LAB Applications, ISBN 0-9709511-6-7.
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For example, a voltmeter is said to have a resolution may be 0.1 mV . This means that this value
is the step size of the voltmeter’s measuring capability. In other words, it is the value with only one
decimal place which can be measured and possibly recorded against other voltage records as the
voltmeter is not able to detect any smaller step size in voltage changes. By comparison, the accu-
racy of, say 0.2 mV refers to the degree to which this value may differ from the true value.

Example 5.24

How many clock cycles would we need to obtain a 10-bit resolution with a dual-slope ADC?

Solution:

The integration time T, would require 2'% = 1024 clock cycles and also another 2'° = 1024

clock cycles for integration time T, for a maximum conversion of 2 x 2'% = 2048 clock cycles.

5.26 Op Amps in Analog Computers

Present day analog computers are build with op amps. In an analog computer the numbers repre-
senting the variables are voltages. We will not discuss analog computers in this section. We will
simply present two simple examples to illustrate how op amps are used in analog computation.

Example 5.25

Using two op amps and resistors, design an analog computer that will solve the equations

a;x+byy = c (5.74)

a,x+byy = ¢,

where a,, a,, b, by, ¢, and ¢, are constant coefficients.
Solution:

We observe that the arithmetic operations involved in (5.74) are addition and multiplication by
constant coefficients. The two additions can be performed by summing op amps. Multiplication by
a coefficient greater than unity can be performed with an op amp with feedback, and if the coeffi-
cient is less than unity, we can use a voltage divider. It is convenient to express the given equa-
tions as

c, by
X = a—- — a_
v (5.75)
_% b
YT, b,
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and these equations can be solved using two summing amplifiers as shown in Figure 5.93. As
shown in Figure 5.93, the output of op amp A, is a voltage representing the unknown x and the
output of op amp A, is a voltage representing the unknown y. The fraction b,/a, of y is

obtained from the potentiometer R, ., and this is summed in op amp A, with the fraction

adj
—c,/a, obtained from potentiometer R ,4;; and voltage source Vg, . A similar summation is

obtained by amplifier A, .

R .dj4
— (b,/a))y

Figure 5.93. Analog computer for the solution of two simultaneous equations with two unknowns

In Figure 5.93 the scaling factors chosen must ensure that the voltages representing the
unknowns do not exceed the output capability of the op amps. This procedure can be extended
to the solution of simultaneous equations with more than two unknowns.

Before we consider the next example for a circuit to solve a simple differential equation, we need
to discuss a practical integrator circuit that provides some means of setting a desired initial value
at the beginning of the integration cycle. It is also necessary to provide means to stop the integra-
tor at any time, and for the integrator output to remain constant at the value it has reached at
that time. An integrator circuit that provides these means is shown in Figure 5.94.

Initially, the integrator sets the initial condition with the switches as shown in Figure 5.94(a),
and denoting the initial condition as V. The voltage across the capacitor cannot change instan-

taneously, and thus

vy (t=0) = _%vo (5.76)
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Example 5.26

the simple differential equation

dVC__l_,

dt

= Vou(t=0) -

R;

1

out

Figure 5.94. Integrator circuit mode control

When switched to the compute mode, the circuit integrates the input voltage and the value of the

t
j v. dt
nC 0 1n
The integrator is then switched to the hold mode and remains constant at the value reached at
the set initial condition mode.

(5.77)
the end of the compute mode. We observe that the switches in the hold mode are positioned as in

Using one op amp, resistors, capacitors, and switches design an analog computer that will solve

c'c

Orchard Publications

where C is a constant representing the value of a capacitor, dv. is the voltage across the capacitor
o . s o -0
and i. is the current through the capacitor and the initial condition is v(t™) = V.

Electronic Devices and Amplifier Circuits with MATLAB Applications

(5.78)

5-65



Chapter 5 Operational Amplifiers

Solution:

The given differential equation can be solved with the circuit of Figure 5.95.

|
@V

Figure 5.95. Integrator circuit for Example 5.26

Initially, a voltage representing the value of dv./dt is applied to the integrator and the output of
the integrator will be a voltage representing i... Then, the output is multiplied by 1/C and fed
back to the input.
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5.27 Summary

e The operational amplifier (op amp) is the most versatile amplifier and its main features are:
1. Very high input impedance (resistance)
2. Very low output impedance (resistance)

3. Capable of producing a very large gain that can be set to any value by connection of external
resistors of appropriate values

4. Frequency response from DC to frequencies in the MHz range
5. Very good stability

6. Operation to be performed, i.e., addition, integration etc. is done externally with proper selec-
tion of passive devices such as resistors, capacitors, diodes, and so on.

e The gain of an inverting op amp is the ratio -R;/R; where R; is the feedback resistor which
allows portion of the output to be fed back to the minus (-) input. The minus (-) sign implies
that the output signal has opposite polarity from that of the input signal.

e The gain of an non-inverting op amp is 1+R/R, where R; is the feedback resistor which

allows portion of the output to be fed back to the minus (-) input which is grounded through
the R;, resistor. The output signal has the same polarity from that of the input signal.

e In a unity gain op amp the output is the same as the input. A unity gain op amp is used to pro-
vide a very high resistance between a voltage source and the load connected to it.

e Op amps are also used as active filters.

o The input resistance R, is defined as the ratio of the applied voltage vg to the current ig

drawn by the circuit, that is, R, | = vg/ig.

o The output resistance R, is the ratio of the open circuit voltage to the short circuit current,
e Operational amplifiers can operate either a closed-loop or an open-loop configuration. The

operation — closed-loop or open-loop — is determined by whether or not feedback is used. Most
operational amplifiers operate in the closed-loop configurations, that is, with feedback.

e The gain of any amplifier varies with frequency. The specification sheets for operational ampli-
fiers state the open-loop at DC or 0 Hz. At higher frequencies, the gain is much lower and
decreases as frequency increases at the rate of —20 dB/decade.

e The unity gain frequency, is the frequency at which the gain is unity.
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e The gain-bandwidth product is an important op amp parameter and is related to the unity gain
frequency as Gain x Bandwidth = Unity Gain Frequency.

e The use of negative feedback increases the bandwidth of an operational amplifier circuit but
decreases the gain so that the gain times bandwidth product is always equal to the unity gain
frequency of the op amp.

e Common-mode rejection refers to the condition that if the inputs to the op amp are exactly

the same, i.e., if v;;, = v;,;, then v, = 0. In other words, the op amp rejects any signals at
its inputs that are the same.
e The transresistance gain is defined as the ratio v, /i, .

out

e The closed loop transfer function G(s) is defined as G(s) = V,,(s)/V;,(s) and in the invert-
ing input mode G(s) = -Z«(s)/Z,(s).

e The output voltage of an op amp integrator is the integral of the input voltage.

e The output voltage of an op amp differentiator is the first derivative of the input voltage.

e A summing amplifier in the inverting mode produces the negative sum of any number of input
voltages. Likewise, a summing amplifier in the non-inverting mode produces the positive sum
of any number of input voltages.

e A differential input op amp allows input signals to be applied simultaneously to both input ter-
minals and produce an output of the difference between the input signals. A differential input
amplifier must have a high common mode rejection ratio (CMRR) defined as

Common mode gain A

CMRR = Differential gain _ ﬁ
cm
where the differential gain A, is the gain with the input signals applied differentially, and com-
mon mode gain is the ratio of the output common-mode voltage V to the input common-
thatis, A, =V /Viem in- Ideally, A,

and much smaller than unity.

cm out

mode voltage V is zero but in reality is finite

cm in? cm out m

e High input resistance differential input amplifiers are suitable for use in differential measure-
ment applications and the associated circuits are referred to as instrumentation amplifiers.

e General purpose op amps are normally internally frequency compensated so that they will be
stable with all values of resistive feedback. Other types of op amps are without internal fre-
quency compensation and require external connection of frequency compensating components
to the op amp. Typically, the compensating components alter the open loop gain characteris-
tics so that the roll-off is about 20 dB/decade over a wide range of frequencies.
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e The slew rate (SR) is defined as the maximum rate of change of an output voltage produced in
response to a large input step function and it is normally expressed in volts per microsecond,
that is,

d
SlewRate = SR = —out
dt

max

e Op amps can also be used in circuits with non-linear devices. We have introduced the positive
and negative voltage limiters, half-wave rectifier with limited positive or negative output.

e A comparator is a circuit that senses changes in a varying signal and produces an output when a
threshold value is reached. As a comparator, an op amp is used without feedback, that is, the op
amp is used in the open loop configuration.

e A Wien bridge oscillator produces a sinusoidal output. This oscillator uses two RC networks
connected to the non-inverting input of the op amp to form a frequency selective feedback cir-
cuit and this causes oscillations to occur. It also amplifies the signal with two negative feedback
resistors.

e A digital-to-analog converter (D/A converter or DAC) is used to convert a binary output from
a digital system to an equivalent analog voltage. If there are 16 combinations of the voltages V,

through V, , the analog device should have 16 possible values.

e A DAC with binary-weighted resistors has the disadvantage that it requires a large number of
precision resistors.

e A DAC formed with an R-2R ladder network, requires more resistors, but only two sets of pre-
cision resistance values, R and 2R.

e A DAC must include an op amp to match the resistive network to a low-resistance load and to
provide gain also. Placing an impedance-matching device (the op amp in this case) at the out-
put of the resistive network is called buffering the output of the network.

e An analog-to-digital converter (A/D converter or ADC) converts an analog signal to its binary
equivalent. Popular types of ADCs are the flash converter, the successive approximation, and
the dual-slope.

e Quantization is the process where an analog signal is subdivided into small discrete time and
amplitude intervals. Subdividing the time axis into a finite number of intervals is known as
sampling. The difference between an exact analog value and the closest discrete value after
sampling is known as quantization error.

e The sampling theorem states that to faithfully reproduce an analog signal from it digital equiv-
alent, the analog signal, before conversion to a digital, must be sampled at least twice the fre-
quency of the highest frequency component of the signal. This minimum frequency is known as
the Nyquist rate. The Nyquist rate is not sufficient; because of electronic equipment limitations
and component imperfections, this theoretical value cannot be achieved. A general rule is to
sample at five to ten times the highest frequency of the analog signal.
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e The linearity of an ADC or DAC is a measure of accuracy and it is an indication of how close
the converter’s output is to the ideal input-output transfer characteristics. The output of an
ADC is accurate to within +1/2 of the least significant bit (LSD).

e Accuracy is the degree with which an instrument measures a variable in terms of an accepted
standard value or true value.

e Resolution is the smallest change in the parameter being measured that causes a detectable
change in the output of the instrument. Typically, an eight, ten, or at most twelve bits of digi-
tal output provides adequate resolution.

e Present day analog computers are build with op amps. In an analog computer the numbers
representing the variables are voltages.
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5.28 Exercises

1. For the circuit below compute v ., .

90 KQ
27 KQ 10 KQ
3 KQ _
Vint o - — e+
10 mV F + Vout2
- + Vout i L‘
2. For the circuit below compute isg ¢ .
4 KO -
+
Isko
3KQS 6 KO > Ko
60 mV
3. For the circuit below, R; |, R, ,,and R, . represent the internal resistances of the input voltages

Vints Vin» and v, 5 respectively. Derive an expression for v . in terms of the input voltage

sources, their internal resistances, and the feedback resistance Rg.

Rinl Rf
+ 4
RinZ Rin3 Vout
+ —
VinIC_D A;L
Vin2 Vin3
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4. For the circuit below compute v .

10 KO 50 KQ
- S S
+ v
20 KQ out
40 KO 1
40 mV =

5. The op-amp circuit (a) below can be represented by its equivalent circuit (b). For the circuit (c),
compute the value of R, ,4 so that it will receive maximum power.

R, Ry
+ —
_Vln ——o—+—o +
+ Vout
(a) (b)
2 KO 20 KQ
+ v. - 5 KQ
in
1 ; y
L 15 KQ Vout
—_ Rload B
(©)

6. For the circuit below compute vy, using Thevenin’s theorem.

84 KQ
100 KQ
12 KO 4KQ - -
+ v
+ out
5KQ = Vsgg = 20 KQ L
72 mV 1 1
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. For the circuit below compute the gain G, = v /v,

Ryca40kQ Ri= 40 KQ

+ J—
v, 200KQ 50 KQ =+
* Vout

S0 KQ L _

1 1

8. For the circuit below show that the gain is given by

R
R 3
2 4% Ry
out

L = 1

. +

9. The specifications for the popular 741 op amp state that the open-loop gain is 200, 000 and the
unity gain frequency is 1 MHz. Plot the frequency response for open-loop gain versus fre-

quency curve and the closed-loop frequency response for a gain of 10.

10. For the op amp shown below the open-loop gain is 100, 000 .

V-'-H% h +
—ji \-,'_ * Vout
= l 1
a. Find v, ifv;;, =3 mV and v, =5V
b. Find v, , if v;;; = 2mV and v, = -5V
c. Find v, if vi;; = 2 mV and v;, = -3 mV
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11. Determine whether the op amp circuit below is stable or unstable. Assume infinite input
impedance and zero output impedance.

+ _
V. — +
—ml Vin2 P Vout
L Ry _
cl, 100KQ =
10 uF 1~
12. For the op amp circuit below, find:
a. the transresistance R,
b. the output voltage v
10 KQ
+ — = 1n
Vin 1 mA +
1 Vout
= I
13. For the op amp circuit below:
Ry
€
R, C
+ —
v, +

5
+
<

out

a. Derive the closed-loop transfer function
b. Derive an expression for the DC gain
c. Derive an expression for the 3 dB frequency

d. If R, = 1 KQ, compute the values of R; and C; such that the circuit will have a DC gain
of 40 dB and 1 KHz 3 dB frequency
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e. Compute the frequency at which the gain is 0 dB
f. The phase angle at the frequency where the gain is 0 dB
14. For the op amp integrator circuit below the time constantis T = 100 ps.

/=
cl\

+
Vout
— J;_
a. Find the value of the capacitor C
b. Find the magnitude and phase angle of the gain at f = 1 KHz

c. Find the frequency at which the magnitude of the gain is unity

15. For the circuit below, it is required that the current i; should not exceed 1 mA , and the output

voltage should be such that v, = —(4v;,; +3v;,,) <|12| V. Select appropriate values for resis-

tors Ry, R, and R, to meet these specifications.

R,

+ 'r R
Vint R, - +
L A + y

- Vin2 L out

L —

16. As stated earlier in Section 5.16, to make the overall gain of the circuit of Figure 5.67 vari-
able, we replace resistor R, with a fixed value resistor Ry;, in series with a variable resistor

i

R, Ryix R

R,,, as shown below.

var

Choose appropriate values for the fixed value resistor Ry;, and the variable resistor R, so

that the overall voltage gain can vary from 10 to 100.
17. Suggest a nulling circuit other than that of Exercise 16 for:
a. an inverting mode op amp

b. a non-inverting mode op amp
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18. Find appropriate values of all external resistors so that the differential input op amp circuit
below will have an input resistance R;, = 50 KQ and voltage gain G, = 40.

R, R;
¥ - L+
Vin1 + + o Vou
— ou
L Yin2 © R 1~
1 : =

19. For the circuit below, derive the transfer function G,(s) = V,(s)/V,,(s) and the magni-

tude and phase of G,(jo) = V_ (jo)/V,,(jo) at unity gain.

R, R;
g B +
Vin (¢ + '
1 C I\ out
== R, 1°

20. The circuit below is referred to as a differential input integrator. The resistors and capacitors
are of equal value. Derive an expression for V _ (s) in terms of the input voltages and the

circuit constants.

|
I\
R C
* R —— +
Vinl (S) -
Vou(s)
_L Vin2(s) C L }uj_
L L -
21. The figure below shows a digital-to-analog converter with binary-weighted resistors.
Vanalog
R R R R R
2“ 8 4 2
Vg Vp Ve VgV,
Prove that
v =VA+2VB+4VC+8VD+...
analog 1+2+4+8+...
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22. The figure below shows a digital-to-analog converter with known as R—2R ladder network.

2R R R R
L Vanalog
- 2R 2R 2R 2R
Va Vs Ve D
Prove that
Va+2Vg+4V+8Vp+...
Vanalog = X

where 7 is the number of digital inputs.

23. Design an analog computer circuit to perform the following integration.

)dt

t
Vout = _I (Vinl + 2Vir12 + 1OVin3
0

Assume ideal op amp action and that the integrating capacitor has a value of 1 uF.
24. Design an op amp circuit whose input is v;, whose output is v ,, = - 5v;, — 3dv;,/dt

25. For the op amp circuit shown below, derive an expression for the output voltage v, in terms
of the input voltage v;, .

R L
c 2
|
|
_|_
Vin R, +
1 bt

26. For the op amp circuit shown below, derive an expression for the output voltage v, in terms
of the input voltage v;, .

1 MQ 0.5 uF
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5.29 Solutions to End-of-Chapter Exercises

1.
90 KQ
27 KQ 10 KQ
3 KQ —
- i o -
10 mV N V+ i o + Vout2
I T
Vour1 = —(27/3)x 10 = =90 mV
and thus
Vina = Voutr = -90 mV
Then
Vous = (1 + %) x (=90) = —0.9 V
10
2. We assign vy, Vi .4, and R; .4 as shown below.
4KQ -
+ .
+ +| ' 1sko
Vload
3KQ< 6 KQ <2V
- - Rload
60 mV 5 KQ

3KQll6 KQ =2KQ
and by the voltage division expression

2 KQ

:mx60mV=20mV

Vi

and since this is a unity gain amplifier, we get

Viead = V1 = 20 mV

Then
o= Vioad _20mV _20x 107 06 4 Z g
Ko Rload 5 KQ 5 x 103
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3.
R
Rinl f
+ +
Rinn Rins Vout
® I
Vin1 —
V1n2 V1n3
By superposition
Vout = Voutl + Vout2 + Vout3
where
Ry
v = — V.
outl inl
Viny = 0 Rin
Viny = 0
We observe that the minus (-) input is a virtual ground and thus there is no current flow in R, ;
and R, ,. Also,
Ry
v = — V.
out2 in2
Ving = 0 Rin,
Vins = 0
and
Rf
Vout3 -0 = _R (_VinS)
inl = in3

in2

Then,

Vin3 Vin2  Vinl
Vout = Rf(Rl.n B Rl.rl B Rl.rl )

in3 in2 inl

4. We assign voltages v, and v, as shown below. At the minus (-) terminal

v, —40 mV_*_V1 —Vout _ 0
10 KQ 50 KQ

6 3Vl — ! 3V0ut =4 x 10_6
50 x 10 50 x 10
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ke |y 50 KQ
Val 74'\; +t
20 KQ ov
40 KQ I
40 mV -
At the plus (+) terminal
—40 mV
v, m N Vo _ 0
20 KQ 40 KQ
3 V) = 2%x107°
40 x 10
_80x 107
vV, = ———
3
Since v, = v, we equate the nodal equations and we get
6 (80x107° 1 6
( )— Vour = 4% 107
3 3 3V ou
50 x 10 50 x 10

Multiplication by 50 x 10° yields

2x80x 107 x50x10° 3

: Vou = 4x10°x50% 10
50 x 10

Vour = —40 mV

(o]
Check with (5.16) using MATLAB:

R1=10000; R2=20000; R3=40000; Rf=50000; Vin=40*10/(-3);
Vout=(R1*R3-R2*Rf)*Vin/(R1*(R2+R3))
Vout =

-0.0400

5. We attach the 5 KQ, 15 KQ, and R, ,, resistors to the equivalent circuit as shown below. By

Thevenin’s theotem,

15 KQ

Vra = Voc = Vab = m(—IOVm)
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° a
5 KQ
2 KQ 10Vin 15 KQ Rload
Vin b
1

or

Vg = — 7.5V,

Because the circuit contains a dependent source, we must compute the Thevenin resistance using
the relation Ry = vypy/ige where ige is found from the circuit below.

& X

5KQ
10v;, 15 KQ ‘
Isc

We observe that the short circuit shorts out the 15 KQ and thus

. ; -3
Then
R TV _ 375 KO
TH — -3 - °
-2x10 v

and the Thevenin equivalent circuit is shown below.
Ry

G Rload

VTH

Therefore, for maximum power transfer we must have R, ,4 = Ry = 3.75 KQ

6. The given circuit is a non-inverting op amp whose equivalent circuit is shown below.

F— +
+ . Rf
Vin (1 + R—)Vin Vout

. [ " _

Electronic Devices and Amplifier Circuits with MATLAB Applications 5-81
Orchard Publications



Chapter 5 Operational Amplifiers

For this circuit v;, = vsgq and the output is

R
£ 100
Vout = (1 +R_JV5KQ = (1 +7)‘)V5KQ = 6Vsko

mn

Attaching the external resistors to the equivalent circuit above we get the circuit below.

12 KQ 84 KO l
4KQ X, .
5KQ
5 KQ =>Vska
72 mV b — |
=

To find the Thevenin equivalent at points a and b we disconnect the 5 KQ resistor. When this is

done there is no current in the 4 KQ resistor and the circuit simplifies to the one shown below:.

12KQ , 84KQ

+
f
@) i Vab
72 mV i 6Vska
bl
By KVL
(12 KQ + 84 KQ)i+ 6vgeq = 72 mV
or
72 mV — 6V q
1 =
(12 KQ + 84 KQ)
Also
_ 72 mV - 6V g
3
or
3
and thus
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The Thevenin resistance is found from Ry = vge/ige where ige is computed with the termi-

nals @ and b shorted making vsg, = 0 and the circuit is as shown in Figure (a) below. We also

perform voltage-source to current-source transformation and we get the circuit shown in Figure

(b) below.

12 KQ
4 KQ 12 KQ N 4 KQ
© 2t e — O a
) s4kQ/ |
72 mV ISC b 6 MA ~_ ISC b
L —
(a) (b)
Now,
12 KQJ[ 84 KQ = 10.5 KQ
and by the current division expression
. . 10.5 KQ 126
= = 6 A = - A
'sc Tl T TosKQ+aRO M T 9 B
Therefore,
Ry = 22¢ = 22 _ 5gkQ
isc  126/29

and the Thevenin equivalent circuit with the 5 KQ resistor is shown below.

Ry 4,

Finally, by the voltage division expression

Vsko = #x252 = 20 mV

7. We assign node voltages v, and v, as shown below and we write node equations observing that

v, = 0 (virtual ground).
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%401{9 R3< 40 KQ

+ _—
v, 200KQ % 50 KQ N ——t
Vout
50 KQ L —
pp— J;;
Node 1 at vy
Vi=Vin , Vi=Vour, Vi—0 S S
200 KQ 40 KQ 50 KQ 50 KQ
or

( 1 1 1 1 ) _ Vin Vout
+ + + v, = +
200 KQ 40 KQ 50 KQ 50 KQ 200 KQ 40 KQ

Multiplication of each term by 200 KQ and simplification yields

1
v, = _(V1n+5V0ut) )

Node 2 at v, :
0-v, +O—VOut _ 0
50 KQ 40 KQ
or
5
Vi = 2 @)

Equating the right sides we get

1
1_4_(Vin + 5V0ut) = _Zvout

or

37 1
ﬁvout = _TZVin

Simplifying and dividing both sides by v, ~we get

8. We assign node voltages v, and v, as shown below and we write node equations observing that

v, = 0 (virtual ground).
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R,
R,
+ v,
Vin
é =
Node 1 at vy:
O0-vy, 0-v, _ 0
R, R,
Solving for v, we get
R,
V2 = TR Vin M

Node 2 at v,:

1
- 2
RR, 4R, /Ry a1 ou @

A&

Equating the right sides we get

1 R
Vout = 7% Vin
Rs/R;+R5/Ry+1 R,

Simplifying and dividing both sides by v, we get

\% R
G, = -2t = —i[R4+R2(—4+1ﬂ
R3

Vin Rl

Electronic Devices and Amplifier Circuits with MATLAB Applications
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9.

10.
V—i‘_%_ +
—Lni ‘—’:T—'_ Vout
= l ;

From (5.25) v, = Ay (Vinn — Vin1)» and we are given that A ; = 100, 000. Then,

3% 10‘3—i5 = 295 mV
10

Yout _ 55107 4

. Vyyr = Ay (Vi = Vigy) = 10°(=30-20)x10° = -1 V

Electronic Devices and Amplifier Circuits with MATLAB Applications
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11.

The s — domain equivalent circuit is shown below.

+ L
Vinl Vinz + +
1 Re | o
., Cly l00Ke
107/s /<
From (5.25)
Vout = AOI(Vin2_Vin1) (1)
By KCL
S\]in2+\]in2_vout =0

10° 10°

Vout = (S + 1)Vin2

<

out

s+ 1

\%
Vout = Aol( :Oult - Vinl)

VinZ =

and by substitution into (1)

Aol _
1- s+ 1 Vout - _AolVinl

G(s) = Vout _ -A,(s+1)
s+1-A

inl

The pole of G(s) islocatedat s = —(1-A,)) = A, -1 and it is positive for A ;> 1. Therefore,
the circuit is unstable since the pole is located on the right half-plane.

12.
B 10 KO
+ mn
Vin 1 mA +
:L Vout
— = A;L_
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This circuit is the same as that of Figure 5.47 where we found that R, = —R;. Then,
a. R, = -10 KO

A%
b.R. = 2% - _10 KQ or

m
Lin

v. =R i = (10 KQ)(1 mA) = —10 V

out mTin

13.

The s — domain circuit is shown below.

Y(s).~ -
f " Rf
Z(s) ...
TR,
+
+
Vin(s) \V4 (S)
1 out
pp— A;L_
a.
Z,(s) = R,
Y(s)=l+ 1 =-1—+sC = (1+sCR;)/R
f R, 1/sc, T Ry Re)/ Re
R
Zfs) = —— = —*
Yi(s) 1+sCRg
\Y y4 R./(1+sCR R
G(s) = voul® _ Zds) _ Ry ( Re) _ £ (1)
V.,(s) Z,(s) R, Rl(sCfRf+ 1)
b.
The DC gain is defined at the point where the frequency is zero, thatis, s = 0. Then, (1)
above reduces to
A\Y R
Gai — _out _ _f
*inc Vin R,
c.
We rewrite the transfer function of (1) above as
R
I U S
GO = g 57 1/CR;
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and we recognize this as the transfer function of a low-pass filter whose cutoff 3 dB fre-
quency is fy 45 = 1/2nCR, and falls of at the rate of 20 dB/decade as shown below.

Therefore, the 3 dB frequency can be determined by proper selection of the feedback resis-
tor and feedback capacitor.

fy g = —ol
348 T 2R C

dB scale
out

V.

n

‘ \%

~
log scale

—20 dB/decade

Pass band ~|—~Stop band

d. 40 dB represents a ratio of 100. Therefore, R¢/R; = 100 and with R, = 1 KQ, we find
that R; = 100 KQ. Also, since

fy 4 = —0
3BT 2nRCh

for f; 45 = 1 KHz and R; = 100 KQ, we find that

1 1
f = =
2nRfs 45 27 % 10° x 10°

= 1.59 nF

e. The sketch above shows that the gain drops at the rate of 20 dB/decade and thus the drop
of the gain from 40 dB to 0 dB represents two decades. And since at 40 dB,

fy s = 100 % £,y 45 = 100 x 1000 = 100 KHz

. . . . . * .
f. It is shown in Circuit Analysis texts that for low-pass filters

v
G(jo)= ~ut = 1 ! /-atan(oRC)

_ 1 _
Vio  1HIORC 1 L 0?R2CY) Zatan(0RC) A1 +0°R3C

The following MATLAB script will plot the phase angle 6 = —atan(®RC) as a function of
frequency o with RC = 1 . The script expresses the frequency normalized to the 3 dB fre-
quency where f; ;3 = 1 KHz. Then, the normalized phase angle can be expressed as

0, = —atan(f/f; 45).

n

*  See Chapter 7 in Circuit Analysis [ with MATLAB Applications, ISBN 0-9709511-2-4
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f=(0.1:0.01:10); f3dB=1; theta=—atan(f./f3dB).*180./pi; semilogx(f,theta); grid

0

Degrees

Normalized frequency f/f3dB (log scale)

The plot above shows that the f; ;5 = 1 KHz frequency occurs at 6 = —45° and the

asymptotic (dotted) line indicates that it drops at the rate of 45°/(decade). Therefore,
the phase at 100 KHz is —90° and because this is an inverting amplifier, we must add
—180° so the total phase shift is ~270° or +90 °.

14.

The s-domain equivalent circuit is shown below.

i

— I\
I
R, = 10 KQ cs)
! (s) ~ ——
Vi, (s) 7 I(s
J— —'— Vout(s)
1 =

= é_

a. The time constant is the product of R, and C, thatis, t = R,C = 10 s, and thus

C =1t/R, = 10°*/10" = 0.01 uF
b. V. (s)
1 1 1 Vipl$
Vouls) = —gle(s) = —F1(s) = “SCR,
Vout(s) - _ 1
V.,(s) sR,C
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8 4

Voulo®) _ 1 _ 100 _ 10
Vin(Go) — joR,C o0t jo

4
-2

(O]

\Y

out

V.

mn

0 = 180°-90° = 90°

4

- 10 159

f=1KHz 2T X 10°

Vout
v

in
6 = 90°

c. From (1) above we observe that the gain will be unity when » = 10% t/s or

4
f = Lz1.6 KHz
T

—

15.

"y

<

From (5.49)
_(R¢ Re Re
Vout = ~ ITlVim +[T2Vin2+ +R_NVinN

and with only two inputs it reduces to
Ry Ry

—( 7 Vi1 T ﬁ;vin2) (1)

\%
R1

out —
Since the magnitude of v, must 12 V or less and the feedback current i must be limited to

1 mA, there must be
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Then, the condition v, = —(4v;,; +3v;,,) can be satisfied if we choose R; = 3 KQ and

R, = 4 KQ.

16.

Ny Nl

Rl Rfix Rvar

The overall voltage gain can be found from relation (5.67), that is,

v R, (2R
out __4(_2+1)

Ay= —2EL -
(Vina=Vin)  R3 VR

so we need to replace R, with Ry, +R,,,. For convenience, we can make R, = R; and the
above relation reduces to

= ——2 41
Rfix + Rvar

Aq

Let us choose a 100 KQ potentiometer for R, .. For maximum gain, 100 for our case, the
potentiometer must be set for zero resistance, in other words, R,,, = 0. Then,
2R
2
Agmax = g2 +1 =100 (D)
fix
For minimum gain, 10 for our case, the potentiometer must be set for full resistance, in

other words, R,,, = 100 KQ. Then,

L BT 2)

Rg +10

Ad min
Rearranging (1) and (2) for simultaneous solution, we get
R,—45R;, = 45x10°

and the solution yields R, = 495 KQ ~ 500 KQ and Ry;, = 10 KQ
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17.
a.
R, Ry
+ —\NN——
Vin —o +
_4]; Vout
- g r, i
—V°—\/V¢W—° +V
10 KQ Pot
b.
+V
R, Ry
10 KQ Pot<<— A p\AN—4—
R, e 4
V+OJAAH Vou_t
v I

In both circuits of (a) and (b) above, the potentiometer can be adjusted to provide the value
and polarity of the DC input voltage required to null the output to zero volts.

18.

Vin1 +
out
B Vi Ry %
= R 1~
—_— 3 1

From (5.62) R R
in = 1

and this relation holds only if R, = R, . Since for the circuit above we want R;, = 50 KQ, we
must make R, +R, = 50 KQ, and if R, = R, then R; = R, = 25 KQ.
The circuit above will perform as a differential input op amp if

&:E}

R, R,
and if we make R, = R, and Ry = Ry, for R; = R, = 25 KQ and G, = 40, we must make

R, = R; = 1 MQ.
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19. The s — domain circuit is shown below.

R, v =1(s) "R,
1
y I(s v, | +
Vin(s) I(S)V 2 + \Y4
é ° R, 1~
By the voltage division expression
\% v
2= T/5C+ g, )
and since
Vi=V,
it follows that
Ve —2 (s)
P77 1/sC+R, I

This is a differential input amplifier and the current I(s) is

Vin(s) - Vl

I(s) = R
1

_ L( R, ) _ Vin(s)( R, )
1) = g V) = 7Ty, V) = U 1/5C +R,

_ Vin(s)(l/SC+R2 R2 ) _ Vin(s)( 1/sC
~ Ry \/sC+R, 1/sC+R,/ Ry \I/sC+R

>

Next,
Vout(s) = V, - RI(s)

Ry Vin(s)( 1/sC
Voul®) = 775e g, Vi "Ry 1/sC+R)

Gu(s) = Voui(s) _ R, _1&( 1/sC _ R|R, -R;/sC
v V. .(s) 1/sC+R, R\/sC+R R,(1/sC+R,)
G(s) Vour(s)  R,-R;/sCR; sCR,-R;/R;, s—-R;/CRR,

yi8) = = = =

Vi.(s)  R,+1/sC sCR, + 1 s+1/CR,

Now, letting s = jo, we get
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Vo) _ jo—-R;/CRR,
V(o) jo+1/CR,

G,(jo) =

and for unity gain there must be R; = R;. Then,

Vo) _jo-1/CR, _ Jar /R Lun(-oCR f
outU )_J(D 2 _NO » £tan(-o 2)=14—2tan 1(a)CRz)

Gv(.]w) = V. (J(D) _J(D+1/CR - 2 2.2
in 2 m Ztan(wCR,)
Therefore,
Vout(j(’o) — 1

and because the magnitude is independent of frequency, this circuit is referred to as first order
all-pass filter. The phase angle is

0 = 180°— Z-2tan ' (wCR,)

where the angle of 180° is due to the fact that the feedback resistor is connected to the
inverting input. Because of this phase shift, this circuit is also referred to as a phase shifter.

20.

=
O

* R
Vit (9) —

+ V__(s)
— Vin (S) L out_
1 ~ 2 CI A;L

- L

We will apply the superposition principle. With V; ,(s) acting alone and V; ,(s) = 0, the cir-

cuit reduces to that shown below.

|
|
R C

+ —_
Vin1(s) A

_ * Voutl(s)
L % R Tc 1-

TN

The circuit above is essentially a Miller integrator like that shown in Figure 5.52, and in Exer-
cise 14 we found that

Vout(s) _ 1

V..(s)  sR,C
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Therefore, for the circuit above
1
Voutl(s) = _STC_Vinl(s) (1)

Next, with V, ,(s) acting alone and V, ,(s) = 0, the given circuit reduces to that shown

below.

Ve
B
R C

= . R V¢ ; —

VinZ(S) L OutZ(S)
c _
1+ L -

By the voltage division expression
1/sC

¢ = Rri/sc m®

and since this is a non-inverting amplifier,

l/sC) _( 1/SC)( 1/sC ) _
R Ve =1+ R /\R+1/sC Vina(9)

Voura(8) = (1 +

_ _1_)( 1 ) _(SCR+1)( 1 )
Voura(s) = (1+SCR sor+ 1/ Vin2®) = W) Gor 1) Vim®)

Voua(8) = ﬁvinZ(s) (2)

From (1) and (2)

Vout(s) = Voutl(s)+V0ut2(s) = %ﬁ(vinz(s)_vinl(s))

21.
I;/analog

IR R IR D)

Vy Vb Ve Vg Va

v v v v 1
=24+ B4 _C L D = —(Va+2Vy+4V 48V, +...
" R R/2 R/4 R/S R(Vat2Ve ¢ Dt )

L__I_Jr 1 + 1 + 1
R, R R/2 R/4 R/B
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or
R
R. =
U 1+24+4+8+...

R 1
Vanalog = RquT = 1+2+4+8+.“'ﬁ(VA+2VB+4VC+8VD+“')
v _ Va+2Vp+4V+8Vp+ ...
analog = 1+2+4+8+...
22.
2R 1 R 2 R 3 R v
Jj; Vl V2 V3 analog

2R 2R 2R 2R

Va Vg Ve Vb

We write nodal equations at Nodes 1, 2, and 3.

V, V,-V, V -V
Y T VA ViT Ve

=0
2R 2R R
vV,-V, V,-V, V,-V
27 Vi V2=V Vam Vs _
R 2R R
Vs—V2+V3—Vc+V3—VD _
R 2R R+2R
Simplifying and collecting like terms we get
4V, -2V, = V,
—6V,+11V; = 3V +2V,
By Cramer’s rule”
4 -2 V,
205V
0 -6 (3Ve+2Vp)|
4 -2 0
-2 5 =2
0 -6 11

*  For a review of matrices and determinants please refer to Numerical Analysis Using MATLAB and Spreadsheets,
Orchard Publications, ISBN 0-9709511-1-6.
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or

Vv, = é(st +6Vg+ 12V +8V))

By the voltage division expression,

V3_VD. 2 1

Vanalog = m 2R+VD = §V3 + gVD
and
2 1 1
Vanalog =3 55(3VA +6Vg+ 12V +8Vp) + §VD

1
1—6—(VA +2Vy+4V+8Vp)

where 16 = 2% = 2",
23.

t
Vout = __[ (Vinl + 2Vin2 + 10Vin3)dt
0

This integration can be performed by a summing integrator such as that shown below where
the factor 1/RC was chosen to form the coefficients of v,,,, v,,,, and v;,; in the given

expression.
Reset
1 MQ K
Vin1 1 uF
500 KQ
Vin2 =
100 KQ .
Vin3 A AN + VOth
24.
C
| |1 R
i
+ — —
Vin R, o +
- + Vout
- - I
: Vin dvin
i=24+C— (1
R, “Ca W
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— .

Ry dv;,
Vout = _R_lvin_RFC dt
Since we want v, = —5v;, —3dv;,/dt, we choose Rz = 5R; and RzC = 3

25.
C
€ .
i
+
Vin Rl
=+ [
: Vin dvin
1 = E: +C dt (1)
. di
Vout = RFI— Laj[ (2)
Differentiating (1) with respect to ¢ we get
di 1 dv d’v
1 in in
—=——+C— (3
and from (1), (2), and (3)
2
RF dVin L dVin d Vin
Vout = _(Rlvi“+RFC Tt +Rl Tt +LC "

26.

R
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. 1.
Vou = _RFI_Ejldt 2)

Substitution of (1) into (2) yields

R 1
Vout = _R_I:Vin - ﬁjvindt = = Vin— 2_"Vindt
or
dVout — _( dVin +2v. )
dt dt n
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Chapter 6

Integrated Circuits

his chapter begins with an introduction to electronic logic gates and their function in terms
of Boolean expressions and truth tables. Positive and negative logic are defined, and the

transistor-transistor logic (TTL), emitter-coupled logic (ECL), CMOS, and BiCMOS logic

families are discussed. Earlier logic families are presented in the exercises section.

6.1 The Basic Logic Gates"

Electronic logic gates are used extensively in digital systems and are manufactured as integrated
circuits (IC’s). The basic logic gates are the inverter or NOT gate, the AND gate, and the OR
gate, and these perform the complementation, ANDing, and ORing operations respectively. The
symbols for these gates are shown in Figure 6.1.

Inverter AND gate OR gate

Figure 6.1. The three basic logic gates

Four other logic gates, known as NAND, NOR, Exclusive OR (XOR), and Exclusive NOR
(XNOR), are derivatives of the basic AND and OR gates and will be discussed later in this chap-
ter.

6.2 Positive and Negative Logic

Generally, an uncomplemented variable represents a logical 1, also referred to as the true condi-
tion, and when that variable is complemented, it represents a logical 0, also referred to as the false
condition. Thus, if A = 1 (true), it follows that A = 0 (false). Of course, digital computers do

not understand logical 1, logical 0, true, or false; they only understand voltage signals such as that
shown in Figure 6.2.

5 volt level

0 volt (ground) level

Figure 6.2. Typical voltage signal for a digital computer

*  For this and the remaining chapters it is assumed that the reader has prior knowledge of the binary, the octal, and hexadecimal number
systems, complements of numbers, binary codes, the fundamentals of Boolean algebra, and truth tables. If not, it is strongly recommended
that a good book like our Logic Circuits and Applications, ISBN 0-94242395-5 is reviewed.
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With reference to the voltage waveform of Figure 6.2, integrated circuit manufacturers assign the
letter H (High) to the 5 volt level and the letter L (Low) to the ground level as shown in Figure
6.3.

H

L

Figure 6.3. High (H) and Low (L) assignments in a voltage waveform

With the H and L assignments as shown in Figure 6.3, the logic circuitry designer has the option
of assigning a logical 1 to H and logical 0 to L, or logical 0 to H and logical 1 to L. The former
convention is known as positive logic, and the latter as negative logic. Thus, Figure 6.4(a) repre-
sents positive logic and Figure 6.4(b) represents negative logic.

logical 1- - - - H logical 0 - - - - H

L - - -logical 0 L - - - -logical 1
positive logic negative logic

(a) (b)

Figure 6.4. Positive and negative logic defined

We will discuss the three common IC logic families in subsequent sections. For our present dis-
cussion it will suffice to list the High and Low voltage levels for the Transistor-Transistor Logic

(TTL or T°L), Emitter-Coupled Logic (ECL), and Complementary Metal Oxide Semiconduc-
tor (CMOS) logic. Typical values are shown in Table 6.1.

TABLE 6.1 Typical values of High and Low voltage levels for three IC families

IC Family High voltage (Volts DC) Low voltage (Volts DC)
TTL 5.0 0.2
ECL —0.9 -1.75
CMOS 5.0to0 15.0 0

6.3 The Inverter

The symbol for the inverter (NOT gate) is shown in Figure 6.5, and the truth table is shown in

Table 6.2.
N
Figure 6.5. Symbol for the inverter
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TABLE 6.2 The truth table for the inverter
Input | Output
L H
H L

With positive logic, the truth table for the inverter is written as shown in Table 6.3.

TABLE 6.3 The truth table for the inverter when positive logic is assumed
Input | Output
0 1
1 0

With negative logic, the truth table for the inverter is written as shown in Table 6.4.

TABLE 6.4 The truth table for the inverter when negative logic is assumed
Input | Output
1 0
0 1

Figure 6.6 shows the TTL SN7404 Hex Inverter IC where SN identifies the packaging and Hex
implies that there are 6 inverters within the IC.

Vcc A6 Y6 A5 Y5 A4 Y4

1A |4 14l vee ‘14 ‘13 12‘ ‘11 10‘ ‘ 9 8

1Y — 2 13 —— BA

2A— 3 12— 6Y

2Y — 4 11— 5A

3A— 5 10 — 5Y

3Y —' 6 9 —4A

GND— 7 8 — 4Y ‘1 ] ‘3 1 ‘5 1 ‘7

A1 Y1 A2 Y2 A3 Y3 GND

Figure 6.6. The SN7404 Hex Inverter IC

One important parameter is the input clamp voltage denoted as V¢ and this refers to the maximum
negative voltage that may be applied at the input terminals without damaging the IC. A typical
value for this parameter is —1.2 V. To insure that this value is not exceeded, diode D, is included
to clamp the input voltage to less than —1.2 V with respect to the ground. We recall from Chapter
2 that a practical diode, when forward-biased, may be represented as an ideal diode in series with a
0.7 V source and a small resistance as shown in Figure 6.7.
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ip(mA) Practical Ideal
diode diode ‘P R
slope = R °—N7 D—MHW/—G
0.7V
0.7  vp (V)

Figure 6.7. Practical and ideal diode representation

The data sheets provided by the manufacturer list several parameters and we will discuss the
most important later in this chapter.

Figure 6.8 shows the internal details of the TTL IC 7404 inverter.

+Vce T

4 KQ 1.6 KQ 130 Q §

InputA O

Output Y

Figure 6.8. Circuit of the SN7404 Inverter

Note: Unless otherwise noted, henceforth Low will mean a nominal 0 V input or output signal

and High will mean a nominal 5 V input or output signal.
The inverter circuit of Figure 6.8 functions as follows:

We assume that the input voltage is the output of a previous stage and it is Low at V,, = 0.2 V
with respect to the ground as shown in Figure 6.9. With this input, transistor T, is ON and the
voltage V, at the collector of transistor T, is V, = Vege+ Vi = 02+0.2 = 0.4 V and under
this condition, transistors T, and T; are both OFF. This is because if transistors T, and T, were
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both ON, the voltage V, would have to be V, = Vg 12+ Vg 13 = 0.7+0.7 = 1.4 V. Accord-
ingly, we accept the fact that with the input Low, transistors T, and T; are both OFF. However,
the current I that flows through the 1.6 KQ resistor and then into the base of transistor T, , is suf-

ficient to turn it ON. Then, V,,, = Vee—=Vegpta—Vps = 5.0-0.2-0.7 = 4.1 V and thus the out-
put is High and the inversion operation has been performed.

+Vce T ‘
4KQ 1.6 KQ 130 Q §

ON

ON
T
vV, =02V / v, T
Input A O
- vCE sat +
02V

OQutput Y

|+—41\/
|

. O

\Y%

out

Figure 6.9. Circuit of the SN7404 Inverter for Low-to-High inversion

Next, with the input High the circuit is as shown in Figure 6.10 and the circuit functions as fol-
lows:

We assume that the input voltage is the output of a previous stage and it is High at V,, = 5.0 V
with respect to the ground. With this input, the base-emitter junction of transistor T, is reverse-
biased, current flows from V.. through the 4 KQ resistor and thus the base-collector junction is
forward-biased. Under these conditions, transistor T, is said to be operating at the inverse active
mode. The current that flows through the base collector junction of transistor T, is sufficient to
turn transistor T, ON and this causes transistor T; to turn ON also. The voltage V, at the collec-
tor of transistor T, is V, = Vg + Ve s = 02+0.7 = 0.9 V. However, this voltage is not suffi-
cient to turn transistor T, ON because for transistor T, to be ON there should be
V, = Vgeqa+ Vpy+ Voo = 0.7+0.7+0.2 = 1.6 V. Therefore, we conclude that transistor T, is
OFF, V. = 0.2 V, and thus the output is Low and the inversion operation has been performed.
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+Vce T ‘
4 KQ 1.6 KQ 130 Q §
OFF
T + ON 1
Vi, =50V 1/ T
2
InputA O —
e Acts as diode ~a
Output Y
D,
1 Vour = 02V

Figure 6.10. Circuit of the SN7404 Inverter for High-to-Low inversion

[t should be noted that it is the diode D, that prevents transistor T, from being ON; if D, were
not being there, T, would be also ON since there would be Vg1, = 0.9-0.2 = 0.7 V which is
just sufficient to turn T, ON.

6.4 The AND Gate
The symbol for a 3-input AND gate is shown in Figure 6.11, and the truth table is shown in

Table 6.5.
o

Figure 6.11. 3-input AND gate symbol

QW

With positive logic, the truth table for a 3-input AND gate is written as shown in Table 6.6.

Table 6.6 shows that the output of an AND gate is logical 1 (true) only when all inputs are logi-
cal 1.

Figure 6.12 shows the TTL SN7408 Quad 2-input AND gate where Quad implies that there are
4 AND gates within the IC.
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TABLE 6.5 Truth table for 3-input AND gate

Inputs | Output
A B C D
L L L L
L L H L
L H L L
L H H L
H L L L
H L H L
H H L L
H H H H

TABLE 6.6 Truth table of 3-input AND gate when positive logic is used

Inputs | Output
A B C D
0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 0
1 0 0 0
1 0 1 0
1 1 0 0
1 1 1 1
1A
1Y
1A —] \_ al—vee 18 }
1B— 2 13+—— 4B 2A ———
1Y —1 3 121 4A 23} 2Y
2A— 4 Mp— a4y
2B—5 10— 38 3A } 3y
2Y |6 9 — 3A 38
GND — 7 8 | — 3y 4A

Figure 6.12. The SN7408 Quad 2-input AND gate

Figure 6.13 shows the internal details of a two-input TTL AND gate. We will defer the analysis of
this circuit and the reason for deferring the discussion after we introduce the NAND gate.

Electronic Devices and Amplifier Circuits with MATLAB Applications 6-7

Orchard Publications



Chapter 6 Integrated Circuits

OQuUTPUT

GND

Figure 6.13. Circuit for the SN7408 Quad 2-input AND gate (Courtesy Texas Instruments)
6.5 The OR Gate

The symbol for a 3-input OR gate is shown in Figure 6.14, and the truth table with positive logic

is shown in Table 6.7.
.

Figure 6.14. Symbol for 3-input OR gate
TABLE 6.7 Truth table for 3-input OR gate with positive logic

Qw>

Inputs | Output
A B C D
0 0 0 0
0 0 1 1
0 1 0 1
0 1 1 1
1 0 0 1
1 0 1 1
1 1 0 1
1 1 1 1

Table 6.7 shows that the output of an OR gate is logical 1 (true) whenever one or more of its
inputs are logical 1.
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Figure 6.15 shows the TTL SN7432 Quad 2-input OR gate where Quad implies that there are 4
OR gates within the IC.

1A
1B A
1A— 1 N 14 ——Vce
2A
— 2 13 |—
1B 4B oy
¥ — 3 12— 4A 2B
2A— 4 11— 4Y 3A
_ | 10— 3y
2B 5 3B 3B
2Y — 6 9 —— 3A
_ 8 4A
GND 7 3y a4y
4B

Figure 6.15. The SN7432 Quad 2-input OR gate

Figure 6.16 shows the internal details of the TTL SN7432 Quad 2-input OR gate. We will not
describe the functioning of the SN7432 Quad 2-input OR gate at this time. We will defer the cir-
cuit operation until we first describe the NOR gate operation in a subsequent section.

Vee
4x{2 4 k§2 130 02
1
INPUTS
A gy
"_— OUTPUT
B —— [ Y
P ¥
GND

Figure 6.16. Circuit for the SN7432 Quad 2-input OR gate (Courtesy Texas Instruments)

6.6 The NAND Gate

The symbol for a 3-input NAND gate is shown in Figure 6.17, and the truth table with positive
logic is shown in Table 6.8.
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aw »>

—
Figure 6.17. Symbol for 3-input NAND gate

TABLE 6.8 Truth table for 3-input NAND gate with positive logic

Inputs | Output
A B C D
0 0 0 1
0 0 1 1
0 1 0 1
0 1 1 1
1 0 0 1
1 0 1 1
1 1 0 1
1 1 1 0

Table 6.8 shows that the output of an NAND gate is logical 0 (false) only when all inputs are
logical 1.

Figure 6.18 shows the TTL SN7400 Quad 2-input NAND gate where Quad implies that there
are 4 NAND gates within the IC.

1A
1Y
1B
A—]1 " ul—vee
] L 2A
1B 2 13 4B oy
1Y — 3 12— 4A 2B
2A— 4 11— 4Y 3A oy
2B— 5 10— 3B 38
2Y—1s 9 |— 3A
4A
GND— 7 8 |— 3y 2y
4B

Figure 6.18. The SN7400 Quad 2-input NAND gate
Figure 6.19 shows the internal details of the IC SN7400 NAND gate where transistor T, is

equivalent to two identical NPN transistors with their bases and collectors tied together; there-
fore, they are fabricated as a single device with 2 emitters but only one collector and one base as
shown in Figure 6.19.
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+Vce
4KQ % T 130 2 ‘g

Output Y

Figure 6.19. Circuit for the TTL SN7400 Quad 2-input NAND gate

We observe that, with the exception of two inputs for the 2-input NAND gate, this circuit is prac-
tically the same as that of the inverter circuit of Figure 6.8 where transistor T, is stacked on top of

transistor T; and the operation is complementary, that is, when transistor T, is ON transistor T,
is OFF and vice versa. This arrangement is referred to as totem-pole configuration. The 2-input

TTL NAND gate circuit of Figure 6.19 functions as follows:

Let us assume that either Input A or B or both are Low at V;, = 0.2 V with respect to the ground
as shown in Figure 6.20. Under any of these three conditions, transistor T, is ON and the voltage
V, at the collector of transistor T; is V; = Veg i+ Vi, = 0.2+0.2 = 0.4 V and thus transistors
T, and T; are both OFF. This is because if transistors T, and T, were both ON, the voltage V,
would have tobe V| = Vg 15+ Vg 13 = 0.7+0.7 = 1.4 V. Accordingly, we accept the fact that
under any of these three conditions, transistors T, and T; are both OFF. However, The current I
that flows through the 1.6 KQ resistor and then into the base of transistor T, is sufficient to turn
it ON. Then, V,,, = Vee=Vegta—Vps = 5.0-02-0.7 = 4.1 V and thus the output is High and
this satisfies the 2-input NAND gate operation.
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Output Y

Figure 6.20. Circuit of the SN7400 2-input NAND gate when either Input A of B or both are Low

Next, with both inputs High the circuit is as shown in Figure 6.21 and the circuit functions as fol-
lows:

With V,, = 5.0 V at both inputs, the base-emitter junction of transistor T, is reverse-biased,
current flows from V.. through the 4 KQ resistor and thus the base-collector junction is for-
ward-biased. In other words, transistor T, is operating at the inverse active mode. The current
that flows through the base collector junction of transistor T, is sufficient to turn transistor T,
ON and this causes transistor T; to turn ON also. The voltage V, at the collector of transistor
T,is V, = Vegm+ Ve s = 02407 = 0.9 V. However, this voltage is not sufficient to turn
transistor T, ON because for transistor T, to be ON the voltage V, should have the value
V, = Vgt Vpst Vo = 07407402 = 1.6 V.

Therefore, transistor T, is OFF, Voyr = 0.2 V, and this satisfies the 2-input NAND gate opera-
tion.

It should be noted that it is the diode D5 that prevents transistor T, from being ON; if D; were
not being there, T, would be also ON since there would be Vg1, = 0.9-0.2 = 0.7 V which is
just sufficient to turn T, ON.
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+Vce T ‘
4KQ§ 130 Q §
(0]

FF

Output Y

02V

out

11— || /™ +

Figure 6.21. Circuit of the SN7400 2-input NAND gate when both inputs are High

Now, referring back to the AND gate circuit of Figure 6.13, we observe that this circuit essentially
consists of a NAND gate followed by an inverter as shown in Figure 6.22.

A—— AB AB
Y

Figure 6.22. The components of a 2-input AND gate

We mentioned earlier that one of the parameters specified by the manufacturer is the input clamp
voltage denoted as Vi and this refers to the maximum negative voltage that may be applied at the

input terminals without damaging the IC. A typical value for this parameter is —1.2 V. To insure
that this value is not exceeded, diodes D, and D, are included in the circuit of the 2-input

NAND gate to clamp the input voltage to less than —1.2 V with respect to the ground.

6.7 The NOR Gate

The symbol for a 3-input NOR gate is shown in Figure 6.23, and the truth table with positive logic
is shown in Table 6.9.
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amw >

—) >
Figure 6.23. Symbol for 3-input NOR gate
TABLE 6.9 Truth table for 3-input NOR gate with positive logic

Inputs | Output
A B C D
0 0 0 1
0 0 1 0
0 1 0 0
0 1 1 0
1 0 0 0
1 0 1 0
1 1 0 0
1 1 1 0

Table 6.9 shows that the output of an NOR gate is logical 1 (true) only when all inputs are logi-
cal 0 (false).

Figure 6.24 shows the TTL SN7402 Quad 2-input NOR gate where Quad implies that there are
4 NOR gates within the IC.

1A
1Y
1Y —1 1 N 14 ——Vce 1B
— 2 13—
1A 4Y oA .
— 12—
1B 3 4B oB
2Y — 4 11— 4A
_ — 3A
2A 5 10 3Y 3y
2B— 6 91— 3B 3B
R 8
GND 7 3A 4A
4
4B

Figure 6.24. The TTL SN7402 Quad 2-input NOR gate

Figure 6.25 shows the internal details of the TTL IC SN7402 NOR gate.
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The Exclusive OR (XOR) and Exclusive NOR (XNOR) Gates

+Vce T

4KQ

|
ISOQ§

Input A O——

L

— 5
Input B o—] + Output Y

o, A

o)

Figure 6.25. Circuit for the TTL SN7402 Quad 2-input NOR gate

The TTL 2-input NOR gate circuit of Figure 6.25 functions as follows:

When both inputs are Low at 0.2 V with respect to the ground, transistors T, and T, are both
ON. The voltages at the base of transistors T, and T, are the same as the collector voltages of
transistors s T, and T,, thatis, 0.2 V, and thus transistors T; and T, are OFF. However, transis-
tor Ts is ON and therefore, V,,, = Vee—=Veprs—Vps = 5.0-02-0.7 = 4.1 V.

If Input A is Low and Input B is High, transistor T, will be ON and transistor T; will be OFF. But
transistor T, will behave as a junction diode turning transistor T, ON, and a voltage drop across
the 1 KQ resistor will be developed and it will be sufficient to turn transistor T, ON, and thus
Vou = 0.2 V. If Input A is High and Input B is Low or both inputs are High, we find that
Vou = 0.2 V also.

out

6.8 The Exclusive OR (XOR) and Exclusive NOR (XNOR) Gates

The exclusive-OR (XOR) logic gate has two inputs and one output. The symbol for the XOR
gate is shown in Figure 6.26, and the truth table with positive logic is shown in Table 6.10.

We observe that the output of an XOR gate is logical 1 (true) when only one of the inputs, but

A
—

Figure 6.26. Symbol for the XOR gate with positive logic

not both, is logical 1.
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TABLE 6.10 Truth table for 2-input XOR gate

Inputs Output
A B C
0 0 0
0 1 1
1 0 1
1 1 0

Figure 6.27 shows the TTL SN7486 Quad XOR gate where Quad implies that there are 4 XOR
gates within the IC.

1A
1Y
a—1 U ul—vee 1B
1B— 2 13— 4B 2A
v—1s 12 |— 4A 2B 2Y
2A—— 4 11— 4Y
2B—|s 10— 3B 3Aj>73v
Y 6 ol 3A S
GND— 7 8 ——3Y 4A
4y
4B

Figure 6.27. The TTL SN7486 Quad XOR gate
Figure 6.28 shows the internal details of the TTL IC SN7486 XOR gate.

The exclusive-NOR (XNOR) logic gate has two inputs and one output. The symbol for the
XNOR gate is shown in Figure 6.29. and the truth table with positive logic is shown in Table
6.11.

Table 6.11 shows that the output of a XNOR gate is logical 1 (true) only when the inputs are the
same, that is, both logical 0 or both logical 1. For this reason, the XNOR gate is also known as
equivalence gate.

There is no IC XNOR gate in the TTL family but one can be formed with an XOR gate
(SN7486) followed by an inverter (SN7404). We can also implement the XNOR function using
the TTL SN7486 IC with negative logic.
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Fan-In, Fan-Out, TTL Unit Load, Sourcing Current, and Sinking Current

Typical of all outputs

VCC

Equivalent of each input

V ,,,,,,,,,,,,

Output
Input ———F ¢

Figure 6.28. Circuit for the SN7486 XOR gate

>
C
B
Figure 6.29. Symbol for 2-input XNOR gate
TABLE 6.11 Truth table for 2-input XNOR gate with positive logic

Inputs Output
A B C
0 0 1
0 1 0
1 0 0
1 1 1

6.9 Fan-In, Fan-Out, TTL Unit Load, Sourcing Current, and Sinking Current

The fan-in of a gate is the number of its inputs. Thus, a 3-input NAND gate has a fan-in of 3. Fan-
out is a term that defines the maximum number of digital inputs that the output of a single logic

gate can feed. Generally, TTL gates can feed up to 10 other digital gates or devices. Thus, a typical
TTL gate has a fan-out of 10.

In some digital systems, it is necessary for a single TTL logic gate to drive more than 10 other gates
or devices. When this is the case, a device called a buffer can be used between the TTL gate and
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the multiple devices it must drive. A buffer of this type has a fan-out of 25 to 30. An inverter
(NOT gate) can serve this function in most digital circuits if complementation is also required.

A unit load for TTL logic gates is defined as

40 pA when output is in High state

1 Unit Load = { 6.1)

1.6 mA when output is in Low state

Thus, for a fan-out of 10 which is typical for TTL gates, when the output is in High state, there is
a current of 10 x 40 uA = 0.4 mA, and when the output in Low state there is a current of
0x1.6 mA = 16 mA

We often hear the expressions “passive pull-up” and “active pull-up”. Figure 6.30 is an example
of passive pull-up where the resistor pulls-up the output voltage towards V¢ . and the word “pas-
sive” is used to indicate that the pull-up device used is passive, i.e., a resistor.

+Vce

T
=

OFF

Figure 6.30. A passive pull-up circuit.

The arrangement in Figure 6.31(a) is often referred to as active pull-up since when transistor T, is
ON, it pulls the output up towards V... The word “active” is used here to indicate that transis-

tor T,, like all other transistors, is an active device.

Sourcing and sinking currents refer to the current flow in TTL circuits. A driver gate is said to be
sourcing current when it’s output is a logic 1 as shown in Figure 6.31(a). A driver gate is sinking
current when it’s output is a logic O as shown in Figure 6.31(b).

The passive pull-up arrangement is often used with open collector TTL devices such as the one
shown in Figure 6.32. The advantage of the open-collector configuration over the totem-pole
configuration is that the outputs of two or more open-collector TTL gates can be tied together to
realize the AND function as shown in Figure 6.33.

* A driver gate is a gate whose output serves as an input to another gate referred to as a unit load.
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I = 04 mA

source

(10 unit loads)

Output Y

(a)

Output Y

Vo, = 04V
Isink l_

I, = 16 mA

(10 unit loads) —
(b)

Figure 6.31. Current sourcing and current sinking

+Vce

X (open collector point)

Output Y

Figure 6.32. Open-collector TTL configuration
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] Wired AND
Bap

X@o—Y

Figure 6.33. Wired AND connection

To see why the outputs of two or more totem pole TTL gates should not be tied together for
wired AND operation, let us consider the arrangement shown in Figure 6.34. With the collectors

of transistors T, and T, as shown, the current I can be as high as 55 mA which most likely will
damage transistors T, and T,, because per manufacturer’s specifications these transistors can

sink only 16 mA..

6.10 Data Sheets

Table 6.12 lists some important parameters listed in the data sheets provided by the manufac-
turer with typical values for a TTL 2-input NAND gate, SN7400. The reader is cautioned that
these values are provided just for instructional purposes. For actual values, the manufacturer’s
latest data sheet should always be used since the values change from time to time.

Item 1 in the table is self-explanatory, and we have already discussed Item 2. Therefore, we will
continue with Items 3 through 13.
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TABLE 6.12 Typical parameters for TTL logic circuits provided by IC manufacturers

Parameter Conditions Min |Typical| Max | Units
1 {Supply voltage V¢ | T, = 25°C 475500 | 525 | V
2 |Input clamp voltage Vee = Min, T, = 25°C, I;y = -12 mA -15| V
Vik
3 [HighLevellnput  |v__ = Min 2.0 v
Voltage Vg
4 |Low Level Input Vee = Min 0.8 v
Voltage V.
5 [High Level Output V.. = Min, V;, = 0.8 V, 24 | 34 v
Voltage VOH IOH - _04 mA
6 |Low Level Output Vee = Min, Vi = 20V, I, = 16 mA 0.2 04 v
Voltage V.
7 |High Level Input Vee = Max, Viy =24V 40 | pA
Current I
Vee = Max, Viy = 55V 1| mA
8 |Low Level Input Vee = Max, Vi = 04V -1.6 | mA
Current I,
9 |Output Short Circuit [ V.. = Max, V;y = 0V, Voyr = 0 -18 -55 | mA
Current I g
10 |Low Level Supply |V .. = Max, V;y = 45V 24 | 44 |mA
Current [¢qp
11 |High Level Supply Vee = Max, Vi = 0 0.8 1.6 | mA
Current [¢cy
12 |Propagation Delay |y .. =50V, T, = 25°C, R, = 400 Q 7 15 ns
Time - High to Low
Level tpy, C. = 15 pF
13 |Propagation Delay Vee = 5.0V, T, = 25°C, Ry = 400 Q 11 22 ns
Time - Low to High
Level tp; g4 Co = 15 pF

3. The high level input voltage Vy;, also referred to as logical 1 input voltage is the minimum

input voltage level that the IC device will recognize as a valid logical 1 input as shown in Fig-
ure 6.35.

4. The low level input voltage Vy; , also referred to as logical 0 input voltage is the maximum

input voltage level that the IC device will recognize as a valid logical 0 input as shown in Fig-
ure 6.35.
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Logical 1 input region

Vig . . .

20V Minimum logical 1 input

I

I Excluded region :

: Neither logical 1 :

[ nor logical 0 |

! |VIL . . .
08 V. Maximum logical 0 input

Logical 0 input region

0.0 V;

Figure 6.35. Valid logical 1 and valid logical 0 input regions for a typical IC gate

5. The high level output voltage Vy, also referred to as logical 1 output voltage is the mini-
mum output voltage level that the IC device will recognize as a valid logical 1 output.

6. The low level output voltage Vo, , also referred to as logical 0 output voltage is the maximum
output voltage level that the IC device will recognize as a valid logical 0 output when a cur-
rent of 16 mA , representing a fan-out of 10, is sinked by transistor T, as indicated in Figure

6.36.

O Output = 04V

Iy = 16 mA

Figure 6.36. Part of a typical NAND gate showing current sinking
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7.a. For a 2-input NAND gate, when the input voltage is 2.4 V, the maximum value of the sum

of the currents I, furnished by the input lines should not be greater than 40 pA for ten unit
loads.

7.b. For a 2-input NAND gate, when the input voltage is 5.5 V, the maximum value of the sum of

the currents I, furnished by the input lines should not be greater than 1 mA for ten unit
loads.

8. When the input voltage is low at 0.4 V, the maximum value of the current I;; should not
exceed —1.6 mA where the minus sign indicates the direction of the current flow as shown in

Figure 6.37 where for a logical 0 input voltage the ten gates at the right side “source” (supply)
—1.6 mA each, and the single gate on the left “sinks” (accepts) —1.6 x 10 = —16 mA..

Vee
©)

16 mA

10gates

—

Figure 6.37. An illustration of the input current 1, for a 2-input NAND gate

9. The output short-circuit current I,g is the output current when the output is shorted to
ground as shown in Figure 6.38. The data sheet specifies an output short circuit current of
55 mA maximum. When transistor T, is ON, transistor T, is OFF, and the output voltage is
grounded, the resistor will act as a current limiter to limit the current in the range 18 mA to
55 mA . Thus, the resistor provides short circuit protection.

10. The Low Level Supply Current I, is the current that the voltage supply V.- must furnish
when only one of the four TTL 2-input NAND gates within the IC SN7400 has its output at
logical 0. If two outputs are at logical 0, V. must furnish twice the amount of current spec-
ified in the data sheet, thatis, 2 x 4.4 = 8.8 mA.
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I

short circuit

Figure 6.38. The definition of the output short-circuit current

11. The High Level Supply Current Iy is the current that the voltage supply V.. must furnish
when only one of the four 2-input NAND gates within the IC SN7400 has its output at logi-
cal 1. If two outputs are at logical 1, V. must furnish twice the amount of current specified

in the data sheet, thatis, 2x 1.6 = 3.2 mA.

12. The propagation delay time tpy; is the time required for a logical 1 Input A or logical 1

Input B to appear as logical 0 at Output Y. A typical value is 7 ns.

13. The propagation delay time tp;y; is the time required for a logical 0 Input A or logical 0
Input B to appear as logical 1 at Output Y. A typical value is 11 ns.

6.11 Emitter Coupled Logic (ECL)

Let us consider the differential circuit shown in Figure 6.39, assume that transistors T, and T,
are identical, and that R.; = R, . Then,

is zero.

b. If Vg, > Vg, then I, > 1, Reoles > Reiler, Voua < Voun and thus the differential output is
positive.

c. If Vg, < Vg, then I, <Igy, Realea <Reilers Vouwr > Voun and thus the differential output is
negative.
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+Vce

O Vouri Differential

O Vours Output

VBZ

Figure 6.39. Basic differential circuit

Example 6.1

Find the differential voltage gain for the circuit of Figure 6.40

+Vce

RC1

Differential
O Voura Output

<

=0

Lz

EV =134V

I

Figure 6.40. Differentia circuit for Example 6.1
Solution:

The base-to-emitter resistance is small compared to the external resistor Ry and thus

[~ Yee—Vee _ 134-0.6 _ ;o o
FTORg 8 KQ

and this current divides equally between transistors T, and T, assuming that they are identical
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Then,
IC2 = IC] = IE/2 = 1.6/2 = 0.8 Il’lA

From Chapter 3, relation (3.78), at room temperature g, = 401 where I is in milliamps. Thus,
g, = 40x0.8x 10" = 0.032

and from Chapter 3, relation (3.74)

dic
gm =
dvggl.
ic=1I¢
or
ic = g.VBE
and thus

Vout = Reiler = Rei8,Vee

The small signal voltage gain is

A, = 2l = Rig = 10°x0.032 = 32

v
VBE

The differential circuit of Figure 6.39 forms the basis for the emitter-coupled logic (ECL) elec-
tronic gates. The basic ECL circuit is shown in Figure 6.41.

i

%

V), =-0.9 V (High) | §
or - I

R.=8000Q
V,y =-1.75 V (Low) e

f]% Ve =52V
Figure 6.41. Basic ECL circuit

In contrast to TTL where the transistors are either cut off or saturated, depending on the state of
the circuit, in ECL the transistors always operate in the active region so they can change state
very rapidly. We observe that with Vg, = 0.6 V, the transistor T, is barely turned ON or barely
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turned OFF and this allows a very rapid change of state from ON to OFF or vice versa. The
propagation time for this arrangement is less than a nanosecond. However, there is a disadvantage
and this is that the transistors are continually drawing current, which means the circuits require
high power, and this power is converted to energy in the form of unwanted heat.

In the circuit of Figure 6.41 the resistor values are approximate and for proper operation they must
be very precise. The emitter current Iy is almost constant since the base-to-emitter resistance is
much smaller than the emitter resistor R; and this current flows through either transistor T, or
transistor T, depending on the value of V,, while Vy; is held constant at —1.32 V with respect
to the ground. The condition V,, = —0.9 V is established as logical 1 (High) and V,, = -1.75 V
as logical 0 (Low). Also, Vgg, + Vg = Ve and thus Vg = —1.32-0.6 = -1.92 V.

Let us now assume that V,, = —=1.75 V, i.e., logical 0. Because Vy; = —-1.92 V, transistor T, does
not conduct and V,,,, is essentially connected to the ground. To find V,,,, when V,, = -1.75 V

(logical 0), we must first find the current I, . We observe that

Ve—(Ver) _ 2192-(=52) _ 41 wA
R 800 ‘

[~ g

and
Vs = —Reoley = =250 x4.1x10° = =1.03 V

Therefore, with V,, = =1.75 V (logical 0), we obtain V,,, = 0 V and V,,, = —1.03 V. Next,
let V,, = 0.9 V,i.e., logical 1. Because Vi = —1.92 V, transistor T, conducts hard, and transis-
tor T, is OFF, and V,,,, is essentially connected to the ground. Therefore all current flows

through transistor T, and the collector current of this transistor is

Ve-(=Vep) _ =1.92-(-52) _

I, =1, = 4.1 mA
creE R 800
and
Vot = -Reoley = =250 x4.1x 10° = —=1.03 V
Therefore, with V,, = —0.9 V (logical 1), we obtain V_,, = -1.03 V and V_,, = 0 V. We

observe that:
1. V., and V,,, are complements of each other.

2. The output voltage levels are not the same as input voltage levels, that is, the input levels are
—-1.75 V and -0.9 V and the outputs are 0 V and —1.03 V. However, the output levels can be
made comparable to the input levels by attaching two emitter followers to the outputs as
shown in Figure 6.42.
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Emitter follower

0.75V
Vour

100 @

V), =-0.9 V (High) ,l §
-l

or
Vjy =-1.75 V (Low) T

(J)—ZV

Figure 6.42. The complete ECL circuit

With the emitter-followers connected at the outputs V' ,,; and V',,,, of the basic differential cir-

cuit and recalling that in the emitter-follower configuration the output voltage is essentially the
same as the input, the outputs at the emitter-followers are

Vouts = Vw1 = Vee = —1.03-0.75 = -1.78 V (logical 0)
and
VoutZ = V’Outz_VBE = 000—045 = —075 V (loglcal 1)

Figure 6.43 shows a typical 2-input ECL gate and. as before, the resistor values are approximate.
The symbol for a 2-input ECL gate is shown in Figure 6.44. Two types of ECL gates are the ECL
10K and ECL 100K, the latter having a propagation delay time of 0.75 ns and power consump-
tion of 40 mW. It should also be noted that ECL is not a new technology; Motorola introduced
the MECL series in the 1980’s.

6.12 NMOS Logic Gates

We discussed MOSFETs in Chapter 4 but, for convenience, let us review the basic construction
and their operation. We recall that a MOSFET is a 4-terminal device but normally the substrate
is connected to the source thus making it a 3-terminal device. Henceforth, the MOSFET will be
shown as a 3-terminal block as in Figure 6.45.
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]

250 Q 1., 250Q leo
O Emitter follower }—() A+B
O——— Emitter follower |——O A+B
A T, 5 T,
Vge, = 0.6V
v, -1.32V
l § Re=
IE
=l
Vege=5.2V

Figure 6.43. Typical 2-input ECL gate

A A+B
A+B
Bi

Figure 6.44. Symbol for ECL gate

7 i N i
GJqS % - :

n —channel

Figure 6.45. Designations for n- and p-channel MOSFETS

An n-channel MOSFET or simply NMOS device, behaves like an open switch, as shown in Figure

6.46, when Vg < Vy. where Vi = 1.5 V and it is referred to as the threshold voltage.
Vb D D
D| I

+ N — 10°0 or Open switch

Ve <V
GS T S 3

Figure 6.46. Condition under which an NMOS device behaves as an open switch
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An NMOS device behaves like a closed switch, as shown in Figure 6.47, when V44> V.

Voo D D
D}
G
N
v sl :> 1000  or Closed switch
s = g
Vs>V —
S S

Figure 6.47. Condition under which an NMOS device behaves as a closed switch

A p-channel MOSFET or simply PMOS device, behaves like an open switch, as shown in Figure
6.48, when Vs> V;. where Vi = 1.5 V is the threshold voltage.

Vob D D

D}
G P p—
T 10 @ or\ Open switch

S S

Figure 6.48. Condition under which a PMOS device behaves as an open switch
An PMOS device behaves like a closed switch, as shown in Figure 6.49, when V< V7.

Voo D D

+ P :,1> 103 Q or Closed switch

Vgs <V — S <

Figure 6.49. Condition under which a PMOS device behaves as a closed switch
For convenience, in our subsequent discussion we will the state of an NMOS or PMOS device
ON or OFF (closed or open switch) by a low resistance (1 KQ) or a very high resistance

(10" Q) respectively. Also, since in integrated circuits resistors are being replaced by NMOS or
PMOS devices because these devices require much less space than physical resistors, we will rep-
resent these with resistor symbols with a typical value of 100 KQ. We will denote these as N, or

P, where the subscript L stands for load.
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6.12.1 The NMOS Inverter

A typical NMOS inverter is shown in Figure 6.50 where with V;y = 0 V (logical 0), the NMOS
device N is OFF, Ry = 10"’ Q, N, = R, = 10° O, and the output is

R 10
X =Lx5zsv

vV = —
T Ry +Rp PP 10104 108

Thus, the inversion operation has been performed. With V;y = 5 V (logical 1), the NMOS
device Nis ON, Ry = 10° Q, N, = R, = 10° Q, and the output is
R 10°
= Vpp = 3 3
100+ 10

x5=0.05V

Vv
ot Ry +Rp

Vop = 5V Vpp = 5V Vpp = 5V

D + p— +

G S 3

o] 100 Q
\Zn SN T D + or = Rx  Vou

10
_ - G 10 Q _
+ o— N Vout
e Vin S e

Figure 6.50. Typical NMOS inverter

and again the inversion operation is performed. The truth table for positive logic is shown in Table

6.13.

TABLE 6.13 Truth table for NMOS inverter

Vin Vout
0 1
1 0

A PMOS inverter has a similar arrangement where the NMOS devices are replaced by PMOS
devices.

6.12.2 The NMOS NAND Gate

A 2-input NMOS NAND gate is shown in Figure 6.51. By application of the voltage division
expression as with the NMOS inverter, we find that for positive logic the truth table is as shown in

Table 6.14.
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Vpp =5V

b Vpp = 5V
G
N 5

L —> 10wa>Rp
S +
D + 103 0
G
+ —f N ‘ ?Or
A 10" Q
Vout
- S Vout 103 Q
D or
N SN \ 10 0 _
B S €L

Figure 6.51. 2-input NMOS NAND gate
TABLE 6.14 Truth table for 2-input NMOS NAND gate

A B Vout
0 0 T
0 ] ]
1 0 1
] ] 0

6.12.3 The NMOS NOR Gate

A 2-input NMOS NOR gate is shown in Figure 6.52. By application of the voltage division
expression as with the NMOS NAND gate, we find that for positive logic the truth table is as
shown in Table 6.15.

6.13 CMOS Logic Gates
CMOS logic uses both NMOS and PMOS devices to form logic functions. CMOS technology is

the dominant semiconductor technology for the manufacturing of microprocessors, memories
and application specific integrated circuits. The main advantage of CMOS over NMOS and
bipolar technology is the much smaller power dissipation. Unlike NMOS or bipolar circuits, a
CMOS circuit has almost no static power dissipation. Power is only dissipated in case the circuit
actually switches. This allows to integrate many more CMOS gates on an IC than in NMOS or
bipolar technology, resulting in much better performance.
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out

I

Vpp = 5V
10°Q

100 100
or or
10° Q 10° 0

Figure 6.52. 2-input NMOS NOR gate
TABLE 6.15 Truth table for 2-input NMOS NOR gate

A B Vout
0 0 1
0 1 0
1 0 0
1 1 0
6.13.1 The CMOS Inverter
A typical CMOS inverter is shown in Figure 6.53.
Vpp = 5V
Vpp = 5V

. =0V

=4 =z

Figure 6.53. Typical CMOS inverter

out

Vpp = 5V

S
G
+ Py
wrSV w0V
Vin G

in

In Figure 6.53 with V;, = 0 V (logical 0), device P is ON, device N is OFF, and the output is
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10 10
10 10
v o= —2 v =0 5:5YV
104100 PP 104108

and the inversion operation has been performed. With V;, = 5V (logical 1), device P is OFF,
device N is ON, and the output is
Ry 10°

VDD = ﬁXSzOV
10"+ 10

Vv
ot Ry +Rp

and again the inversion operation is performed. The truth table for positive logic is shown in

Table 6.16.

TABLE 6.16 Truth table for CMOS inverter

Vin Vout
0 1
1 0

6.13.2 The CMOS NAND Gate

A 2-input CMOS NAND gate is shown in Figure 6.54. By application of the voltage division

expression as with the CMOS inverter, we find that for positive logic the truth table is as shown
in Table 6.17.

VDD = 5 V VDD = 5 V
s% | s% 10°Q  10°Q
G G or or
P P l010 o) 10
10" Q
D! D ‘
; 3 +
D + 100 Q
G or
+ — N 10" 0
\%
— A S Vout 103 Q Vout
= G D or
+V — N 10" ©
5 _
_ St -
Figure 6.54. 2-input CMOS NAND gate
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TABLE 6.17 Truth table for 2-input CMOS NAND gate

Va \ Vou
0 0 I
0 1 1
1 0 1
1 1 0

6.13.3 The CMOS NOR Gate

A 2-input CMOS NOR gate is shown in Figure 6.55. By application of the voltage division expres-
sion as with the CMOS inverter, we find that for positive logic the truth table is as shown in Table

6.18.

\H—ol

—

STVDD =5V
G
P
D
S
G
P
D
D}
G
Nl Y

out

Vpp = 5V
10°Q
or
10° 0
10° Q
or
10
10" 0 .
3 3
10° O 100 Q
or
1(3r 10 Vout
10°0 1070 |

Figure 6.55. 2-input CMOS NOR gate

1

TABLE 6.18 Truth table for 2-input CMOS NOR gate

Va \4 Vour
0 0 I
0 1 0
1 0 0
1 1 0

6.14 Buffers, Tri-State Devices, and Data Buses

In certain applications, the output of a logic circuit needs to be buffered. A buffer or line driver is
normally used to change (amplify) the voltage level at the output of a logic circuit as shown in Fig-

ure 6.56.
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Logic 3 Buffer J \—

Circuit (Line Driver)

Figure 6.56. Voltage amplification with the use of a buffer
The symbol of a buffer gate is shown in Figure 6.57 and its truth table is shown in Table 6.19.
A —‘} B
B=A
Figure 6.57. Symbol for a buffer gate
TABLE 6.19 Truth table for buffer amplifier with positive logic

A B
0 0
1 1

The TTL ICs SN7407 and SN7417 are a hex buffers meaning that each contains 6 buffers featur-
ing high-voltage, open-collector outputs for interfacing with high-level circuits (such as CMOS)
or for driving high-current loads (such as lamps or relays), and also are characterized for use as
buffers for driving TTL inputs. Figure 6.58 shows the circuits for these ICs.

vVee

Input A

Output Y

GND

.

Figure 6.58. Circuit for the IC SN7407/SN7417 buffer (Courtesy of Texas Instruments)

The circuits for the SN7407/SN7417 are completely compatible with most TTL families. The
SN7407 has minimum breakdown voltages of 30 V, and the SN7417 has minimum breakdown
voltages of 15 V. The maximum sink current is 40 mA for both the SN7407 and SN7417. Inputs
are diode clamped to minimize transmission-line effects, which simplifies design. Typical power
dissipation is 145 mW , and average propagation delay time is 14 ns.
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Other examples of buffered gates are the TTL SN7406/SN7416 Hex Inverter buffers with open-
collector high-voltage outputs, the SN7428 quad 2-input positive-nor buffers, and the SN7440
dual-four input positive-NAND buffers.

Some other ICs are tri-stated buffers or gates. The output of these devices can assume three states,
logic 0, logic 1, and High-Z (high impedance), that is, an open circuit. Figure 6.59 shows the sym-
bols for ICs SN74125 and SN74126 quad bus buffers with 3-state outputs.

G G
U
A B A“} B
SN74125 SN74126
Figure 6.59. Symbols for the TTL SN74125 and SN74126 devices

The output of the SN74125 device is disabled when G is High, and the output of the SN74126 is
disabled when G is Low. The truth table for the SN74125 device is shown in Table 6.20.

TABLE 6.20 Truth table for the SN74125 3-state buffer
B

A
0 0
1
0
1

1
High Z
High Z

—| = o o QI

Figure 6.60 shows the symbol for the TTL SN74366 hex tri-state inverting buffer, and Table 6.21

is the truth table for that device.
G
A—‘ >—B

Figure 6.60. Symbol for the SN74366 hex tri-state inverting buffer
TABLE 6.21 Truth table for the TTL SN74125 3-state buffer

G A B
0 0 1
0 1 0
1 0 High Z
1 1 High Z

Another tri-state device is the CMOS transmission gate shown in Figure 6.61 where the control
input serves as an open or closed switch. Thus, when Control = 0 the switch is open, both the

NMOS and PMOS devices are OFF, and V,,, = High Z. When Control = 1 the switch is
closed, both the NMOS and PMOS devices are ON, and Voyr = V-
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Control
G% |

z

+ +
Vin D S Vv

T

Figure 6.61. The CMOS transmission gate

As shown in Figure 6.61, the CMOS transmission gate circuit consists of one NMOS and one
PMOS connected in parallel and controlled by inverted gate voltages. With this arrangement,
both NMOS and PMOS can be switched ON of OFF at the same time rather than alternately. If
they are ON, the resistance between V, and Vy is very low and the signal is transmitted with-
out degradation. If they are OFF, there is no path from the input to the output. Also, the CMOS
transmission gate can be used for both analog and digital signals and the only requirement is that

the signal does not exceed the power supply voltages. Figure 6.62 shows the symbol for the
CMOS transmission gate.

ol

ouT

C

Figure 6.62. Symbol for the CMOS transmission gate

A data bus is a group transmission paths such as groups of wires used as a common path to inter-
connect several devices. A data bus, or simply a bus can be unidirectional, that is, one in which
data can flow in one direction only, or bidirectional where data can flow in either direction where
each direction can be controlled by tri-state devices as shown in Figure 6.63 where the control
line C, , directs the data flow from left to right and C; , , from right to left.
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i

i

CAaB CB»A

Figure 6.63. Typical bidirectional bus

6.15 Present and Future Technologies

The IC devices that we described in previous sections of this chapter have been around for over
forty years. Since speed and low-power consumption are the most desirable characteristics, just
about all of these devices have been replaced with newer devices even though the ICs that we
described are still in use by experimenters and laboratory work in colleges and universities.

In Chapter 3, we saw how the addition of a Schottky diode can be used to prevent transistor satu-
ration as shown in Figure 6.64.

Schottky Schottky
diode transistor C
B B
E E

Figure 6.64. Bipolar NPN transistor with Schottky diode and its representation as Schottky transistor

To achieve low-power consumption, the resistances are considerably higher in the upgraded ver-
sions of the TTL family and the ICs are identified with the LS designation which stands for Low-
power Schottky device. Thus, the Low-power Schottky 2-input NAND gate is identified as
SN74LS00 whose internal construction is shown in Figure 6.65.
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Vee
120 Q
A
B
Y
w
<z
‘ -
1.5kQ g 3kQ ‘
. GND

Figure 6.65. Internal construction of the SN74LS00 2-input NAND gate (Courtesy Texas Instruments)

A comparison of the SN7400 2-input NAND gate shown in Figure 6.19 with SN74LS00 2-input
NAND gate shown in Figure 6.65, reveals that in the latter all resistances are higher, the con-

ventional diodes have been replaced by Schottky diodes, and all transistors except Ts, have been
replaced by Schottky transistors. This is because transistor T never goes into saturation as it is
explained below.

Let us consider the terminal voltages of the Schottky transistor shown in Figure 6.66.

Vpe = 05V ©
. +
B VCE =03V
+

Vi = 08V =
BE E
Figure 6.66. Schottky transistor terminal voltages
We observe that these values satisfy KVL since

Vec+ Veg—Vgp = 0 (6.2)
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From Figure 6.65, by application of (6.2) and noting that Vo = —Vgc, we find that
Veers = Veers+ Veers = Vepra+ Vpers = 03+08 = 1.1V
and therefore we conclude that transistor Ts never enters the saturation region.

A more recent advancement in TTL technology is the Advanced Low-power Schottky denoted as
SN74ALSXX. Thus, a 2-input NAND gate in this technology is indicated as SN74ALS00. The

propagation delay time is about 4 ns compared to about 11 ns for the standard TTL, and the
power consumption is about 1 mW compared to about 10 mW for the standard TTL.

Another recent technology is the BICMOS. It combines bipolar and CMOS to give the best bal-
ance between available output current and power consumption. As we know, bipolar transistors
offer high speed, high gain, and low output resistance, whereas CMOS technology offers high
input resistance, and this combination results in low-power logic gates. Basically, a BICMOS is a
two-stage amplifier that uses a CMOS device in the first stage and a bipolar transistor in the sec-
ond stage. This device can be used with both analog and digital signals.

We will not discuss the BICMOS technology in detail. We will only show the BICMOS inverter
and the BiCMOS 2-input NAND gate. The BiCMOS inverter circuit is shown in Figure 6.67.

This inverter functions as follows:

Vpp = 5V

o

JI
Tl

™~

ka

T,

1

Figure 6.67. Basic BICMOS inverter circuit.

When v,, = 0 V, the NMOS device and transistor T, are OFF while the PMOS device and tran-
sistor T, are ON. Then, V ,, = Vpp—=Verm ®#5-02 = 48 V. When v, = 5V, the PMOS
device and transistor T, are OFF while the NMOS device and transistor T, are ON. Then,
Vour = Vepr2 02 V.
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The BICMOS 2-input NAND gate has the same arrangement as the 2-input CMOS NAND gate
with the addition of two NPN transistors at the outputs of the NMOS and PMOS devices as

shown in Figure 6.68.

Vpp = 5V

G P
! o]
™
R
D +
ol
+o N
s
— GD VOth
+ o, N
Vi S

+ L S

Figure 6.68. The basic BBCMOS NAND gate

As we mentioned in Chapter 3, gallium arsenide (GaAs) is the fastest technology with propagation
delay times about 20 ps and even though prices for these devices have fallen considerably during
the last few years, the cost is still very high in comparison with other IC families.

Undoubtedly, faster and with lower power consumption devices will emerge in the future. The
interested reader is urged to check occasionally the Internet for new products developed by
Texas Instruments, Motorola, National Semiconductor, Fairchild, and other IC manufacturers

for new products.
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6.16 Summary

Electronic logic gates are used extensively in digital systems and are manufactured as integrated
circuits (IC’s). The basic logic gates are the inverter or NOT gate, the AND gate, and the OR
gate, and these perform the complementation, ANDing, and ORing operations respectively.

Four other logic gates, known as NAND, NOR, Exclusive OR (XOR), and Exclusive NOR
(XNOR), are derivatives of the basic AND and OR gates. However, AND and OR gates con-
sist of NAND and NOR gates respectively, followed by an Inverter.

Generally, an uncomplemented variable represents a logical 1, also referred to as the true con-
dition, and when that variable is complemented, it represents a logical 0, also referred to as the

false condition. Thus, if A = 1 (true), it follows that A = 0 (false).

Integrated circuit manufacturers assign the letter H (High) to the 5 volt level and the letter L
(Low) to the ground level. With the H and L assignments, the logic circuitry designer has the
option of assigning a logical 1 to H and logical 0 to L, or logical 0 to H and logical 1 to L. The
former convention is known as positive logic, and the latter as negative logic.

The Inverter performs the complementation operation. Thus if the input is A the output will

be A and vice versa. The TTL SN7404 Hex Inverter is a popular transistor-transistor logic
(TTL) IC device. All SN74 series devices are TTL devices. The newer SN74ALS04 device is
faster and consumes less power. ALS stands for Advanced Low power Schottky transistor.

The output of an AND gate is logical 1 (true) only when all inputs are logical 1. The earlier
TTL SN7408 Quad 2-input AND gate has been superseded with the SN74ALS08 device.

The output of an OR gate is logical 1 (true) whenever one or more of its inputs are logical 1.
The earlier SN7432 Quad 2-input OR gate has been superseded with the SN74ALS32 device.

The output of an NAND gate is logical 0 (false) only when all inputs are logical 1. The earlier
SN7400 Quad 2-input NAND gate has been superseded with the SN74ALS00 device.

The input clamp voltage denoted as Vi is the maximum negative voltage that may be applied at

the input terminals of a typical TTL gate without damaging the IC. To insure that this value is
not exceeded, diodes are included at the inputs of gates.

The output of an NOR gate is logical 1 (true) only when all inputs are logical 0 (false). The
SN7402 Quad 2-input NOR gate has been superseded with the SN74ALS02 device.

The exclusive-OR (XOR) logic gate has two inputs and one output. The output of an exclu-

sive-OR gate is logical 1 (true) when only one of the inputs, but not both, is logical 1. The
SN7486 XOR gate has been superseded with the SN74ALS86 device.

The exclusive-NOR (XNOR) logic gate has two inputs and one output. The output of a
XNOR gate is logical 1 (true) only when the inputs are the same, that is, both logical 0 or
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both logical 1. For this reason, the XNOR gate is also known as equivalence gate. There is no
IC XNOR gate in the TTL family but one can be formed with an XOR gate (SN7486) fol-
lowed by an inverter (SN7404). We can also implement the XNOR function using the
SN7486 IC with negative logic.

® The fan-in of a gate is the number of its inputs. Thus, a 3-input NAND gate has a fan-in of 3.

® Fan-out is a term that defines the maximum number of digital inputs that the output of a sin-
gle logic gate can feed. Generally, TTL gates can feed up to 10 other digital gates or devices.
Thus, a typical TTL gate has a fan-out of 10.

e A buffer can be used when it becomes necessary for a single TTL logic gate to drive more than
10 other gates or devices. A typical buffer has a fan-out of 25 to 30. An inverter (NOT gate)
can serve this function in most digital circuits if complementation is also required.

e For TTL logic gates, one unit load is defined as 40 pA when the output is in High state, and
1.6 mA when the output is in Low state.

® Passive pull-up refers to the condition where a resistor pulls-up the output voltage towards
VCC .

e Active pull-up refers to the condition where a transistor rather than a resistor is used to pull-
up the output voltage towards V.

e Sourcing and sinking currents refer to the current flow in TTL circuits. A driver gate is said to
be sourcing current when it’s output is High. A driver gate is sinking current when it’s output
is Low.

e Totem-pole configuration refers to the arrangement where at the output stage of a TTL gate
one transistor is stacked on top of another and their operation is complementary, that is,
when one transistor is ON the other transistor is OFF.

e Some TTL logic gates are designed with the collector of transistor at the output stage uncon-
nected and are referred to as open collector TTL devices. The advantage of the open-collec-
tor configuration over the totem-pole configuration is that the outputs of two or more open-
collector TTL gates can be tied together to realize the AND function. This arrangement is
referred to as wired-AND operation. The passive pull-up arrangement is often used with open
collector TTL devices.

e Totem pole TTL gates should not be tied together for wired AND operation.

e The data sheets provided by IC device manufacturers contain very important parameters that
designers must take into consideration.

e Besides the TTL, the emitter-coupled logic (ECL) is another logic family employing bipolar
transistors, and with the exception of gallium arsenide technology, is the fastest logic family.
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¢ In contrast to TTL where the transistors are either cut off or saturated, depending on the state
of the circuit, in ECL the transistors always operate in the active region so they can change
state very rapidly. The basic ECL circuit is essentially a differential amplifier.

e The ECL gate provides two outputs, one which implements the OR function, and the other
implements the NOR function.

e Two types of ECL gates are the ECL 10K and ECL 100K, the latter having a propagation delay
time of 0.75 ns and power consumption of 40 mW . It should also be noted that ECL is not a
new technology; Motorola introduced the MECL series in the 1980’s.

® The earlier NMOS and PMOS logic gates have now been superseded by CMOS logic gates.
CMOS logic uses both NMOS and PMOS devices to form logic functions. CMOS technology
is the dominant semiconductor technology for the manufacturing of microprocessors, memories
and application specific integrated circuits. The main advantage of CMOS over NMOS and
bipolar technology is the much smaller power dissipation.

e A buffer or line driver is normally used to change (amplify) the voltage level at the output of a
logic circuit.

e Some other ICs are tri-stated buffers or gates. The output of these devices can assume three
states, logic 0, logic 1, and High-Z (high impedance).

® The CMOS transmission gate is another tri-state device where the control input serves as an
open or closed switch.

e A data bus is a group transmission paths such as groups of wires used as a common path to
interconnect several devices. A data bus, or simply a bus can be unidirectional, that is, one in
which data can flow in one direction only, or bidirectional where data can flow in either direc-
tion where each direction can be controlled by tri-state devices.

¢ A more recent advancement in TTL technology is the Advanced Low-power Schottky denoted
as ALS. Thus, a 2-input NAND gate in this technology is indicated as SN74ALS00. The prop-
agation delay time is about 4 ns compared to about 11 ns for the standard TTL, and the

power consumption is about 1 mW compared to about 10 mW for the standard TTL.

® The BiCMOS technology combines bipolar and CMOS to give the best balance between avail-
able output current and power consumption. Bipolar transistors offer high speed, high gain, and
low output resistance, whereas CMOS technology offers high input resistance, and this combi-
nation results in low-power logic gates. Basically, a BICMOS is a two-stage amplifier that uses a
CMOS device in the first stage and a bipolar transistor in the second stage. This device can be
used with both analog and digital signals.

o Gallium arsenide (GaAs) still remains the fastest technology with propagation delay times about
20 ps and even though prices for these devices have fallen considerably during the last few
years, the cost is still very high in comparison with other IC families.
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6.17 Exercises
1. The circuit below is known as Resistor Logic (RL) gate.

1 KQ

_ 1 KQ
14 +
V2

—i 1 KQ % Vout

a. Write the truth table for the input combinations of 0 V and 5 V with respect to the
ground.

b. State the conditions under which this circuit can be classified as an AND gate.
c. State the conditions under which this circuit can be classified as an OR gate.
d. State some of the deficiencies of this circuit when used as a logic gate.

2. The circuit below is known as Diode Logic (DL) gate.

e
Vl
L

V2 15 KQ
€

v

+ out
5V = |
i r

Werite the truth table for the input combinations of 0 V and 3 V with respect to the ground.
Which type of logic gate does this circuit represent?

3. The circuit below is another Diode Logic (DL) gate.

Vie—— pb

out

Werite the truth table for the input combinations of 0 V and 5 V with respect to the ground.
Which type of logic gate does this circuit represent?
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4. The circuit below is a 3-input Resistor-Transistor Logic (RTL) gate.

750 Q +
Vi T,
750 Q }) 1 KQ
Vz O T2
}\A Vout
o
750 Q H 5V=/
Vi o k T; w»
i

Werite the truth table for the input combinations of 0 V and 5 V with respect to the ground.
Which type of logic gate does this circuit represent?

5. For the circuit below find V,,, and V,,,, when each of V, through V, assumes the values of
0 V and 5 V with respect to the ground.

750 Q N

V; O ’\Ti

750 Q

750 Q
Vv, n

A%

outl

v
KQ
+

S5V=/

T |

I

6. For the circuit of Exercise 5, derive an expression for V,,, High level when the driving gate
has a fan-out of 2. Hint: Start with an equivalent circuit.
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7. The circuit below is a 3-input Diode-Transistor Logic (DTL) gate.

Vee =5V
2 KQ
R, = 2KQ Ry
D, Ds °+
Dl
+ > R Vout
v, D,
R B -
L V, D, R,
T 20 KQ
1L v,

7_4 1

Werite the truth table for the input combinations of 0 V and 5 V with respect to the ground.
Which type of logic gate does this circuit represent?

8. It is known that the inverter circuit shown below has the value hy; = 30 minimum. Calculate

the levels of the output voltage v,,, when the levels of the input voltage v,, are 0 and 12

volts. You may first assume that v ,(sat) = 0 V to obtain approximate values and then

assume that v, (sat) = 0.2 V for exact values.

Vee = 12V
Re< 22 KQ
e
R, V"_“‘
+
v, 15KQ ™S =
_ Ry< 100 |
1 KQ —
Vg = —12V
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6.18 Solutions to End-of-Chapter Exercises

1.
1 KQ

- 1 KQ
i—{- +

=V,

—i 1 KO % Vout

a. Withv, =V,=0V,V,,=0V.WithV, =0V,and V, = 5V, R, is in parallel with
R, and by the voltage division expression

R, IR
V0m| :#.VZ:O‘S—KQ,SVZI.67V
V=0V R,+R, IR, 1 KQ+0.5KQ
With V, =5V, and V, = 0 V, R, is in parallel with R; and by the voltage division
expression

R, [ R
Vou| =—-2|| 3 l:&j\/:l.mv
V=0V R +R,[IR, 1 KQ+ 0.5 KQ

With V, = V, = 5V, we apply the principle of superposition and we find that

=V t| +V = 1.67+1.67 =334V
ou V=0V

VO“t|V1:V2=5v 0ut|V2:0V

With these values we construct the truth table below.

Vi Vs Vou
oV (Y oV
0oV 5V 1.67V
5V 0V 1.67V
5V 5V 334V

b. This circuit can be classified as an AND gate if V,,>3.34 V
c. This circuit can be classified as an OR gate if V,,>1.67 V

d. This circuit is not practical for use as a logic gate because if more than two inputs exist, more
different output levels result. Moreover, there is no compatibility between the input and
output levels. With the above arrangement for instance, with V, = V, = 5 V the output is
Vi = 3.34 V and if this output becomes the input of another gate shown below as Gate 3,
the outputs drop to 2.72 V as shown in parentheses.
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5V ——— ) 3.34V (2.72V)

sV 223V (1.81V)
3

5V ——

5 — | 3.34V (2.72V)

2.
+ «
Vl
_é +o— +
V2 15 KQ |
; + Vout
5V= |

li_

Both diodes are forward-biased for any combination of the inputs since the value of V. is

greater than 3 V and can be represented as in the circuit below.

0.7V

By inspection, when V, =V, =0V, or V=0V and V, =3V, or V, =3V and
V, = 0V, the output is V,,, = 0.7 V. When V, = V, = 3 V, the outputis V,,, = 3.7V
and thus the truth table is as shown below.

\4 V, Vout
oV oV 0.7V
0V 3V 0.7V
3V 0V 0.7V
3V 3V 37V

The truth table indicates that this circuit could be used as an AND gate.

6-50 Electronic Devices and Amplifier Circuits with MATLAB Applications
Orchard Publications



Solutions to End-of-Chapter Exercises

3.
\'2 D—Ni
v
) > -
1 KQ Vout

By inspection, when V, = V, = 0V, the output is V,,, = 0V. When V, =0V and
V,=5V,orV;,=5Vand V, =0V,or V, =V, = 5V, one or both diodes conduct and
the outputis V,,, = 5.0-0.7 = 4.3 V and thus the truth table is as shown below.

\f \£ Vou
0V 0V 0V
0V 5V 43V
5V 0V 43V
5V 5V 43V

The truth table indicates that this circuit could be used as an OR gate.

750 Q n
v, T,

750 Q 1 KQ

V, o

out

750 Q

Vi 0

e
<
fe—|IF
|

By inspection, when V, = V, = V; = 0 V, none of the three transistors conduct and thus
Vo = 5 V. When one or more of the input voltages is 5 V one or more of the transistors will

saturate and the output will be V,,, = 0.2 V~0 V. The truth table is as shown below and thus
this circuit behaves as a 3-input NOR gate.
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Inputs | Output
Vl V2 V3 Vout
ov ov ov 5V
ov ov 5V ov
ov 5V ov ov
ov 5V 5V ov
5V ov ov ov
5V ov 5V ov
5V 5V ov ov
5V 5V 5V ov

750 Q -

v, 750 Q

T
T 1 KQ
v ut2

wh
<
HIFE

~

k

This circuit is a 2-input NOR gate with fan-out of 1. We recall that fan-out is the number of
gate inputs that can be driven by a single gate output. Thus, in the circuit above the output of
the first 2-input NOR gate drives (is connected to) one of the inputs of the second 2-input
NOR gate. By inspection, when V, =0V and V, =5V,or V, =5V and V, =0V, or

I

V, = V, = 5V, one of both transistors T, and T, conduct and thus V ,; = 02 V=0 V.
When Vi = 0V and V= 0V, V,, =5V.
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Next, let us examine the case where V, = V, = 5 V. Under this condition V <5V
because current flows through the 750 Q at the base of transistor T, which now conducts, and

and Vggrs = 0.7 V. We can now find that current from the equivalent circuit below.

750 Q

[+

0.7V

|
Il

5V7

5.07 _ 43

= = = 246 mA
1000+ 750 1750

The actual value of V,,; is 5 V minus the voltage drop across the 1 KQ resistor. Thus,

Vo = 5-10°%x246x107 = 254V

We see then that by connecting one input of a gate to the output of another gate causes the
high level to decrease from its open circuit value of 5 V to the value of 2.54 V.

6.
For a fan-out of 2, the equivalent circuit is as shown in Figure (a) below and its Thevenin
equivalent is as shown in Figure (b).

% 750/2 Q
1 KQ 750 Q 750 Q
L

+
5V T 0.7 V= _T 5 V — — 07V
(b)
From Figure (b)
_5-07  _ 43
1000 + 750/2 1000 + 750/2
and
1000
Vour = 5- 1000 +750/24.3 =187V
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The equivalent circuit of Figure (a) can be extended to the situation where there are N gates
driven by one output of a gate, that is a fan-out of N, by replacing the resistance 750/2 by
3

750/N. Then,

Voutl =35
Note: RTL is no longer used as a logic family. It is one of the earlier families employed years

ago with a maximum fan-out of 5 and fan-in of 4.

20 KQ

Vee =5V

L v,
Lo
L
With one or more of the inputs V,, V,, or V; at 0 V, the given circuit becomes as shown
below where the 0.2 V is assumed to be the output of a previous logic gate with logical 0.

With V, = 02 V+0.7V = 09 V | the transistor is OFF. For the transistor to be ON, the
Orchard Publications

voltage V, with respect to the ground would have to be
VA = VD4 +VD5 +VBE = 07 + 07 + 07 = 21 V
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above ground. Therefore, V,, = 5 V.

Next, we will consider the case where all three inputs are high, thatis, V, = V, = V; = 5 V.
In this case, the three input diodes D,, D,, and D; are reverse-biased and thus do not con-

duct. However, diodes D, and Dy are forward-biased and the equivalent circuit is as shown

below.
{

R, R,

2 KQ 2 KQ
Vg +

=i+ —}M+ Vou = 02V
07V 07V R‘ 3
R3
wkal| [ !

To determine the output voltage Voyr we need to find out whether the transistor is ON or
OFF. Let us assume that it is OFF. Then, by KVL

R(I-07V-07V+Ri] =V =5V

5-(0.7+0.7)

VB = VBE = R3I = 20 KQX2K9+2O KQ

=327V

This voltage is more than sufficient to turn the transistor on and thus V ,, = 0.2 V.
The two diodes D, and Dy in series are both necessary for the following reason:

If only one diode were used, when at least one of the input voltages is Low, the voltages V,

and V would be as shown below.

From the circuit above, Vg = Vg = V=V = 0.9-0.7 = 0.2 V and thus the transistor will
be OFF. But this would not be a good design since any small noise voltage such as 0.5 V when
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added to 0.2 V would result to 0.2 + 0.5 = 0.7 V and this would turn the transistor ON.

The truth table for this 3-input DTL gate is shown below and we see that it behaves like a 3-
input NAND gate.

Inputs | Output
Vi V, \E Vout
(VY ov ov 5V
(VY ov 5V 5V
ov 5V ov 5V
(VY 5V 5V 5V
5V ov oV 5V
5V ov 5V 5V
5V 5V ov 5V
5V 5V 5V ov

Note: Like the RTL, DTL is no longer used as a logic family. It is one of the earlier families
employed years ago with power consumption of about 10 mW and propagation delay time of
approximately 30 ns.

With v,, = 0 V the circuit is as shown below.

Vee = 12V
2.2 KQ
G
Vour = 12V
15 KQ Vg B
™ i—
— 100 -
KQ —
Vpp = —12V
By the voltage division expression
15 KQ

VB = VBE = (—12 V) = —157 V

100 KQ + 15 KQ

and this voltage will certainly keep the transistor at cutoff. Therefore, for v,, = 0V,

Vou = 12 V and the inversion operation has been performed.
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With v,, = 12V the circuit is as shown below. First let us assume that v, (sat) = 0 V to

obtain approximate values and verify the assumption that the transistor is indeed in saturation.

Vee = 12V
\ 22 KQ
el .y

Vou(sat) = 0V

Vg = —12V
Let the minimum base current for saturation be denoted as Iz(min). Then, Iz(min) = Ic/hgg
where
o= 2V~ 545mA
2.2 KQ

and thus

I (min) = Jc = 5:45 mA

€ = = 0.182 mA
hep 30

The actual base current can be found from the circuit above. We find that

=22V _ 080 mA
15 KQ

,= 22V _ 012 mA
100 KQ

and
Iy = I,—1, = 0.80-0.12 = 0.68 mA

Since this value is considerably larger than I(min), we accept the fact that the transistor is in
saturation.

Next, we assume that v ,(sat) = 0.2 V to obtain more exact values. The circuit then is as
shown below, and since the transistor is in saturation, there must be

VBE(Sat) = 0.7 V
and with these values,

L2 l2v-02
o= 2V-02

= 5.1 mA
22 KQ
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Vee = 12V

\ 2.2 KQ

Iel 4
Vou(sat) = 0.2V

= 12V-0TV 5 ma
15 KQ

2 0IV_(C12V) |3 na
100 KQ

and
Iy = ,-1, = 0.75-0.13 = 0.62 mA

We observe that the more exact computations do not differ significantly from those obtained
by assuming that the transistor in saturation is essentially a short circuit. Therefore, when

Vi = 12V, v ,(sat) = 0.2 V and again the inversion operation is performed.

6-58 Electronic Devices and Amplifier Circuits with MATLAB Applications

Orchard Publications



Chapter 7

Pulse Circuits and Waveform Generators

his chapter is an introduction to several pulsed circuits and waveform generators also known

as relaxation oscillators. These circuits are part of a family of circuits that include differenti-

ators, integrators, clipping and clamping circuits, pulse-timing and delay circuits, logic cir-
cuits, and switching circuits. In this chapter we will discuss the three types of multivibrators, the
555 Timer, and the Schmitt trigger. We will discuss sinusoidal oscillators in Chapter 10.

7.1 Astable (Free-Running) Multivibrators

An astable or free-running multivibrator, shown in Figure 7.1, is essentially a digital clock which has
two momentarily stable states which alternate continuously thus producing square pulses as shown
in Figure 7.2. We have assumed that all devices in the circuit of Figure 7.1 are identical.

R¢

+——— Output 2

S}

Figure 7.1. Astable multivibrator

Output 1

Output 2

Figure 7.2. Output waveforms of the astable multivibrator

Let us now consider Output 1 and assume that the time ON T, and time OFF T, are equal and

the period is T as shown in Figure 7.3.
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Output 1

T, | T,
|

T ——
Figure 7.3. Waveform showing period T and times ON and OFF for the multivibrator circuit of Figure 7.1
If in Figure 7.3 T, = T,, the pulse repetition frequency f is given by

1 1 1 1
T T,+T, mI2xRyxC =~ 0.69%xRyxC

f=

where Ry and C are as shown in Figure 7.1.

7.2 The 555 Timer

The 555 Timer circuit is a widely used IC for generating waveforms. A simplified diagram is
shown in Figure 7.4.

Vcc‘
R
Comparator 1
Threshold +
1/3 Vee R Q Output
R
+
Trigger —
R Comparator 2

Discharge

Figure 7.4. Simplified circuit for the 555 Timer
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We observe that this IC includes a resistive voltage divider consisting of three identical resistors
and this divider sets the voltage at the plus (+) input of the lower comparator at 1/3 V¢ and at

plus (+) input of the upper comparator at 2/3 V.. The outputs of the comparators determine
the state of the SR flip-flop whose output is either Q or Q. Thus, if Q is High (Set state), Q is
Low, and if Q is Low, Q will be High (Reset state) or vice versa.

The SR flip-flop is Set when a High level is applied to the S input, and it is Reset when a High
level is applied to the R input. Accordingly, the flip-flop is Set or Reset depending on the outputs
of the two comparators, and these outputs are determined by the inputs Threshold at the plus (+)
input of Comparator 1, and Trigger at the minus (=) input of Comparator 2. The output of the 555
Timer is the Q output of the SR flip-flop and when it is Low, Q will be High, and if the input Dis-
charge is High, the transistor will be saturated and it will provide a path to the ground.

7.3 Astable Multivibrator with the 555 Timer

A useful application of the 555 Timer is as an astable multivibrator. From our previous discussion,
we recall that the astable multivibrator is a pulse generator producing waveforms such as that
shown in Figure 7.5.

:<_Tl_,|
|

| T

T, ——
|
|
|

Figure 7.5. Typical waveform for an astable multivibrator

For the waveform of Figure 7.5,
Period =T =T,+T,

- -

Pulse Repetition Frequency = f =

T
Duty Cycle = T

Figure 7.6 shows an astable multivibrator employing a 555 Timer. We will see that with this cir-
cuit the duty cycle will always be greater than 0.5 as shown in Figure 7.7.

For the circuit of Figure 7.6 let us first assume that the capacitor is uncharged and the SR flip-flop
is Set. In this case the output is High and the transistor is does not conduct. The capacitor then
will charge towards V. through the resistors R, and Ry. When the capacitor reaches the value

ve = 1/3 Ve the output of Comparator 2 goes Low and the SR flip-flop remains Set.
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Vee
Ry
R 2/3 Vee
™ / Comparator 1
B~ T, T,
o - L
R Q
Ve 1/3 Vee Output
/ S Q
— F
C = S

R
> Comparator 2 §
R

Figure 7.6. Implementation of an astable multivibrator with a 555 Timer

Ve = 2/3Vee-=-----—-—-—--

Ve = 1/3Vee------

T,

Output waveform

Figure 7.7. Input and output waveforms for the astable multivibrator of Figure 7.6

When the capacitor reaches the value v. = 2/3 V., the output of Comparator 1 goes High and

resets the SR flip-flop and thus the output Q goes Low, Q goes High, the transistor becomes sat-
urated, its collector voltage becomes almost zero, and since it appears at the common node of
resistors R, and Ry, the capacitor begins to discharge through resistor Ry and the collector of
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the transistor. The capacitor voltage v decreases exponentially with time constant t; = Rz;C and
when it reaches the value v = 1/3 V(, the output of Comparator 2 goes High and Sets the SR
flip-flop. The output Q goes High, Q goes Low, the transistor is turned OFF, the capacitor begins
to charge through the series combination of resistors R, and Ry, and its voltage rises exponen-
tially with time constant t, = (R, + Rg)C and when it reaches the value vo = 2/3 V it resets
the flip-flop and the cycle is repeated.

We are interested in the pulse repetition frequency f = 1/T and the duty cycle T,/T where
T = T, + T, and the desired values are dependent on appropriate values of resistors R, and Ry

and the capacitor C. As we know, the capacitor voltage as a function of time is given by
ve(t) = Vo= (Vo - Ve ¢ (7.1)
where V_, is the final value and V,, is the initial value of the voltage across the capacitor.

For the charging interval T, the circuit is as shown in figure 7.8.

ve(t)

“T

Figure 7.8. Circuit for the charging interval
For this interval, V., = V¢, Vi, = 1/3 V¢, and R, = R, +Ry. Then, relation (7.1) becomes

—t/(R, +Rp)C
ve(t) = Vee—(Vee—1/3 Vee)e
C CcC CcC CcC (7‘2)

—t/(R, +Ry)C

Vee=(273 Vee)e

Att = Ty, ve(t) = 2/3 V¢ and relation (7.2)becomes

-T,/(R,+Ry)C

2/3 VCC = VCC_ (2/3 Vcc)e

-T,/(R, +Rp)C

(273 )e =1/3

~T,/(Ry +Ry)C
e

=1/2

“T,/(Ry+R)C = In(1/2) = In1—1n2 = 0 In2
or
T, = In2- (R, +Rg)C = 0.69(R, +Ry)C (7.3)
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For the discharging interval T, the circuit is as shown in figure 7.9.

TC

Figure 7.9. Circuit for the discharging interval
For this interval, V., = 0 V, V,, = 2/3 V¢, and R,, = Rg. Then, relation (7.1) becomes

—t/RyC ~t/RyC

ve(t) = 0—(0-2/3 Veo)e = (2/3 Veo)e (7.4)

Att = T,, ve(t) = 1/3 V¢ and relation (7.4)becomes

-T,/R,C

1/3 VCC = (2/3 Vcc)e

-T,/R,C

(273 )e =1/3

-T,/RC
e

=1/2

“T,/RuC = In(1/2) = Inl —In2 = 0— In2
or
T, = In2- (R, +Ry)C = 0.69R,C (7.5)

The period T is the summation of (7.3) and (7.5). Thus,
T =T,+T, = 0.69(R, + Ry)C + 0.69R,C = 0.69(R, +2R})C (7.6)

The right side of (7.6) cannot be negative; accordingly, the circuit of Figure 7.9 cannot achieve
the condition T, > T,. Moreover, from (7.3) and (7.5) we observe that T, and T, cannot be
equal. Therefore, with the circuit of Figure 7.9 T, will always be greater than T, and the duty
cycle will always be greater than 0.5 of 50 percent. But we can achieve a duty cycle close to 50
percent if we choose resistor R, to be much smaller than resistor Ry.

Example 7.1

For the astable multivibrator of Figure 7.10 the capacitor has the value of 10 nF. Determine
appropriate values for the resistors R, and Ry so that the circuit will produce a pulse repetition

frequency of 200 KHz with a duty cycle of 60%.
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Vee
Ry
R 2/3 Vee
o / Comparator 1
~ T T,
"2 = N
R Q
Ve R 1/3 Vee Output
S Q
C = / +
AT _
Comparator 2
R

Figure 7.10. Astable multivibrator for Example 7.1

Solution:

The period T = T, + T, is a function of the capacitor and resistor values as shown in relation

(7.6), that is,

T=T,+T, = 0.69(R, +2R,)C

The pulse repetition frequency is f = 1/T and thus

o105 = 1 _ 1.443x 10°
- T 0.69(R, +2R;)C R, +2Rg
8
R, + 2R, = M = 1443 KQ (7.7)
10
The duty cycle is T,/T and from relations (7.3) and (7.6) we get
Dut | —06—2— 0.69(R,+Rp)C R, +Ry R, +Ry
U eyele = U = T T 0.69(R, + 2R,)C R, + 2R, 1443 KQ
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R,+Ry = 0.6x 1443 = 8.66 KQ (7.8)
Subtraction of (7.8) from (7.7) yields
R, = 1443-8.66 = 5.77 KQ (7.9)

and from (7.8)
R, = 8.66-5.77 = 2.89 KQ

Figure 7.11 shows an alternate form of an astable multivibrator using the 555 Timer.

Vee
Ra
Rg R 2/3 Vee
"—/\N\/* Comparator 1
+ T, T,
R Q
Ve 1/3 Vee Output

C .

Comparator 2

Figure 7.11. Alternate form of an astable multivibrator with a 555 Timer

With the circuit of Figure 7.11 we can obtain any desired value for the duty cycle as we will see
from the relations below.

For the charging interval T, the circuit is as shown in figure 7.12. For this interval, V. = V¢,
Vip = 1/3 Vee, and R, = R, Then, relation (7.1) becomes
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VCC
RA
ve(t)
“T

Figure 7.12. Circuit for the charging interval

ve(t) = Vee= (Vee=1/3 Veo)e 7™ = Vee = (2/3 Ve € (7.10)
Att = Ty, ve(t) = 2/3 V¢ and relation (7.10) becomes
2/3 Vee = Vee—(2/3 Vo) ¢

2/3)e "™ = 1/3

e—t/RAC - 1/2

Inl —1In2 = 0—1n2

“T,/R,C = In(1/2)
(7.11)

T, = In2-R,C = 0.69R,C

For the discharging interval T, the circuit is as shown in figure 7.13.

VCC

ve(t)
Rg

Figure 7.13. Circuit for the discharging interval

FOI‘ thiS interval, \]DQ = ( RB/(RA + RB) )Vcc, Vin = 2/3 Vcc, and Req = RA ” RB . Then, relation

(7.1) becomes
“t/(Ry IRy)C (7.12)

v(t):( R ) —[( Ry )V _2/3V Je
C RA+RB cC RA+RB ccC ccC

Att = T,, ve(t) = 1/3 Vi and relation (7.12)becomes
R
2 )VCC—2/3 Vee

R
1/3 Ve = (—B)V —K—
ce R,+Ry/ €€ R, +R;

-T,/(R, IRy)C
e

7-9
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e—Tz/(RAIIRB)C _[1/3- Rg/(Ry+Rp) Ve (RA—ZRB) (7.13)
T [2/3- Rg/(Ry+Rp) 1Vee V2R, -Ry ’
T,/RpC - 1/2
R,-2R
-T,/(R,IIRp)C = 1n(u) = In(R, - 2Ry) - In(2R, — Ry)
2R, - Ry
2R, -R
T,/(R, IRE)C = In(2R, —Ry) — In(R, —2Ry) = 1n(M)
R, - 2R,
or
_ RA'RB (2RA_RB)
> = 3RS MR oR, (7.14)

However, there is one restriction as we can see from relation (7.13), that is, the term
Rp/(R, +Rg) must be less than 1/3. Therefore, the period T is the summation of (7.11) and
(7.14) from which we obtain the relation

_ _ RA‘RB (2RA_RB)
T=T,+T, = 0.69RAC+RA+RBC In R, IR,
_ RA‘RB (2RA_RB)
T = [0.69RA+RA+RIJ Cinf AR (7.15)

subject to the condition that Ry/(R,+Rjy) <1/3, and this condition can be simplified as
shown below.

Ry
1
R.+R, /3

3Ry <R, + Ry
2Rp <R,

Ry <R,/2 (7.16)

Example 7.2

Using the astable multivibrator of Figure 7.11 find an appropriate ratio for resistors R, and Ry so
that the output will be a square waveform, i.e., a waveform with duty cycle at 50 %.

Solution:

To achieve a duty cycle at 50 %, we must make T, = T, and this condition will be satisfied if we
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equate relations (7.11) and (7.14) subject to the constraint of (7.16). Then,

RA‘RB

ZRA—RB)
R, + Ry

In2R,C =
n2R,C R,— 2R,

C-ln(

R 2R, —-R
B 1H(M) = In2

R,+R; \R,-2R,
2 (RatRo) _jp( 2Ra-Ro
Ry R, - 2R,

R, )_ (ZRA/RB—I)
In2 (RB+1 = In R./R, 2

For convenience, we let x = R,/Ry and the relation above is written as

(7.17)

n2-(x+1) = m(zx‘l)

X -2

This is a non-linear equation and we could try to solve it with the MATLAB symbolic expression
solve(‘eqn’) as

syms Xx; solve('(x+1)*log(2)=log((2*x—-1)/(x-2))")

but this returns the value of -1 which obviously is meaningless for this example. Therefore, let us
plot relation (7.17) with the following MATLAB script to find the x-axis zero crossing.
x=2.1:0.01:2.5; y=(x+1)*log(2)-log((2.*x-1)./(x=2)); plot(x,y);grid

Figure 7.14 indicates that x-axis zero crossing occurs at approximately x = R,/Ry = 2.363 and

thus to achieve a duty cycle at 50 %, we should choose that the ratio R, /Ry should be close to
this value.

Let us choose R, = 5.1 KQ; then Ry = 5.1/2.363 = 2.16 KQ. The value of the capacitor can be

found from either expression (7.11) or (7.14) but (7.11) is simpler. Thus, if we require that
T, = 5 us, then,

T, = 5x107° = 0.69R,C = 0.69x5.1 x 10°C

from which
-6
c=—20 __ _ s
0.69x5.1x10
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Relation (8.17)

Figure 7.14. Plot for finding the ratio R , /Ry to achieve 50 % duty cycle for the circuit of Figure 7.14

An unstable multivibrator can also be constructed with an op amp as shown in Figure 7.15.

VOUI
V) gat
R
! ¢
C
| > V(_)sat
L ve S B (b)
— + v V()
V) Oi aV(+)sat T
t
R —
R ? AV (o),
(c)
p— (a) V(_)
* VoA AL
t
aV(=)g |- \/ (d) \/

Figure 7.15. An unstable multivibrator using an op amp

From the circuit of Figure 7.15(a), application of KCL at the non-inverting input of the op amp
yields

V) = Vour | V) _

R, R
Ry +R)VEH) _ Vou
RiR, "R,
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oo R (7.18)

where a is the attenuation factor since it is less than unity. Accordingly, the positive and negative
saturation values are denoted as aV(+)_, and aV(-)_, respectively, and are shown in Figures

7.15(c) and 7.15(d). Assuming that the initially the op amp is in negative saturation, the voltage
at the non-inverting input is aV(-)_ . The capacitor C and the feedback resistor R; form a simple

sat *
RC circuit and when the voltage v(-) at the inverting input is at a higher than the voltage v(+) at
the non-inverting input, the capacitor charges through R; towards the negative saturation value

aVv()

sat*

When the potential difference between the inverting and non-inverting inputs of the op amp
approaches the zero value the op amp comes out of saturation and subsequently the positive feed-
back from the output to the inverting input of the op amp drives the op amp to positive saturation.
The voltage across the capacitor cannot change instantaneously and rises exponentially as shown

in Figure 7.15(d) and when it reaches the value aV(+)_ the output switches back to the negative

sat

saturation state.

For the astable multivibrator of the op amp circuit of Figure 7.15(a) we can derive the period of
the pulse repetition frequency as follows:

From relation (7.1)
ve(t) = V= (Va=Vi)e
Taking the natural log of both sides and solving for the time ¢ we get

(Vm _ Vin)
(Ve = ve(1))

Substitution of the voltages shown in Figures 7.15(a) and 7.15(b) yields the appropriate expres-
sions for the timing periods as indicated below.

t = RCln (7.19)

A\ —aV(- A\ —aV(-

t, = RCIn— s 78Ot _ g Y a7 8V sy (7.20)
V(+)sat - a\](_'_)sat V(+)sat(1 - a)
V)., —aV V., —aV

t, = RCIn et =2 Ot _ g 2 D = 2 O (7.21)
V(+)sat - av(+)sat \/(_)sat(1 - a)

Relations (7.20) and (7.21) indicate that if the positive and negative values of the saturation volt-
age have the same amplitude, then t;, = t, and the period of the pulse repetition becomes

T =t +t, = 2RC1ni—+2—1 (7.22)
-a
and with (7.18)
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T =t +t = 2RCIn1 +%) (7.23)

2

Example 7.3

For the astable multivibrator circuit of Figure 7.16 compute the timing periods given that

C =0.1uF, R, = 50KQ, R, = 10KQ, R, = 50 KQ, V(+),, = 10 V,and Vi), = -5 V.
Rf
C VOUI
€ — Vg b--
AN — sat
Ji* ve) ] +
N + VOut
V(+) t
I V(_)sat
R, k2 - (b)
(a)
Figure 7.16. Unstable multivibrator circuit for Example 7.3
Solution:
From (7.18) the attenuation factor is
Lo R 10 _1
~ (R,+R,)  10+500 6
and with (7.20) and (7.21)
Vg —aV-) 4 6, (10—=(1/6)(=5)
= R:Cl sat sat = 1 Ax10 71 (—)
t, +Cln Voo (1-a) 50x10 x0.1x10 "In 0% (1-1/6)
B " 65/6) ~
= 5x10 ln(s—o/6 = 1.31 ms
Vo). —aV _5_
t, = RyCln— 20 - 505 10% 0.1 x 10 1n 2= (LOC0))
V() (l—a) -5x(1-1/6)
_ ” —40/6) B
= 5%x10 1n(_—25/6 =2.35 ms
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7.4 Monostable (One-Shot) Multivibrators

A monostable or one-shot multivibrator is an electronic circuit with two output states in which only
one state is stable. This circuit stays in its normal state (usually a logical 0) until a signal is applied
to its input. When triggered by an input signal, the output reverses states, that is, changes from 0
to 1 for a short period of time, depending upon the circuit parameters which are discussed below,
and then returns to its normal state.

Figure 7.17 shows a block diagram of a typical monostable and its input and output waveforms.

B C
Input
Q Output
Input Monostable A D
Multivibrator Q Output
Q Output T

Figure 7.17. Block diagram and typical input and output waveforms for a monostable multivibrator

We observe that a positive going pulse at the input signal (transition from A to B) which is often
referred to as the leading edge of the pulse (the transition from C to D is referred to as the trailing
edge of the pulse) makes the 0 output to change state momentarily from state O to state 1 for a time
period designated as T which is determined by an external resistor Ry and an external capacitor
Cx as shown in Figure 7.18. Device SN74121 is a typical monostable multivibrator circuit and it is

shown in Figure 7.18.

Cx Ry Vee
Input m{ 9 14 Output
I 74121 0 1
B _— N
5 A, A, 6
4 3 7

Figure 7.18. The 74121 monostable multivibrator

As shown in Figure 7.18, the 74121 has three trigger inputs: A,, A,, and B. Depending on the
desired circuit operation, any or all of these three pins may be connected to the input trigger sig-
nal. In Figure 7.5 A, and A, are both active low and the B input is active high. Under those con-
ditions, the monostable multivibrator will produce the output pulse shown.

As stated above, time period that the output will stay High is determined by an external resistor
Ry and an external capacitor Cy. Typically, the capacitor value is greater than 1 uF and the

resistor value is greater than 10 KQ and the pulse width period T at the output is determined
from the relation
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T = 0.33 x Ry x Cy

For instance, if Ry = 20 KQ and Cy = 5 uF, the pulse width will be T = 100 ms. With the

74121 device, the output pulse width can be varied from 40 ns to 28 s. Also the 74121 is retrig-
gable meaning that the input may be a train of periodic pulses.

The monostable multivibrator is used primarily in pulse shaping applications. It can be used to
widen a narrow pulse as shown in Figure 7.18, and to block unwanted input pulses as shown in

Figure 7.19.
Input

Output

Figure 7.19. The use of a monostable multivibrator to block unwanted input pulses

A monostable multivibrator can also be constructed with an op amp as shown in Figure 7.20.

Di c, L R,
— i vi- +

out

l

Figure 7.20. A monostable multivibrator using an op amp

In the circuit of Figure 7.20, while the input pulse is zero, i.e., v;, = 0, the op amp remains in
positive saturation, that is, v,, = V(+),,, and this is the stable state of the circuit, hence the
name monostable. At this state, diode D, is forward biased and the voltage across the capacitor
C, is the same as that of diode D, , about 0.7 V and thus the voltage across the inverting input of
the opamp is v(-) = 0.7 V.

By the voltage division expression, the voltage at the non-inverting input of the op amp is

(7.24)

2y
V(+) = +
) R, +R, st

Usually, resistors R, and R, are chosen such that R,/R; = 10 and thus v(+) » v(-). Accordingly,
the output of the op amp is held at positive saturation.
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Next, let us assume that a negative going pulse whose amplitude exceeds the voltage v(+). This
voltage at the non-inverting of the op amp will go momentarily negative and will drive the output

of the op amp into negative saturation V(-)_ . So, with the output at negative saturation, the volt-

sat*
age v(+) at the non-inverting input will also become negative. But this condition is only temporary
because diode D, is now reverse-biased and allows capacitor C, to charge negatively, and when
v(-) becomes slightly more negative v(+), and the output of the op amp is once again driven into
positive saturation.

We see then that the output of the op amp remains at negative saturation V(-)_. only long

sat
enough for capacitor C, to charge to approximately the value of v(+), and the time ¢ is deter-
mined by the time constant of capacitor C, and feedback resistor R, and also by the ratio R,/R,.
The expression for the timing period can be derived from relations (7.18) or (7.19) which for the
monostable multivibrator is appropriately expressed as

(V)0 = 0)

- 1
t = RgC,In sl = RyC,In— (7.25)
Vo, —aveoy,,) U l-a

sat

where a is the attenuation factor defined as before as

R,
Q= ——
(R +Ry)
Alternately, we may express (7.25) as
R
{ = RFclln(l + —‘) (7.26)
R,
and if we choose R,/R; = 10, relation (7.26) simplifies to the approximate expression
t=0.1R.C, (7.27)

As with astable multivibrators, we can form a monostable multivibrator using a 555 timer circuit
as shown in Figure 7.21. As shown in Figure 7.21, in the stable state the SR flip-flop will be in the
Reset state keeping the transistor in saturation and thus the capacitor voltage will be close to zero
volts. The voltage at the input terminal is sufficiently high to keep the output of Comparator 2

Low. The output Q will also be Low.

Now, if a negative going pulse is applied at the input, the output of Comparator 2 will go High, the
flip-flop will be Set and its output O will go High and output O will go Low and the transistor will
be at cutoff. At this time, the capacitor will begin charging through resistor R, and will rise expo-
nentially towards the supply voltage V.. Once the capacitor voltage exceeds the threshold volt-

age of Comparator 1, the output of this comparator will go High, the flip-flop will be Reset, the
transistor will go in saturation, and the capacitor will discharge. Thus, the multivibrator will be
returned to it stable state at zero volts level.
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VCC

R
1
R,
% Comparator 1

h
+

e B :
T e
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+

+
U % RzComparator 2 Rg
1
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Figure 7.21. A monostable multivibrator using a 555 timer circuit.

We can find the pulse width T for the time that the monostable multivibrator changes momen-
tarily from its stable state by observing that the capacitor voltage, when charging, reaches the
threshold voltage at the minus (=) input of Comparator 1. Because the three resistors have the

same value, this threshold voltage is 2/3 V.. From (7.1),

~t/R,C

ve(t) = Vo= (Vo= Vin)e

and assuming that the negative going pulse is applied at the input at t = 0 whenV,, = 0, at

t = T the above relation becomes

-T/R,C

(2/3)Vee = Vee—Vece

-T/R,C = In(1/3) = In1-1n3
T=1.1R,C (7.28)

7.5 Bistable Multivibrators (Flip-Flops)

. . " 3 * . . . .
Bistable multivibrators, or more commonly referred to as flip-flops, are electronic circuits with two
stable outputs one of which is the complement of the other. The outputs will change only when

* The logic diagrams and characteristic tables for the Set-Reset, Data, J-K, and Toggle flip-flops are described in
Logic Circuits, ISBN 0-9744239-5-5.
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directed by an input command. In this section we will introduce the fixed-bias flip-flop, the self-
biased flip-flop, and the Schmitt trigger circuit.

7.5.1 The Fixed-Bias Flip-Flop

The fixed-bias circuit shown in Figure 7.22 is one of the earlier types. For this circuit it is assumed
that the value of the collector resistance R is chosen such that the collector current Ic = Vo/Re¢
does not exceed the maximum permissible current. It is also assumed that the values of resistors
R, and R,, and the bias voltage Vg5 are selected so that in one state the base current is adequate

to drive one transistor into saturation and in the second state the base-emitter junction must be
below cutoff. The cutoff and saturation characteristics are specified by the manufacturer.

TVece

_VBB

Figure 7.22. Fixed-bias flip-flop circuit

. . . . . . * . . .
We will illustrate the operation of the circuit of Figure 7.22" with the following example. The trig-
gering signal which is used to induce a transition from one state to another will be discussed later
in this section.

Example 7.4

Compute the stable-state currents and voltages for the flip-flop circuit of Figure 7.23. Assume that
the transistors have a minimum hyg value of 50.

Solution:

This circuit consists of two cross-coupled inverter circuits such as that of Exercise 8 in Chapter 6.
The analysis is facilitated by breaking the given circuit into two parts, the first part indicating the
connections between the base of transistor T, and the collector of transistor T, as shown in Fig-
ure 7.24(a), and the second part indicating the connection between the collector of T, and the
base of T, as shown in Figure 7.24(b).

*  This circuit is also known as Ecless-Jordan configuration

Electronic Devices and Amplifier Circuits with MATLAB Applications 7-19
Orchard Publications



Chapter 7 Pulse Circuits and Waveform Generators

I—I—IZV

15 KQ 15 KQ

100 100 -
L ko KQ L
12V

Figure 7.23. Fixed-bias flip-flop circuit for Example 7.4.

+12'V +12V
22 KQ ‘ 22 KQ
I1
+
JIcz Ve, =0V

-12V

(b)

Figure 7.24. Circuits for the computation of the stable states for Example 7.4
Let us first assume that transistor T, is OFF and transistor T, is ON. Since the saturation volt-
ages are small (about 0.2 V), we will initially neglect them and we let V,(saty=0 V and
Vpga(sat) = 0 V as shown in Figures 7.20(a) and 7.20(b) respectively.
By the voltage division expression

15 KQ

Vel = 100 KO+ 15 KO

(-12V) = -1.57V

and this voltage will certainly keep transistor T, at cutoff. To verify that with transistor T,

beyond cutoff transistor T, is in saturation, we calculate I, by first finding I, and I, as follows:

12V
L = 35¢g = 545 mA

Also,
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0-(~12)

= S Roxi0 kg - riomA

I,

Then,
I, = [,—1, = 545-0.10 = 535 mA

We observe that the value of I, is much less than the value of 1, and in a practical flip-flop design
this may not be the case.

Usually, the minimum base current I, is read from the collector characteristics curve for a partic-
ular transistor and since no curves were given, we will use the given minimum value of h; .for the

minimum value of I, for saturation. Thus,

Let us now compute the value of I, from Figure 7.24(b). We find that

12
L =33 ko+15ka - 070mA
and
12
L = oogg = 012 mA
Then,

Since (I, = 0.58 mA) > (Iz(min) = 0.11 mA), that is, the value of I, exceeds the minimum base
current value of Iz(min) required for saturation, we have shown that transistor T, is deeply into
saturation.

Finally, the collector voltage V¢, if found from Figure 7.20(b) as

Ve, = 12-22x10°x1, = 12-22x10°%x0.70x 107 = 10.5 V

and this value is close to the collector supply voltage of 12 volts.

With the assumption that the saturation are zero volts, the voltages and currents for a stable state
for the flip-flop of this example are summarized in Table 7.1.

The second stable state is the one in which transistor T, is ON and transistor T, is OFF. The

analysis is the same as above where the voltages and currents are interchanged between transistors
Tl and T2, and VC2 = 105 V-
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TABLE 7.1 Voltages and currents for a stable state for the flip-flop of Example 7.3

Parameter Value
I, 0mA
Ve 10.5V
I, 535mA
Ve 0V
I, 0 mA
Vi, -1.56 V
Iy, 0.58 mA
Vi, 0V

7.5.2 The Self-Bias Flip-Flop

This is also one of the earlier types of flip-flops. In a self-bias flip-flop, a common emitter resistor
Rg, as shown in Figure 7.25, is used to provide self-bias and thus the need for a negative power

supply is eliminated.
I +VCC

o —+
VCNI VCNZ
7T T, |

Figure 7.25. Self-bias flip-flop circuit

The procedure for calculating the stable states is similar to that for a fixed-bias flip-flop and it is
illustrated in Example 7.5.

Example 7.5

Compute the stable-state currents and voltages for the flip-flop circuit of Figure 7.26 which uses
P-N-P identical transistors. Find the minimum value of hy; which will keep the ON transistor in

saturation.
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- R, R, —
10 KQ 10 KQ

+ T +

Veni R ssgo Venz

Figure 7.26. Self-bias flip-flop circuit for Example 7.5
Solution:
This circuit consists of two cross-coupled inverter circuits such as that of Exercise 8 in Chapter 6.
The analysis is facilitated by breaking the given circuit into two parts, the first part indicating the
connections between the base of transistor T, and the collector of transistor T, as shown in Fig-

ure 7.27, and the second part indicating the connection between the collector of T, and the base

of T, as shown in Figure 7.28.

Let us first assume that transistor T, is OFF and transistor T, is ON. We must first compute the

voltage Vgy; shown in Figure 7.27.

Vel —12V
Re< 4KQ
1
OFF T
Tl‘\{ -
ﬂVEEl T Vene
+ Vani R,
Veni 10 KQ

Figure 7.27. The circuit of Example 7.5 showing the connections between the base of T, and collector of T,

From the circuit of Figure 7.27 we observe that Vi, = Vgy; and from Figure 7.28

Viena = —(Igy + 1c)Rg (7.29)
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Vet -12V
RC
4 KQ R,
+
30 KQ ON
IBZ })
o + -.h
\V4 -
Veni — | OFF R EB2 4 +
+ VBNZ 2 RE VENZ
Veni 10 500
_ KQ Q
a N|

Figure 7.28. The circuit of Example 7.5 showing the connections between the base of T, and collector of T,

where the minus (-) sign indicates that the neutral point (ground) is at a higher potential than
the emitter. To find the saturation currents I, and I, we will apply Thevenin’s theorem by first

replacing the collector circuit of transistor T, by its equivalent, then by replacing the base circuit

of T, by its equivalent, combining these two, and inserting the transistor T, between them.

With transistor T, and emitter resistor Ry disconnected, the Thevenin equivalent is as shown in

Figure 7.29.

OFF R¢ Rorny
T 4 KQ Ry 3.64 KQ l
! 0KQ x| .
Y Vee R
2 109 V

Figure 7.29. Collector circuit for the computation of Thevenin equivalent, Example 7.5

From Figure 7.29

R, +R
Vi = v = —(Ri*Ry)

VT RrReRD

(30 + 10)
(30 + 10 + 4)

(-12) = -109 V

(7.30)
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(R, +R)Rc _ 40 x4
Rri = (R +Ry) IRe = o= = —2
1 2 C

= 3.64 KQ (7.31)

Next, we replace the base circuit of T, by its equivalent as shown in Figure 7.30.

Rc R, Ry
4 KQ 30KQ { 7.73 KQ vl
— V¢ R, — V2 w

) 0= 4 T
v ko 273V ]

10 w
KQ ‘

Figure 7.30. Base circuit for the computation of Thevenin equivalent, Example 7.5

From Figure 7.30

R, 10

Vewr = Voo =2 ——2 (V. )= ———
TH2 vw (R1+R2+RC)( cc) (30 + 10 + 4)

(-12) = 273 V (7.32)

(Rc+R)R, —34x10

RTH2=(RC+R1)”R2:R TR +R. _ 24
c 1 2

= 7.73 KQ (7.33)

The Thevenin equivalent voltages and resistances of Vg, , Ryis Vi, and Ryy, , combined with
transistor T, and resistor Ry yield the circuit of Figure 7.31 where have assumed that
VEc(Sat) = 0.2 V and VEB(Sat) = 0.7 V.

Figure 7.31. The composite Thevenin equivalent circuit of Example 7.5 when transistor T, is in saturation
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We find the values of I, and I, by application of KVL around the loops indicated in Figure
7.31.
0.5(Igy + Iey) + 0.7 + 7.731,, = 2.73

Rearranging and simplifying, we get
8.231,, + 0.51., = 2.03
0.5y, + 4141, = 10.7

Using MATLAB with the matrix left division operator, we get write and execute the following
script which produces the values of the currents Iy, and I, .

A=[8.23 0.5; 0.5 4.14]; B=[2.03 10.7]; x=A\B;...
fprintf(' \n'); fprintf('IB2=%2.3f mA \t',x(1));...
fprintf('1C2=%2.3f mA \t',x(2)); fprintf(' \n")

IB2=0.090 mA IC2=2.574 mA

Thus,
Io, = 2.57 (7.34)

and Iy, = 0.09 (7.35)

With these values, we now find the value of hgg.
hpp = = = == = 285 (7.36)

The voltages can now be found from the circuits of Figures 7.27 and 7.28. From Figure 7.26 we
observe that Vv, = Vgy; and from relation (7.18)

Vint = Vine = —(Igy + Ip)Rg = —(0.09 +2.57)x 0.5 = —1.33 V (7.37)
From Figure 7.27,
Vens = Veps + Ving = 02133 = -1.53 V (7.38)
From Figure 7.28,
Vs = Vs + Ving = —07 133 = -2.03 V (7.39)
From Figure 7.27,
\Y :LV :L(—lss V) = -038V (7.40)
BNET R, +R, M 7 30+10° ‘ ’
and
Ve = Ve = Veng = =038 —=(1.33) = +0.95 V (7.41)
and with this value, the PNP transistor is OFF.
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Finally, to find the value of Vi, we apply superposition to the circuit of Figure 7.28 which, for
simplification is redrawn into two simple resistive networks as shown in Figure 7.32.

R, Re
v 30KQ + Vv 4KQ +
BN2 R Vexts cc R, Vents
203V 4 xQ 12V 30 KQ
(a) e (b) —

Figure 7.32. Circuits for the computation of Vv, , Example 7.4
From the circuit of Figure 7.32(a) we find that

R¢
= — -2.03 -0.24
VCNla Rl + RCVBN2 30 4( )
and from the circuit of Figure 7.32(b) we find that

R,

Venrs = AR Ve = 1s 30( 12) = ~10.59 V

Therefore,
VCN] = VCN1a+VCN1b = _1083 V (7.42)

The stable state values of the circuit of Example 7.5 are summarized in Table 7.2

TABLE 7.2 Voltages and currents for a stable state for the flip-flop of Example 7.4

Parameter Value
Ie, 0 mA
Vo, ~10.83 V
I, 2.57T mA
Vena -1.53V
Ig, 0 mA
Vani -1.56 V
I, 0.09 mA
Vi 203V
Vent = Vene —133V
We see that the output changes from Vy, = —1.53 V to Vey; = —10.83 V or vice versa.
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7.5.3 Triggering Signals for Flip-Flops

A flip-flop will remain in one of its stable states indefinitely until a triggering signal is applied to
make a transition. In some applications it is desired to have a change of state occur immediately
after the application of an abrupt triggering signal. The interval time during which conduction
transfers from one transistor to the other is known as the transition time. It is always desirable to
reduce the transition time and this can be accomplished by inserting small capacitors, referred to
as speed-up capacitors, in parallel with the coupling resistors R, as shown in Figure7.33.

Let us assume that in the flip-flop circuit of Figure 7.33 transistor T, if OFF and transistor T, is
ON, and to initiate a transition, a negative pulse is applied at the base of T, denoted as point X, .
The collector voltage of T,, denoted as point Y, will rise rapidly and it is desirable that this rapid
rise will be transmitted with minimum delay to the base of T, denoted as point X, . Transistor T,
has an input capacitance C; and in the absence of the parallel capacitor C,, the circuit configu-

ration consisting of resistors R, and R,, and input capacitor C; constitutes an uncompensated

%
attenuator.

Figure 7.33. Fixed-bias flip-flop circuit including speed-up capacitors

The smallest allowable interval between triggers is referred to as the resolving time of the flip-flop,
and its reciprocal is the maximum frequency at which the flip-flop will respond. In practice, the

maximum frequency f,,, of operation is given by the relation
1 R;+R,

oo = 3% = 30RR, (7.43)

The triggering signal which is usually employed to initiate a transition from one state to the other
is either a pulse of short time duration or a step voltage. This pulse or step may be used in a man-

*  For a discussion on compensated attenuators, please refer to Appendix B.
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ner that will produce either symmetrical or unsymmetrical triggering. In unsymmetrical triggering
signal is effective in initiating a transition in only one direction (polarity). A second triggering sig-
nal from a separate source must be initiated in a different manner to achieve the reverse direction.
The circuits of Figure 7.34 show a method of triggering unsymmetrically an NPN and a PNP bipo-
lar transistor.

Trigger
input

\H—«

Tri i
rigger
input

(b) Vs

Figure 7.34. A method of triggering unsymmetrically an NPN or a PNP transistor

In symmetrical triggering, each successive triggering signal initiates a transition, regardless of the
state in which the flip-flop happens to be. The circuits of Figure 7.35 show how a flip-flop may be
triggered in a symmetrical manner.

“’ +Vee
Re % Ds R OFF D D ON
C C T 1 2
T € C . > < T
I <« T—¢
D, D, alB L R f D, =R,
T, — —{ T, B
p— e M~ —
OFF ON
- - — —Vas
(a) (b)

Figure 7.35. Methods of symmetrical triggering through diodes at the collectors or the bases of the transistors
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7.5.4 Present Technology Bistable Multivibrators

The bistable multivibrator (flip-flop) circuits we’ve discussed thus far are the original circuits and
were in use in the 1960s. We have included them in this text because they are the circuits from
which present technology bistable multivibrators such as those with CMOS technology and op
amps have evolved. We will briefly discuss a bistable multivibrator with an op amp in this subsec-
tion.

The circuit of Figure 7.36 shows how an op amp can be configured to behave as a bistable multi-
vibrator.

C

€ - Vi

mn ‘

R1 + o Vou_i_ /
L

R2 Vout

+
Vin
L

(2 (b)
Figure 7.36. Op amp configured as a bistable multivibrator

The stable states for the bistable multivibrator of Figure 7.36(a) are the conditions where the
output is at positive or negative saturation. It assumes either positive or negative saturation by
the positive feedback formed by resistors R, and R;. A positive or negative going pulse as shown
in Figure 7.36(b) causes the circuit to switch states.

7.6 The Schmitt Trigger

Another bistable multivibrator circuit is the Schmitt trigger shown in Figure 7.37(a).

Vout Vout
Vout - .
V i
V. upper V. lower
VS VS
—— —
©®) (c)

Figure 7.37. Schmitt trigger circuit and waveforms for increasing and decreasing input signals

The Schmitt trigger circuit and transfer characteristics are similar to the comparator. It provides
an voltage when its input signal vg reaches some predetermined value set at the non-inverting
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input of the op amp. The output of the op amp changes from the positive saturation voltage
V,.(max) to its negative saturation voltage -V, ,(max) and vice versa. As shown in Figure

7.37(b), the output is positively saturated as long as the input signal vg is less than the upper
threshold V., upper. If the input signal vy rises slightly above this threshold voltage, the output
drop abruptly to -V, (max) and stays there until vy drops below a lower threshold voltage
V.lower. The threshold voltages V,upper and V. lower are determined by the resistors R, and R,
and the reference voltage V,.;. These threshold voltages can be found by application of KCL at
the non-inverting input of the op amp. Thus,

V+ - Vref + V+ - Vout —

R, R, 0
1 1 ) Vout Vref
— 4 — |y, = —out Tref
(Rl "R,/ TR, TR,

(Rl +R, ) RiVier + RyVou
1 2.y, = —Llref? 2 ou
R] * R2
Rlvref+ R2V0ut
V, = ——/———— .
. R, TR, (7.44)
In (7.44), when V,_,, is the maximum positive output voltage, V, = V,upper, and when V_,, is the

maximum negative output voltage, V, = V,lower.

Normally, the peak-to-peak output voltage of the Schmitt trigger of Figure 7.37 is often limited by
the use of back-to-back zeners across the output terminal and ground. The zener voltages are cho-
sen so that the output swing from positive to negative or vice versa, is compatible with commer-
cially available IC digital devices.

Example 7.6

For the Schmitt trigger circuit of Figure 7.38(a), the input signal v is as shown in Figure 7.38(b).
Find and sketch V,upper and V., lower.

Solution:

It is given that the Schmitt trigger saturates positively at +12 V. Then, with (7.44)

RV +R Vo 10°x2+250% 12

R, + R, 10250 =224V

V. upper =

That is, when the input signal v; exceeds this value, the output abruptly swings to negative satu-

ration, i.e., =12 V as shown in Figure 7.39.
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Vs (V)
4_ _____
24 /
otk 7— t (ms)
I, 2 A N
Vref =2V
(a) (b)
Figure 7.38. Schmitt trigger circuit and input signal waveform for Example 7.6
Vour (V)
1’7
1 v
4t -+~ 224V
24 \/\ 1.66 V
/ 2.24 V

t (ms)

124 .
Figure 7.39. Waveforms for Example 7.3

When the output saturates negatively at =12 V the lower threshold voltage is

R\ V. + RV 10" %2 +250 % (=12)
V.l = = = 1.66 V
wower R, + R, 10250

That is, when the input signal v drops below this value, the output abruptly swings back to pos-
itive saturation, i.e., +12 V, and when the input signal vy rises again to 2.24 V, the output drops

again to —12 V as shown in Figure 7.39.
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7.7 Summary

An astable multivibrator is essentially a digital clock which has two momentarily stable states
which alternate continuously producing square pulses.

The 555 Timer circuit is a widely used IC for generating waveforms.

A monostable multivibrator is an electronic circuit with two output states in which only one
state is stable. This circuit stays in its normal state until a signal is applied to its input. When
triggered by an input signal, the output reverses states for a short period of time, depending
upon the circuit parameters. A monostable multivibrator is used primarily in pulse shaping
applications and to widen narrow pulses.

Both astable and monostable multivibrators can constructed with a 555 timer circuit.

IC device SN74121 is a popular monostable multivibrator where the time period that the out-
put will stay High is determined by an external resistor Ry and an external capacitor Cy.

A bistable multivibrator, commonly referred to as flip-flop, is an electronic circuits with two
stable outputs one of which is the complement of the other. The outputs will change only when
directed by an input command.

All three types of the multivibrators, i.e., astable, monostable, and bistable, can be constructed
with op amps employed as comparators.

The Schmitt trigger is another bistable multivibrator circuit.
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7.8 Exercises

1. For the astable multivibrator below V.- = 5 V and C = 1 nF. Find the values for the resis-

tors R, and Ry so that the circuit will produce the waveform shown.

VCC
Ré
T1 T2
= T
Ve Output
C~
v(V)
5
0 I1 Ib 3 4 )
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2. For the astable multivibrator below V.. = 5 V and C = 1 nF. Find the values for the resistors

R, and Ry so that the circuit will produce the waveform shown.

Vee
RA
Ry R 2/3 Ve
+—"\\NN— Comparator 1
B~ T 1 T2
R Q
Ve 1/3 Vee Output
C — > Q
AT~ R
Comparator 2
Vv (V)
5
L 1 t S
0 1 2 3 4 5 (1)
3. Repeat Exercise 2 to design a circuit that will produce the following waveform.
v (V)
5
—— t (us)
0 1 2 3 4
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4. Design a monostable multivibrator using a 555 timer, a capacitor with value C = 1 nF and
appropriate resistor values to produce an output pulse of 20 us duration.

5. The fixed-bias flip-flop circuit below is the same as that of Example 7.4.

I+12V

15 KQ 15 KQ

100 100 N
-12V

The transistors are identical and the curves supplied by the manufacturer specify that
Vepa(sat) = 0.15 V and Vg, (sat) = 0.7 V. Assume that the transistors have a minimum hgy
value of 50. Using these voltages, recalculate the stable-state currents and voltages.

6. For the Schmitt trigger circuit of Figure (a) below, the input signal vy is as shown in Figure

(b).

Vs o — v (V
v oV =110V s (V)
N

out

; ANA
40 KQ Ty ——t—+— ot (1)
0 n72 \3n/2/2n '
R, <~ 10 KQ
_5_

Vie=-1V

ref (a) (b)

Find and sketch V. upper and V. lower.
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7.9 Solutions to End-of-Chapter Exercises
1.
v (V) :

5

4 t t (us
o 1 5 34 (1)
The periodis T = T;+ T, = 3+1 = 4 us and the duty cycle is

T,/T =3/4 =075 =75%
From relation (7.6)

T = 4x10° = 0.69(R, +2R)C = 0.69 x 10 (R, + 2R})

-6
Ry+2Ry = —10 _ = 577KQ (1)
0.69 x 10°

The duty cycle is T,/T and from relations (7.3) and (7.6) we get

T,  069(R,+R.)C R,+R, R,+R
Duty cycle = 0.75 = = (Ra+Rp) A+ Ry L+ Ry

T ~ 069(R,+2R;)C R, +2R, 5.77 KQ

R,+Ry = 0.75%5.77 = 433 KQ (2)
Subtraction of (2) from (1) yields

Rg = 5.77-4.33 = 3.44 KQ
and from (2)

Ry, = 433-3.44 = 890 Q

T, T, ‘ \
| ; !

0 1 2 3 4 5 L)

The periodis T = T, +T, = 1+3 = 4 us. The dutycycleis T,/T = 1/4 = 0.25 = 25%.To
achieve a duty cycle at 25 %, we must make T, = 3T, and this condition will be satisfied if we

multiply relation (7.11) by 3 and equate it to relation (7.14) subject to the constraint of (7.16).
Then,
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3IN2R,C = —2—BC.|p( =—A— B
A = RivR, "R, -2R,
R,+R; \R,—2R,

R,+R 2R, -R
31112.(M) _ 1n(M)
Ry R, - 2R,

) = 3In2

R4 )_ (2RA/RB—1)
3In2 (RB+1 = |n R./R, 2

For convenience, we let x = R,/Ry and the relation above is written as

_ ZX—I)
3In2 - (x+1) = ln( -

Therefore, let us plot the above relation with the following MATLAB script to find the x-axis
Zero Crossing.

x=2.005:0.0001:2.006; y=3.*log(2).*(x+1)-log((2.*x-1)./(x=2)); plot(x,y);grid

Relation for 3T1 = T2

0.1 L ! ! ! I | | | I
2005 20051 20052 20053 20054 20055 2.0056 20057 20058 20059  2.006
x=RA/RB

The plot above indicates that the x-axis zero crossing occurs at approximately
X = R,/Ry = 2.0058

and thus to achieve a duty cycle at 25 %, we should choose that the ratio R,/Ry should be
close to this value but not exactly equal or less than 2. The value of the capacitor can be
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found from either expression (7.11) or (7.14) but (7.11) is simpler. We require that T, = 1 us

and assuming R, = 5.1 KQ, we get
T, = 10° = 0.69R,C = 0.69x5.1 x10°C

10°°

C=——7——
0.69x5.1x10

= 284 pF

v (V) :

t (us)

o 1 2 3 4
The periodis T = T, + T, = 3+ 1 = 4 us and the duty cycle is
T,/T=3/4=075=75%

Here, we must make T, = 3T, and this condition will be satisfied if we multiply relation (7.14)
by 3 and equate it to relation (7.11) subject to the constraint of (7.16). Then,

In2-R,C = 3--2"BcC.|
e Ba R,+R,  '\R,-2R,

n ——— | =

R,+R, \R,-2R, 3

3 Ry a R, - 2Ry

M(}&\_i_l) — ln(zRA/RB_l)
3 \R, R,/R,-2

For convenience, we let x = R, /Ry and the relation above is written as

_ 2X—1)
In2-(x+1) = 31n( -

Therefore, let us plot above relation with the following MATLAB script to find the x-axis zero
crossing.

x=2.1:0.01:6; y=log(2).*(x+1)-3.*log((2.*x—1)./(x-2)); plot(x,y);grid
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T1=3T2

The plot above indicates that x-axis zero crossing occurs at approximately
X = RA/RB = 4.25

and thus to achieve a duty cycle at 75 %, we should choose that the ratio R,/Rj should be
close to this value. The value of the capacitor can be found from either expression (7.11) or
(7.14) but (7.11) is simpler. We require that T, = 3 us and assuming R, = 5.1 KQ, we get

T, = 3x10° = 0.69R,C = 0.69 x5.1 x 10°C

c - 3x10"

= — " =853 pF
0.69 x 5.1 x 10’

Example 7.2 and Exercises 2 and 3 reveal that as the duty cycle decreases the ratio R, /R

approaches the value of 2, and as the duty cycle increases, this ratio approaches the value of
11.

4. We will use the monostable multivibrator of Figure 7.21 which is repeated below for conve-
nience. From relation (7.28),

T=1.IR,C

With a capacitor of value C = 1 nF to produce an output pulse of T = 20 us duration, resis-
tor R, must have the value of

-6
R, = — = 20x10__ 350

~LIC T 11x107
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R
1
R2
% Comparator 1

h
+

_ j .
S
:|—I RzComparator 2 Ry i:
1

o
T R,

2.2 KQ 2.2 KQ

e +
VCl VCZ
LT

L S

-12V
Figure 7.40. Fixed-bias flip-flop circuit for Example 7.3.
As in Example 7.4, we break the given circuit into two parts, the first part indicating the con-
nections between the base of transistor T, and the collector of transistor T, as shown in Figure

(a), and the second part indicating the connection between the collector of T, and the base of
T, as shown in Figure (b).
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+12V +12 V

2.2 KQ ‘

Let us first assume that transistor T, is OFF and transistor T, is ON. By the voltage division
expression and the superposition principle,

15 KQ 100 KQ

“Tokeriska TPV oker sk MY

VB]

and this voltage will certainly keep transistor T, at cutoff. To verify that with transistor T,

beyond cutoff transistor T, is in saturation, we calculate I, by first finding I, and 1, as fol-

lows:
12Vv-015V
Il = W = 5.39 mA
O 015-(-12)
L=Skarokg - O mA
Then,
and
I 5.28 mA
IB(mln) = }i = T = 0.11 mA

Let us now compute the value of Iy, from Figure (b). We find that

. 12-07
b =35 Karis ko - 00 mA
and
L 07-(-12) _
I, = 100 KO - 0.13 mA
Then,
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I, = L1, = 0.66-0.13 = 0.53 mA

Since (I, = 0.53 mA) > (Iz(min) = 0.11 mA), that is, the value of I3, exceeds the minimum
base current value of Iz(min) required for saturation, we have shown that transistor T, is

deeply into saturation.
Finally, the collector voltage V, if found from Figure (b) as
Ve, = 12-22x10°x1, = 12-22%x10°x0.66x 107 = 10.5 V

and this value is close to the collector supply voltage of 12 volts.

Therefore, with the values given the more accurate voltages and currents for a stable state for
the flip-flop of this example are summarized in the table below.

Parameter Value
I 0 mA
Ve 105V
Ie, 5.28 mA
Ve, 0.15V
I, 0 mA
Vi, -143V
Iy, 0.53 mA
Vi 0.7V

A comparison of the values of Table 7.1 and those of the table above reveals that the error in
assuming that a transistor in saturation behaves as an ideal short circuit is very small and this
error can be neglected.

The second stable state is the one in which transistor T, is ON and transistor T, is OFF. The
analysis is the same as above where the voltages and currents are interchanged between tran-
sistors T, and T,, and V., = 10.5 V.
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6.

Vour (V)
Vg o—n+—{ — 10 f _
v, — V., = £10V
+ Vg
: |QEA
40 KQ 3 AN
R, 10 KQ 1.2V J J
|
28V
Vref =-1V
(2) 10
(b)
R,V,.s+ R,V Y (- 4
Voupper = RiVeertRaVo _ 4x10°x (D +10°x10 _ oy

R, +R, 5% 10*

That is, when the input signal vg exceeds this value, the output abruptly swings to negative
saturation, i.e., —10 V as shown.

Rlvref + R2V0ut

_4x10'x (=) +10°x(=10) _

V.lower =

R, +R, 3

x 10*

28V

That is, when the input signal v; drops below this value, the output abruptly swings back to
positive saturation, i.e., +10 V, and this cycle repeats.
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Chapter 8

Frequency Characteristics of Single-Stage and Cascaded Amplifiers

his chapter presents certain basic concepts and procedures that are applicable to frequency

dependent single-stage and cascaded amplifiers. The intent is to provide the basic principles

of the frequency dependence that is an essential prerequisite for the effective design and uti-
lization of most electronic circuits.

8.1 Properties of Signal Waveforms

In the study of electronic systems we encounter an extremely wide variety of signal waveforms.
The simplest are sinusoidal with frequencies of 60 Hz or 400 Hz but in most cases we are con-
cerned with a more complicated class of periodic but nonsinusoidal waveforms. For these wave-
forms we attempt to represent the signals as a superposition of sinusoidal components of appropri-
ate amplitudes, frequencies, and phases. Fortunately, very powerful techniques for this purpose are

. . . * . .
available such as the Fourier series, Fourier transform, and the Laplace transformation.

Periodic signals can be represented as the superposition of sinusoidal components by a Fourier
series of the form

v(t) = V+V,cos(ot+0,)+ V,cos(2ot+ 0,) + V;ycos(3ot+ 0;) + ... (8.1)

where V is the DC component of the composite signal, o is the fundamental frequency or first har-
monic, 2w, is the second harmonic, 3o is the third harmonic, and so on.

Unfortunately, not all signals consist of harmonically related components. In the case of speech or
music, for instance, the sinusoidal composition of the sound is continuously changing. In this case,
the composite signal can be approximated by the superposition of a number of sinusoidal compo-
nents expressed as

v(t) = V+V,cos(o,;t+0,)+ V,cos(m,t+0,)+ Vicos(m;t+05) + ... (8.2)
where V is the DC component of the composite signal, and o,, ®,, ®;, and so on, are not har-
monically related.

Figure 8.1, referred to as the frequency spectrum of the signal reveals information about the fre-
quencies and amplitude, but it contains no information about the phase angles of the components.

*  For a thorough discussion on Fourier series, the Fourier transform, and the Laplace transformation please refer

to Signals and Systems with MATLAB Applications, ISBN 0-9709511-6-7.
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bn
4/

| | | | .
0 3 5 7 g et

Figure 8.1. Typical frequency spectrum

The frequency spectrum of Figure 8.1 represents the square waveform shown in Figure 8.2.

%T%‘

T 21 ot

Figure 8.2. Typical frequency spectrum

Example 8.1

The frequency components of the frequency spectrum of Figure 8.1 are as shown in relation (8.3)
below.

- Aot + Luinsor L )45 L
v(t) = - smmt+3sm3mt+551n50)t+... == z nsmnmt (8.3)

n =odd
What percentage of the average power is absorbed by
a. the fundamental frequency
b. the fundamental and the third harmonic

c. the fundamental, the third, and the fifth harmonic

Solution:

The instantaneous power is p = v°/R and for simplicity let us assume that R = 1. The average
power P over a period T is

T T
-1 vidt = lVzt

2
= 1) T =v (8.4)

0

We recall that the RMS value of a sinusoid is the amplitude of the sinusoid divided by /2. Thus,
the average power in the harmonics of relation (8.3) is
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2 2 2
P,+P;+Ps+... = Vf+V3+V§+... = (ﬁl) +(ﬂ-l) +(ﬂ-l) + ...
J2n J2m 3 Jam S

|
o0
>
I
VR
f—
+
| —
+
|—
+
N—

a. Percentage of power absorbed by the fundamental frequency component:

(£-1) %100 = 81%
n
b. Percentage of power absorbed by the fundamental frequency and the third harmonic compo-
nents:
[-8—-(1+l)}x100 = 90%
n 9
c. Percentage of power absorbed by the fundamental frequency, the third, and the fifth harmonic
components:
[ﬁ-(1+l+iﬂxloo = 93%
2 9" 25
This example indicates that most of the power is absorbed by the fundamental frequency and the
first two non-zero harmonics. Of course, the power absorbed would be considerably higher if the

signal includes a DC component.

Figure 8.3 shows a typical curve of amplification versus frequency.

Figure 8.3. Typical frequency characteristics of an amplifier

As shown in Figure 8.3, the amplification decreases at high frequencies as a result of the parasitic
capacitances in the circuit, and decreases at low frequencies because of the presence of coupling
capacitors. Also, for a good designed amplifier, the amplification near the lower and near the
higher band of frequencies should not be less than 70 percent of the amplification in the middle of
the band. It turns out that if an amplifier retards the phase of each sinusoidal component of the
signal in direct proportion to the frequency of that component, then the waveform of the output
signal is an exact copy of the input waveform, but it is delayed in time. This can be illustrated by
expressing relation (8.2) with the introduction of a constant time delay 7. Then,

v(it—T) = V+V,cos(o,(t—=T)+0,)+ V,cos(®,(t—T) +0,) + Vycos(w;(t—T) +05) + ...
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Letting ¢, = o, T we get
v(t=T) = V+V,cos(w,t—¢, +0,)+ V,cos(w,t—,+0,) + Vycos(w;t—dp; +05) +...  (8.5)

Relation (8.5) reveals that the introduction of a constant delay adds a phase lag ¢, to each com-
ponent, directly proportional to the frequency of that component. Reversing the above process
we can see that if an amplifier introduces a phase lag that increases linearly with frequency, then
¢ = Ko, and the amplifier produces a time delay T = K, and if the amplification is the same for
all frequencies, the signal is not distorted; it is merely delayed in time. In conclusion, the analysis
and design of linear amplifiers is concerned with the characteristics of amplification and phase
shift versus frequency. For the remaining of this chapter and Chapter 9, we will develop proce-
dures for constructing these characteristics. Subsequently, an easy method to begin with the
design of amplifiers at low, medium, and high frequencies is to first define the transfer function
G(s) gain and the frequencies as the poles of the transfer function and draw the Bode plot using

MATLAB."

The results of the following example will be useful in our analysis and development of equivalent
circuits.

Example 8.2

Prove that the circuits of Figure 8.4(a) and 8.4(b) are equivalent.

R3 Vout
1otk oRE L
(a) — -
Vl V2
R, Vout
R2 ngg gmvg R4 -
(b)

Figure 8.4. Equivalent circuits for Example 8.2

* Frequency response and Bode plots are discussed in detail in Circuit Analysis II with MATLAB Applications,
ISBN 0-9709511-5-7.
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Proof:

Application of KCL at v, and v, of Figure 8.4(a) yields

Vi, Vi—V,
—_t —<—g v, =0
Vo— vV Yy
— =+ =0
Application of KCL at v, and v, of Figure 8.4(b) yields
1 \4! 2
— —g.V,+ =0
Vo -V 2
+ +—==0
R, TR,

We observe that equations (8.6) and (8.7) are the same and thus the circuits of Figures 8.4(a) and
8.4(b) are equivalent.

8.2 The Transistor Amplifier at Low Frequencies

Figure 8.5 shows a transistor amplifier and its equivalent circuits that can be used as a low fre-
quency amplifier.

+ C, R, ‘
Vin I2
C3

(1+B)

(d)

Figure 8.5. Transistor amplifier and equivalent circuits at low frequencies

The behavior of the amplifier of Figure 8.5(a) at low frequencies is affected by the action of capac-
itor C;. An incremental model for the amplifier that is valid at low and medium frequencies is
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shown in Figure 8.5(b). The parameters shown are approximations and this circuit should not be
used for precision calculations; they are used primarily for estimating how large C; must be for

satisfactory performance. For such purposes, it is good engineering practice to use coarse approx-
imations whenever they contribute a substantial simplification of the problem without destroying
the usefulness of the results.

As we've learned in Example 8.2, the current source Bl in the circuit of Figure 8.5(b) can be
replaced by an equivalent pair of sources to obtain the equivalent circuit shown in Figure 8.5(c).

The reduction theorem” is then applied to obtain the simplified equivalent circuit of Figure
8.5(d). In a typical circuit R, may be 5 or 10 kilohms, and (1 + B)R; may be 50 or 100 kilohms;

hence at very low frequencies, where C; acts as an open circuit, most of the signal current flows
through R, rather than into the base of the transistor. The current amplification is reduced
accordingly. It follows that for large, uniform amplification, C; should be chosen to act as a short
circuit at all frequencies in the band occupied by the sinusoidal components of the signal.

By inspection of the circuit in Figure 8.5(d), the current gain is

Ac = L/1, = BL /1, (8.8)

and
R,

[, = — . |
P TR 1, +Z

(8.9)

where Z,, is the parallel combination of resistance (1 + B)R; and capacitance C;/(1 + B). Thus,

_ U+PRyx 1/jo(Cs/(1+B)) _ (1+P)R;
U (1+B)Ry+ 1/jo(Cs/(1+B))  1+joR,Cy

(8.10)

Ib=

We now recall that the amplitude of a low-pass filter is given by
L
J1+ 0 R°C?

and the half-power (3 dB) frequency is defined at |G(jo)| = 1/42 which occurs when
o = 1/RC. Accordingly, in (8.10) let us define the frequency

Gjo)l= ‘Y_ -

in

* The reduction theorem is discussed in Appendix C.
T For derivation, please refer to Signals and Systems with MATLAB Applications, ISBN 0-9709511-6-7.
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(1)3 = 1/R3C3 (8.11)

Factoring R, +r, out of the denominator in (8.10) and multiplying both numerator and denomi-

nator by 1 +jo/w;, we get

R,I, l+jo/m;

I, = : ‘ (8.12)
R+ LEBRy o
R,+1, 3
and with (8.8) we find that the current gain is given by
I, BL BR, l+jo/m;
= 2=rb_ . 8.13
71, 1, R+, L LEBRs o (8.13)

R, +r1, ®;

In the medium-frequency range the term o/ w; is very large, and the second factor on the right

side in (8.13) approaches unity; hence the first factor is the current gain at medium frequencies.
Relation (8.13) can be expressed in a more convenient form by defining two new terms as

_ _BR,
A, = Ro+r (8.14)
and . R
K, = UHPR (8.15)
R, +r,

Substitution of (8.14) and (8.15) in (8.13) and factoring 1 + k; out the denominator yields

A, l+jo/m;
l+ky 1+jo/(1+k;y)o,

A = (8.16)

Relation (8.16) can be used as a guide in the design of transistor amplifiers for low-frequency
responses once the quiescent operating point has been established. The bypass capacitor is then
chosen to make the break in the amplitude characteristic at ® = (1 +k;)®; occur at a suitable
point below the band of frequencies occupied by the signal. Changing the value of C; does not

change the shape of the ramp in the amplitude characteristic; it only shifts the ramp parallel to the
frequency axis.

Example 8.3

For the transistor amplifier of Figure 8.5, it is known that R, = 3 KQ, r, = 12 KQ, R; = 1 KQ,
B = 80,and C; = 2.5 uF. Construct the logarithmic amplitude characteristic for this amplifier in
the low- and medium-frequency range.

Solution:

The amplification at medium frequencies is given by (8.40). Thus
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18

A - BRI _80x3 _
"R +r, 3412

and in decibels

A, (dB) = 20log18 = 20 x 1.25 = 25 dB

The break frequency w; in (8.16) is
1 1

= = - = 400 rad/sec
R;C5 1000x2.5% 10°

(OF}

o 400
=2 -2 64 Hz

37 on 21

The factor k; is found from (8.15), that is,

54

o= U+HBRy  (1+80)x1 _
7 R+, 3412

and the break frequency for the factor (1 + k;)w; in the denominator of relation (8.16) is

(1+ky)mw; = (1 +5.4)x400 = 2560 rad/sec

or
(1+ky)fy = (1+54)x64 = 410 Hz

The amount by which the amplification at low frequencies is less than its value at medium fre-
quencies is
20log(1 +k;) = 20x 0.8 = 16 dB

Therefore, from DC to the break frequency at 64 Hz, the gainis 25-16 = 9 dB.

The amplitude characteristic is shown in Figure 8.6 where the frequency is shown in logarithmic
scale and the gain is in dB scale.

Gain (dB) (1+k)f
313

304 \

| |
10 - 64 Hz : : 410 Hz
\: | /
| |
0 I — —
1 10 100 1000 f (Hz)

Figure 8.6. Amplitude characteristic for the amplifier of Example 8.3
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A smooth curve shown in Figure 8.7 can be obtained with the following MATLAB script:

f=1:10:10/(6); w=2."pi.*f; beta=80; R1=3000; R3=1000; C3=2.5."10.(-6); rn=12000;...
w3=1./(R3.*C3); Am=(beta.”R1)./(rn+R1); k3=((1+beta).*R3)./(rn+R1);...
Ac=(Am.*(1+].*w./w3))./((1+k3)*(1+j.*w./((1+k3).*w3))); y=20*log10(abs(Ac)); semilogx(f,y); grid

Gain (dB)

Frequency (Hz)

Figure 8.7. Gain versus frequency plot for Example 8.5 with MATLAB

8.3 The Transistor Amplifier at High Frequencies

In Chapter 3, Section 3.13, we introduced the hybrid-n model for a transistor at high frequencies
and this model is repeated in Figure 8.8 for convenience.

— b V’bc =V

B ule —k.c
Vbe IJb 1 + C2 Vee
The Cix r,
gV
B 11,

Figure 8.8. The hybrid—n model for the transistor at high frequencies

An incremental model for the transistor amplifier of Figure 8.9(a) that is valid at medium and
high frequencies is shown in Fig. 8.9(b).
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Figure 8.9. Transistor amplifier and equivalent circuits at high frequencies

The transistor circuit of Figure 8.9(a) is represented by the hybrid-n model of Figure 8.9(b),
where the resistance R, represents resistances R, , Ry, and the resistance associated with the
source I,. The behavior of this amplifier is affected at high frequencies by the parasitic capaci-
tances C, and C_. At high frequencies, these capacitances tend to short-circuit node b' to
ground and this results in a significant reduction of the voltage v and the current g, v. In the cir-
cuit of Figure 8.9(b), resistance r', is typically in the order of 50 to 100 ohms while resistance R,
is in the order of several kilohms and thus we can eliminate r', by replacing the portion of the cir-
cuit on the left of r,, with a Norton equivalent circuit and Figure 8.9(c) shows the circuit after

this modification. The current I flowing through capacitor C, is given by
I = joC (V=" (8.17)

and for the useful frequency range this current is much smaller than the current g, v. Therefore,

with the assumption that 7 « g,,v, we find that

r,R,

Vout = I‘00+_Rz(_gmv) (8.18)
and letting
A = ZEnloRs (8.19)
(r, +Ry)
we get
Vour = —AV (8.20)
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Typically, the gain 4 in (8.20) is in the range of 10 to 1000. Also, r,» R,, and thus 4~ g,R,.
Therefore, we can express (8.17) as

I = joC (v+Av) = joC (1 +A)v=joC Av (8.21)

This relation enable us to replace the current 7 by a capacitor of the value (1 + A)C,_ as shown in

Figure 8.9(d), and as we know from Appendix C, this amplifying property of the transistor which
increases the apparent value of the collector capacitance is known as the Miller effect.

From the circuit of Figure 8.9(d),

rO
I, = ro+R2ng (8.22)
C,y = C.+(1+A)C, (8.23)
r,.R
R — be ™1 8,2
1/joC ) R
= [ — 2 eq g = ——<4 7 2
v (Req+ 1/joCe /%0 7 1+joR,C,, (8.25)

The current gain A is now found by division of (8.22) by (8.25). Thus,

_ Iz _ I‘0 . ngeq
Ae = I, 1,+R, 1+joR.,C, (8.26)
Next, we let
r()

A, = o +R2ngeq (8.27)

and we define the half-power (3 dB) frequency as

_ 1

®, = R.C. (8.28)

Substitution of (8.27) and (8.28) into (8.26) yields

1
AC = Amm (829)

At medium frequencies ® is small, that is, ® « w,, and the second factor on the right side in

(8.26) is close to unity; hence the quantity A, in relation (8.27) is the current gain at medium fre-
quencies. The useful frequency range for the amplifier is considered to extend up to the half-
power frequency given by (8.26). Therefore, the magnitude of the frequency characteristics for the
transistor amplifier at medium and high frequencies have the form shown in Figure 8.10.
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A (dB)

m } 3 dB
T

®1 o (log scale)

Figure 8.10. Typical logarithmic amplitude characteristics for the transistor amplifier at high frequencies
Substitution of (8.23) and (8.24) into (8.28) yields

o = Lo * Ry (8.30)
[Co+ (1 +A)C ]rpR,

and since A is much larger than unity, (8.30) can be expressed as

1 1 +r,./R,
Ry 1+AC_/C,

(8.31)

0, =

In Chapter 3 we defined the B cutoff frequency (relation 3.88) as w, = 1/1,.C, ; hence we can
express (8.31) as

3 1+r,./R,
@1 = O TYAC,/C, (8.32)
or
£ = 1 +r1,./R4 (8.33)

f,. —ber 1
P 1+AC_/C,

Thus, relation (8.33) provides us the half-power point for the current gain of a transistor at high
frequencies. Obviously, the half-power point frequency f; can be greater or smaller than the B

cutoff frequency f; depending on the values of resistor R, and the gain A = g,R,.

Example 8.4

The model for a transistor amplifier at high frequencies is shown in Figure 8.11.

\
Iy \%

: ‘ : [ ‘
] AN +
R, b b l C. . I
Vout
CC

Tpe
RZ

gmV

Figure 8.11. Model of the transistor amplifier for Example 8.6
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For this circuit it is known that R, = 5 KQ, R, = 1 KQ, the quiescent collector current is
Ic =5mA, B =80,r,=50Q,C, =3pF, r, =50 KQ, and the current gain-bandwidth fre-
quency is f; = 400 MHz. Determine:

a. the Miller effect (1 + A)C_ at high frequencies

b. the medium frequency current amplification A,

c. the half-power frequency f,

Solution:

Since R, » r', and r, » R,, the given model circuit can be simplified to that shown in Figure 8.12.

Tpe L Ce
I1 Rl I ng R2

15

Figure 8.12. Simplified model of the transistor amplifier for Example 8.6
From Chapter 3, relation (3.78),

g, = 40l = 40x5x 10" = 02 Q'

From relation (3.83),

.= 2 =30 _ 4000
gm 0.2
and from (3.92),
= b _ 400 _ 5 iy,
PT B T 80

This indicates that large current amplification is provided at frequencies up to 5 MHz.

From (3.93),
gn _ 02

C. = = -
Or 2xx4x10

€

= 79.6 pF

a. The Miller effectis (1 + A)C_ where

A=gR,=02x1000 = 200
Thus,

-12

(1+A)C, =201 x3x 1077 = 603x 10> = 603 pF

and this indicates that the dominant effect at high frequencies is the Miller effect.

Electronic Devices and Amplifier Circuits with MATLAB Applications 8-13
Orchard Publications



Frequency Characteristics of Single-Stage and Cascaded Amplifiers

b. From Figure 8.12,

TR _ 400 x5 x 10°
The + R 54x%10°

= 370 Q

€q

and the medium frequency current amplification A,, is given by (8.27) as

I.O
r,+ R,

gmR¢q

m —
and since r, » R,,
An~guR,, = 02x370 = 74
This value is close to the value of B of the transistor and thus it is near the maximum value

that can be obtained by this transistor.

c. The half-power frequency f; is found from (8.33). Then,

A+ /Ry 5% 100 1 +400/5000 0635 MHz

fl = . =
" 1+AC/C, 1+200x3x1072/(80 x 107?)

8.4 Combined Low- and High-Frequency Characteristics

The frequency dependence of various amplifier circuits is examined by treating the low-fre-
quency characteristics separately from the high-frequency characteristics. However, the com-
bined low- and high-frequency characteristics can be displayed on a single set of coordinates as
shown in Figure 8.13

A (dB)

40 4

| |
£ (1 I
100 10t 105 10° 107 qo¢ [ (logscale)

0 ——t
10° 100 10

Figure 8.13. Combined low- and high-frequency amplitude versus frequency characteristics

8.5 Frequency Characteristics of Cascaded Amplifiers

The magnitude of the signal amplification obtainable from single-stage voltage and current
amplifiers is limited to a factor of a less than 100 depending on the type of transistor employed.
Since there are many applications requiring greater signal amplifications than this, it is common
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practice to connect a number of stages in cascade so that each stage amplifies the signal in succes-
sion; the total amplification is then the product of the amplifications of the individual stages.
However, cascading amplifiers in this manner introduces some additional considerations in circuit
design, and it requires the use of additional circuit components that affect the behavior of the cir-
cuit.

In most cases, it is possible to analyze, or design, each stage in a multistage amplifier as a separate
part of the overall circuit and to determine the overall properties of the amplifier by combining the
results of these separate analyses. Thus, the results obtained in the previous sections of this chap-
ter are to a large extent directly applicable in the analysis of cascaded amplifiers; they are usually
modified in some respects, however, by the networks used to couple the individual stages in cas-
cade.

The properties of cascaded amplifiers are usually such that the signal transmission tends to zero at
both low and high frequencies; hence these amplifiers are referred to as bandpass networks. In some
cases cascaded amplifiers are required to amplify signals occupying a wide band of frequencies; the
principal design problem is then to obtain uniform amplification over a sufficiently wide band of
frequencies. It is also possible to design a particular circuit to amplify signals in a certain frequency
range and to exclude of all other signals at other undesirable frequencies; the design problem in
these cases is to obtain uniform amplification in the desired band with sufficiently strong discrimi-
nation against signals in adjacent bands.

Figure 8.14 shows an RC-coupled transistor amplifier circuit and its high-frequency equivalents.

ST
TSR

Figure 8.14. Circuit of a cascaded RC-coupled transistor amplifier and its high frequency models
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In Figure 8.14(a), capacitor C, is referred to as the interstage coupling capacitor and its function is

to block the DC component through the RC coupling network. Transistors can also be direct
coupled under certain conditions.

A high-frequency model for the cascaded transistor stages is shown in Figure 8.14(b) where we

have assumed that the base spreading resistance r',, is negligible. The conductances G_. ., G

eql’ eq2’

and G eqs AT€ the equivalent conductances connected between the three nodes v,, v,, v;, and

ground. Thus,

S S S
et = R, + R, + ~ (8.34)
S U SR S &
e T R, + R, + " + R, (8.35)
d
. 1.1 (8.36)
€q3 R2 R4

The model for the second stage of the amplifier has the same form as the model for a single-stage
amplifier shown in Figure 8.9(c); hence the effect of the collector capacitance in this stage can be
accounted for by a Miller capacitance as shown in Figure 8.9(d). When this is done, the second
stage has the simplified representation shown in Figure 8.14(c). The Miller capacitance has the
value

C, = (1+A,)Cq¢ (8.37)
h
where A, = |vs/vy (8.38)
Similarly,
E— A, = [vo/v| (8.39)

The model for the first stage of the amplifier differs from that of the second stage in that its load
has a capacitive component as well as a resistive component; hence the Miller effect is slightly
different in the first stage. The first stage is as shown in Figure 8.14(c) where C, is the shunt

capacitance that is present in the load of the first stage transistor, and the resistor R, is negligible

in comparison to the reactance of capacitor C,. Typically, R, is one kilohm or less.

The value of R; depends on the mid-band value of the gain A, as defined in (8.39), the collector

capacitance C_, and the half-power frequency for the output circuit of the first stage defined as

_ Geq2
e 40

In terms of relations (8.39) and (8.40), the values of R, and C, can be found from
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1 _ Cg+C+Ce

R = 0,A,Cc gmCc (6:41)
d
an C, = A,Ce (8.42)
We can also express R, in terms of C, using (8.42), that is,
R, = — (8.43)

,C,

If the resistance R, in the circuit of Figure 8.24(c) were negligible in comparison with the reac-
tance of C,, then the simplified representation for the first stage would reduce to the same form as
that for the second stage, and the process could be repeated for each stage in a cascade of any
number of stages. However, relation (8.43) shows that at ® = ®,, R; = 1/®,C, where o, is the
half-power frequency for the output circuit of the first stage. Thus, it is convenient to neglect R,

at frequencies up to o, . If R, is not neglected, and if the amplifier of Figure 8.24(c) is preceded by
yet another transistor stage, the Miller effect in this stage has a still more complicated form. Of
course, the Miller effect computations become more and more complicated as more stages are cas-
caded. To avoid these complications, it is practical to neglect R, and consider all computations as
approximations. Then with these approximations, the representation for each stage in the cascade
takes a simple form, and stage-by-stage analysis is easy.

From Figure 8.14(c),

L= -gv, (8.44)
L, = [Geq2+j0)(CE+C2)]V2 (8.45)

and division of (8.44) by (8.45) yields
_ L —En _ Bm L (8.46)

7L G, +jo(Ci+Cy) G, 1+i0(Ce+Cy)/Gy,

€q2 2

Also, from Figure 8.14(c),

L = -guvy (8.47)
and neglecting R,

I} =[Gy, +Jo(Ce+C +C)]v, (8.48)

division of (8.47) by (8.48) yields

I —Em Zm 1

A, =2 = , = - - — 8.49
UL G +jo(Ce+C+Cy) Gy, 1+jo(Ce+C +C))/Gy, (8.49)
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Example 8.5

For the cascaded amplifier circuit of Figure 8.15, the transistors are identical with R, = 15 KQ,
Rz = 33 KQ, R, = 2.6 KQ, R; = 0.68 KQ, and R, = 0.5 KQ. The quiescent collector current
in each stage is I = 4 mA, and at this operating point B = 100, r', = 50 Q, C. = 4 pF,
fr = 100 MHz, and the output resistance r, is very large and it can be neglected. Compute the
overall current gain A at medium and high frequencies. Sketch and dimension the asymptotes

for the high-frequency amplitude characteristics.

Figure 8.15. Cascaded amplifier for Example 8.7
Solution:

From Chapter 3, relation (3.78),

g =401 = 40x4x 10" = 0.16 Q'

From relation (3.83),

.= £ =100 _ 650
g, 0.1
and from (3.93),
c, =8 - 016 _»s5,F

or  27x10°

For the second stage of the amplifier, from (8.36),

Ge3='1—+'1‘= L, 1 =24 mQ"'
s T R,TR, T 26KQ 05 KQ
From (8.27)
rO
m = r, + Rzngeq
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and since r, » R,, the current gain of the second stage amplifier at medium frequencies is

Am2 = ng — gm _ 016 — 67

Geyy  24x10°

From (8.37) the Miller effect capacitance is

C, = (1+A,,)Cc = (1+67)4 = 272 pF

From (8.35),
G =L+L+L+—1—= ! + 1 + ! + I =24 mQ"'
<2 " R, 'R, r,, R, I5KQ 33KQ 50Q 26KQ
From (8.46),
AL=b__ 8 1
2L G, 1+jo(Cp+Cy)/Gy,
_0.16 1 ~ 1
- 3 . —12 3 —67 . -7
24x107° 1+j0(255+272)x1072/2.4 x 10 1+jm22x 10

and expressing ® in megaradians per second, we find that

1
Ao = -6777 jo/4.5
With the frequency expressed in MHz, we get

1

A = 677 +if/0.72

For the first stage of the amplifier we found above that
-1
Geqz =24 mQ

From (8.29)

[

r,+R,

m

gmReq

and since r, » R,, the current gain of the first stage amplifier at medium frequencies is

A, = g.R,_ = 8m _ _ 016 _ 67

Geyy  24x10°

From (8.37) the Miller effect capacitance is

C, = (1+A,)Cc = (1+67)4 = 272 pF
From (8.34),
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1 1 1 1 1 1

Gy =ct+t—+— = + + =2 mQ"'
cal TR, R, . 15KQ 33KQ 6250
From (8.49),
A = L _ & . 1
o T Geq1 1+j(D(CE+CC+C1)/Geql

_ 016 1 _ 1

- 3 ) 12 - =-80 . -
2107 1+jo(255+4+272)x 1072/2x 10 1 +j02.66 x 10

and expressing o in megaradians per second, we find that

1
A, = 80—
o = 805033

With the frequency expressed in MHz, we get

1
Aer = —807 +jf/0.60

The overall current gain A, is obtained by multiplying A, by A.,. Thus,

1 1 1 1
A. = A A, = (— - )(— . ) = : . : :
o = Aahe = (07060 ) U T 02 ) T 0 Tigr0e0 T6/0.72

Figure 8.16 shows a sketch showing the asymptotes for the high-frequency amplitude characteris-
tics where the frequency is shown in a log scale and the gain in dB where

A (dB) = 20log5360 ~ 75, and the slope of each high-frequency asymptote is —20 dB per
decade.

A (dB)
80 + . /—20 dB/decade
|
40 | f = 720 KHz i : —40 dB/decade
f = 600 KHz\ M |
| |
0 0 & | s \ I 6 f (log scale)
10 10 10

Figure 8.16. Asymptotes for the high-frequency characteristics of the amplifier for Example 8.7

Figure 8.17 shows a cascaded transistor amplifier circuit and its model that is valid at low and
medium frequencies. With r, assumed to be very large, we used the same procedure as in the
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simplification of Figure 8.5(a) to derive the simple equivalent circuit of Figure 8.5(d). The charac-
teristics of the amplifier are affected at low frequencies by the coupling and bypass capacitors.

\H—ol <+

I
Cﬂi Bl 2 Ri(1+B)R;

(b)

Figure 8.17. RC-coupled amplifier circuit and its model at low frequencies

The effect of the coupling capacitor at the output of the amplifier is determined from right side
part of Figure 8.17(b) with the use of the current division expression as follows:

I, = e I
f TR, 4R, + 1/joC,
or
1_4 _ R2 - Rz . j(DC4(R2 + R4) (8 50)
I; R,+R,+1/joC, R,+R, 1+joC,(R,+R,) '
Defining the frequency o, as
1
Wy = ———— 8.51
! C4(R, +Ry) ( )
we express (8.50) as
I, R Jo/ ®y (8.52)

L R,+R, l+jo/o,

To simplify the procedure of deriving an expression for the gain 1,/1, we make use of the fact that
the value required for the bypass capacitor C; is much larger than the value required for the cou-
pling capacitor C,. Thus, we choose the capacitors so that the low-frequency half-power point is
determined by C;, and with this choice C, acts as a short circuit while C; is making the transition
from a short circuit to an open circuit, and with this transition, the interstage network has the
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same form as the amplifier shown in Figure 8.5(d), and the current gain for each stage has the
same form as (8.16). Thus, with C, acting as a short circuit we find that

A, . 1+jo/o, 2
Ac = 7 +ky 1+jo/(1+k;)o, (8.53)
where
o; = 1/R,C, (8.54)
and
A, = PR (8.55)
R, +r1,
k; = (1+PB)R; (8.56)
R', +1,

where, with C, acting as a short circuit, R'; is the parallel combination of R, and R, in Figure
8.17(b). Thus,

_ RiR,
~ R, +R,

R', (8.57)
At very low frequencies C; acts as an open circuit and the interstage coupling capacitor C, con-
tributes the factor

jo/ s

1 +jo/ws (8.58)
where
_ 1
05 = R.C. (8.59)

and R, is the equivalent resistance when C, acts as a short circuit and C; as an open circuit.
Thus,
R, = RiIR,+1,+(1+B)R;, (8.60)

Usually, (1 + B)R; is much larger than the other resistors in that group, and thus

1

T RARC, .

and with the factor contributed by the interstage coupling capacitor C,, the complete expression
for the current gain is

*  The minus (-) sign stems from the fact that the current 15 in Figure 8.27(b) has a direction opposite to the cur-
rent 1, in Figure 8.15(d).
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A, l+jo/ o, jO/ o5
Ac = +ky T+jo/(1+k)o; 1+jo/o; (8.62)

Normally, the design process begins with the selection of the proper resistor values to establish a
suitable quiescent point. Then, C; is chosen to make the break at (1 + k;)w; occur at a desired

point below the band of the high frequencies of the signal. Finally, C, is chosen to make the break

at s occur at some frequency below ; where C; acts as an open circuit.

Example 8.6

A cascaded transistor amplifier circuit and its model that is valid at low and medium frequencies
are shown in Figure 8.18.

+
_; RA RA
_|_
Vin
_7 Ry Ry
- (a)
I _ Iy I
—l —2 Ve
< AN . L 1< 1 +
Vin 4 n C4 C4 Vout
n R, Ryy C R2 4 s
L O By, Ri(1+ B)R; R,

(b)

Figure 8.18. Cascaded amplifier circuit and its low-frequency equivalent for Example 8.8.

The transistors are identical with R, = 56 KQ, Ry = 12 KQ, R, = 6.8 KQ, R; = 2.2 KQ , and
R, = 1 KQ. The quiescent collector current in each stage is I. = 1 mA, and the transistor
parameters are B = 200, r'y = 200 Q, C. = 20 pF, f; = 8 MHz, and the output resistance r, is
very large in comparison with R, and thus it can be neglected. The coupling and bypass capacitors
are to be chosen to yield suitable performance at low frequencies.

a. Find the values of the resistances in the simplified low-frequency model in Figure 8.28(b).

b. The break frequency associated with the coupling capacitor C, at the output of the amplifier is

to occur at 16 Hz. Compute the value of C, required in the output circuit.

c. The highest break frequency associated with the interstage coupling network is to be
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(1 +k;)fy; = 160 Hz. Find o,, and, treating C, in the interstage network as a short circuit,

find the required value for the bypass capacitor C;.

d. The break frequency associated with the coupling capacitor C, in the interstage network,
denoted as ws in relation (8.87), is to be at least as small as ®;. Treating C; as an open cir-

cuit, find the minimum value for C, in the interstage network.

Solution:

a. The values of R, = 6.8 KQ, R; = 2.2 KQ ,and R, = 1 KQ are given. Also,

R1 _ RARB _ 56 x 12

= - = 9.9 KQ
R,+R, 56+12

442 KQ

(1+PB)R;
From Chapter 3, relation (3.78),

(1+200)2.2

g, = 40I. = 40x1x107 = 40 mQ"'
From relation (3.83),
8m  40x 10

and from (3.79),
I, =y 41y = 200 Q+5 KQ = 5.2 KQ

b. From relation (8.51),
1 1

= _ : = 1.28uF
(Ry+R)®;  (68+1)x 10" x21x 16
c. From relation (8.57),
R'l — Rle — 99X68 — 40 KQ
R,+R, 99+68
and from (8.56),
k= (PR (14200)x22 _ 4o
R+, 40+52
We are given that (1 +k;)f; = 160 Hz. Then,
£, = 160 _ 3334y
48.1
or
o; = 2nfy; = 2nx3.33 = 21 rad/s
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and from (8.54),

C,= — - 1 = 21.6 uF

o3R;  21x22x10°

d. With o5 = ®; = 21 rad/s and with (8.61),

1 _ 1
(Ri+R)os5  (9.9+6.8)x10° x 21

4= = 2.85 uF

The computations for all examples and the end-of-chapter exercises, can be greatly simplified by
writing a MATLAB script such as that shown below and plot the overall current gain.

w=1:10:1075; RA=56000; RB=12000; R2=6800; R3=2200; R4=1000;...
beta=200; rbprime=200; Ic=10(-3); f4=16; w4=2"pi*{4;...
R1=RA*RB/(RA+RB); R1prime=R1*R2/(R1+R2); gm=40~Ic; rbe=beta/gm;...
rn=rbprime+rbe; k3=(1+beta)*R3/(R1prime+rn); f3=160/(1+k3);...
w3=2"pi*f3; C3=1/(w3*R3); ws=w3; C4b=1/((R2+R4)*w4);...
C4d=1/((R1+R2)*w5); Am=beta*R1prime/(rn+R1prime);...
Acnum=(Am.*(1+j.*w./w3).*(j.*w./w5b));...
Acden=(1+k3).*(1+j.*w./((1+k3).*w3)).*(1+.*w./w5);...

Ac=Acnum./Acden; AcdB=20.*log10(abs(Ac));...

fprintf(" \n) fprintf('RA = %2.2f K \t',RA/1000); fprintf(' \n');...

fprintf = %2.2f K\t',RB/1000); fprintf(' \n");...
fprintf = %2.2f K\t',R2/1000); fprintf(' \n");...
fprintf('R3 = %2.2f K \t',R3/1000); fprintf(' \n');

fprintf
fprintf
fprintf R1pr|me = %2.2f K\t',R1prime/1000); fprlntf( \n)
fprintf(‘rbprime = %2.2f K \t',rbprime/1000); fprlntf( \nY);..
fprintf(‘rbe = %2.2f K \t',rbe/1000); fprintf(' \n");..
fprintf('rn = %2.2f K \t',rn/1000); fprintf(' \n");..

fprintf('lc = %2.2f mA \t',Ic*1000); fprintf(' \n)

(R

s >

(‘R4 = %2.2f K \t',R4/1000); fprintf(* \n');...

(R );-.

(

(

(

2
fprintf('beta = %2.0f \t',beta); fprintf(' \n');..

(4

(‘w

(

(‘gm

(‘k3

(3

(‘w

(C

(‘w

(

(‘Am

= %2.2f K\t',R1/1000); fprintf(' \n'

fprintf('f4 = %2.2f Hz \t',{4); fprintf(* \n');..

fprintf = %2.2f rps \t',w4); fprintf(' \n)

fprintf C4b %2.2f microF \t',C4b*1076); fprintf(' \n');...
fprintf = %2.2f mmho \t',gm*1000); fprintf(' \n');...
fprintf('k3 = %2.2f \t',k3); fprintf(' \n');..

fprintf('f3 = %2.2f Hz \t',£3); fprintf(’ \n)

fprintf = %2.2f rps \t',w3); fprintf(’ \n)

fprintf = %2.2f microF \t',C3*1016); fprintf(' \n");...
fprintf = %2.2f rps \t',w5); fprintf(' \n');...

fprintf C4d %2.2f microF \t',C4d*1076); fprintf(' \n');...
fprintf = %2.2f \t',Am); fprintf(' \n);...
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f=w./(2.*pi); semilogx(f, AcdB); grid;...
xlabel('Frequency in Hz (log scale)'); ylabel('Current gain (dB scale));...
title('Low-frequency characteristics for multistage amplifier, Example 8.8')

RA = 56.00 K

RB = 12.00 K

R2 = 6.80 K

R3 = 2.20 K

R4 = 1.00 K

Rl = 9.88 K
Rlprime = 4.03 K
rbprime = 0.20 K
rbe = 5.00 K

rn = 5.20 K

Ic = 1.00 mA

beta = 200

f4 = 16.00 Hz

wd = 100.53 rps
C4b = 1.28 microF
gm = 40.00 mmho
k3 = 47.92

£f3 = 3.27 Hz

w3 = 20.55 rps

C3 = 22.12 microF
w5 = 20.55 rps
C4d = 2.92 microF
Am = 87.30

The plot for the current gain (in dB scale) versus frequency (in log scale) is shown in Figure 8.19.
8.6 Overall Characteristics of Multistage Amplifiers

The asymptotes for the amplitude and phase characteristics for a typical RC-coupled stage ampli-
fier are shown in Figure 8.20 where the symbols f; and f; define the low- and high-frequency

ranges respectively. At low frequencies the voltage gain A, is obtained from the relation

jo/op

Ay = —Apy
vE "M 4 jo/op

(8.63)

where A,; depends on the circuit parameters, and ; is the low-frequency half-power point. For
instance, for the transistor amplifier circuit of Figure 8.5 at low frequencies, o; = o, is as

defined in relation (8.11), and A, is as defined in relation (8.14).
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ics for multistage amplifier, Example 8.8

(sreos gp) ureb wauny

Frequency in Hz (log scale)

Figure 8.19. Amplitude of current gain versus frequency for Example 8.8
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Figure 8.20. Frequency characteristics for a typical single stage amplifier

At high frequencies the voltage gain A, is obtained from the relation

(8.64)
®, is as

1
"M +jo/ oy

= -A

AVH
where A,;; depends on the circuit parameters, and oy, is the high-frequency half-power point. For

instance, for the transistor amplifier circuit of Figure 8.9 at high frequencies, oy
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defined in relation (8.28), and A, is as defined in relation (8.27).

We can obtain the combined low- and high-frequency characteristics for the voltage gain A, by
multiplying relation (8.89) by (8.90); thus,

jo/ o,

A, = A A
M mL mH(1+jc0/c0L)(1+jc0/0)H)

(8.65)

If two identical stages such as that shown in Figure 8.18, are connected in cascade, the overall
voltage gain A, is obtained from the relation

A = A2 (jo/o)’

2 g _ (8.66)
(1+jo/ o) (1 +jo/0y)

The overall amplitude characteristics for two identical stages in cascade is as shown in Figure

8.21.

A (dB)7 40 dB/decade —40 dB/decade
40+
20+
0 ‘ f‘(Hz)
/ f, g\

Figure 8.21. Typical overall amplitude characteristics for two identical stages in cascade

By comparing the amplitude characteristics of Figures 8.20 and 8.21, we observe that the band-
width between the half-power points decreases as more stages are connected in cascade. It can be

shown™ that the half-power bandwidth of the cascade of n identical stages is given by
B, = B,42""-1 (8.67)

where B, = o, and oy is the half-power frequency for on stage amplifier at medium and high

frequencies. The quantity 42'/" =1 is referred to as the bandwidth reduction factor for n identical
stages in cascade. For two stages the bandwidth reduction factor is 0.64, for three stages is 0.51,
and for four stages it is 0.43.

If two non-identical stages are connected in cascade, the overall voltage gain is given by

(jJo/o)(jo/or,)

A, = A A, - : , - 8.68
A jo/op)(1+(o/op)(1+jo/og) (1 +jo/oy,) (8.65)

*  The proof is left as an exercise for the reader at the end of this chapter.
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and the overall amplitude and phase characteristics are obtained by addition of the constituent
characteristics. The asymptotes for a typical amplitude characteristic are shown in Figure 8.22

where the notations 20 and 40 stand for 20 dB/decade and 40 dB/decade respectively.

A (dB)
20 —20

20/ \—40
0 | |

/) fis faz g \ f (Hz)
Figure 8.22. Typical overall amplitude characteristics for two nonidentical stages in cascade

Relation (8.65) is more conveniently expressed in a pole-zero pattern by letting

K = _AmLAmH('OH (869)
Then,

. _ jo
Ae) = K oo+ o) (5:70

The roots of the denominator of an expression for A, (jo) may be purely imaginary such as

jo, = =100 or complex conjugates such as jo,; = — 3 +j./2. However, we are interested on the
values that lie on the jo axis of the complex frequency plane. Therefore, it is convenient to sub-
stitute the symbol s for jo and after the roots of a quadratic equation in s are found, we can let
s = jo . Replacing jo with s and defining s, = -, , and s, = -0, relation (8.70) is written as

S

A = K6

(8.71)

and we can obtain the steady-state voltage gain for any frequency o by letting s = jo.

For all practical electric and electronic circuits, voltage and current gains can be expressed as the
ratio of two polynomials in the variable s, and when the highest power of the denominator is
greater than the highest degree of the numerator, the expression is referred to as a rational func-
tion. The values of s that make a rational function zero are called zeros of the function; hence
s = 0 is a zero of the function of (8.71). The values of s that make rational functions infinite are
called poles of the function; hence s; and s are poles of the function of (8.71).

As indicated by the form of (8.71), if all the poles and zeros of a rational function are known, the
function is completely specified except for a constant multiplier. For example, if the zeros of a cer-
tain voltage gain are -1 and -3, and if the poles are -2 and —4, then the voltage gain is

(s+1)(s+3) _ Ks2+4s+3

A =K e+ - N eses

(8.72)
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and for steady-state sinusoidal conditions,

(o+D(o+3) 3K (I+jo/DHd+jo/3)

Ae) = K G ) ord) — 8 (1+jo/2)(1+jo/4)

(8.73)

Thus if the poles and zeros of a rational function are known, the logarithmic amplitude and phase
characteristics can be constructed, except for the effect of the constant multiplier. If the constant
multiplier is not unity, it adds a constant number of decibels to the amplitude characteristic; if it

is not positive, it adds an angle of 780° to the phase shift. It is also interesting to note that the
poles and zeros of A, (jw) correspond to the break frequencies expressed in radians per second. A
zero corresponds to a break of 20 dB/decade upward in the asymptotic characteristic, and a pole
corresponds to a break of 20 dB/decade downward.

The relation between the poles and zeros of the voltage or current gain and the frequency char-
acteristics is displayed in a useful way by the pole-zero diagram. For instance, Figure 8.23 shows
the pole-zero diagram for the voltage gain of a single-stage amplifier obtained from relation

(8.71).

Imaginary axis

S =jo

Su SL Real axis

Figure 8.23. Pole-zero pattern for relation (8.97)

As shown in Figure 8.23, the pole-zero diagram is a set of rectangular coordinates known as the
complex plane. The zero of A (s) which occurs when s = 0, is denoted by a circle at the origin

of the complex plane. The poles of A,(s) which occur when s = s; = —; and s = sy = -0y

are represented by crosses on the negative real axis. For steady-state sinusoidal operation, the
variable s = jo corresponds to some point on the imaginary axis shown as a filled circle.

The design of networks to provide a desired frequency characteristic begins with the choice of a
pole-zero pattern that yields an approximation to the desired performance. The design is then
completed by finding a network configuration and the parameter values that yield the desired
pol-zero pattern.

Example 8.7

The pole-zero pattern for the voltage gain of a certain amplifier is shown in Figure 8.24. The
amplification at high frequencies is 40 dB . Construct the asymptotes for the logarithmic ampli-
tude characteristic.
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Solution:

With the given values of the poles and zeros, the voltage gain is

Imaginary axis

-812 200 -—128 =30 ‘Real axis

Figure 8.24. Pole-zero pattern for Example 8.9

(jo + 30)(jo + 200)
(jo + 128)(jo + 812)

A(o) =K

For very large values of the frequency o, the above relation reduces to

A(jo)| =K

® —> 0
It is given that at high frequencies the voltage gain is 40 dB . Recalling that

Ay = 20log100 = 40
it follows that K = 100 and

(jo +30)(j0+200) _ o (1+j0/30)(1 +jw/200) x 30 x 200

Ajo) = 100 & : : .
WJ©) (o + 128)(jo + 812) (1+jo/128)(1 +jo/812) x 128 x 812

(1+jo/30)(1 +j®/200)
(1+jo/128)(1 +jw/812)

Ajo) = 5.77

The asymptotes for the logarithmic amplitude characteristic with

A(dB) = 20log(5.77) = 15.2 dB

is shown in Figure 8.25 where the radian frequencies 30, 128, 200, and 812 are shown in Hz as
4.8,20, 32, and 129 respectively.

A (dB)

40 1

152!

f (Hz)

48 2032 129

Figure 8.25. Logarithmic amplitude characteristic for Example 8.7
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8.7 Amplification and Power Gain in Three or More Cascaded Amplifiers

Transistor amplifiers are conveniently characterized as current amplifiers. A typical transistor
radio many employ a cascade of five amplifier stages. The first four are designed to yield the
greatest possible current amplification, and the fifth stage is a power amplifier designed to pro-
duce the greatest possible power output. Let us consider the equivalent circuit of a voltage ampli-

fier shown in Figure 8.26.
2
% < > RL

Figure 8.26. Equivalent circuit of a typical voltage amplifier

The instantaneous input power to this amplifier is

2
Pin = R (8.74)
and the instantaneous output power is
2
= 2 8.75
Pout RL ( A )
The power gain in dB is defined as
G, = 10logPou (8.76)

in

Thus, the power gain of the circuit of Figure 8.26 is

L = 20l0g Y2 + 10log N (8.77)
VI/RI VIRL Vl RL

In communications circuits it is desirable to make R; = R,, and in this case the second term on

the right side of (8.77) is zero. Denoting the voltage gain as A, we get

A, = ,201og‘v’—2 (8.78)
1

Example 8.8

For the three-stage amplifier shown in Figure 8.27, find:
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+o - - +

Vi v, Vs Vy
1MQ 100V | Mo _ 30 50 ka 2y 10 Q

. ] _

Figure 8.27. Three-stage amplifier for Example 8.8

a. Find the voltage amplification and power gain of each stage in dB

b. Find the overall voltage amplification and overall power gain of each stage in dB

Solution:

a. First stage:
100v,

Vi

= 40 dB

A, = 20log¥ = 20log
Vi

Q
Q

G, = Ay + 1010g1 ﬁ = A, +0 = 40 dB

Second stage:

= 34 dB

A,, = 20log¥? = 20log22Y2
Va Va

1 MQ
G, =A,+101 = A, +10log20 = 34+ 13 = 47 dB
p2 v2 OgSO KO v2 0og

Third stage:

A,; = 20log¥ = 20l0g2¥ = 6 dB
V3 V3

50 KQ

6+37 = 43 dB
10 Q

G,; = Ay + 10log = A,;+ 10log5000

b. Overall voltage gain:

V4 = 2V3 = 2X50V2 = 2 XSOX 100V1 = IOOOOVI

= 80 dB

A, = 20log¥ = 2010g 12000V
Vi Vi

Overall power gain:

G, = A, + 101og11(1)\4é2 = A, + 10log100000 = 80 + 50 = 130 dB
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8.8 Summary

Periodic signals can be represented as the superposition of sinusoidal components by a Fourier
series of the form

v(t) = V+V,cos(ot+0,)+ V,cos(2mt + 0,) + Vycos(3mt + 05) + ...
where V is the DC component of the composite signal, o is the fundamental frequency or first
harmonic, 2w, is the second harmonic, 3® is the third harmonic, and so on.

Signals that are not can be approximated by the superposition of a number of sinusoidal com-
ponents expressed as

v(t) = V+V,cos(o,t+0,)+ V,cos(mo,t +0,) + Vycos(wst + 05) + ...
where V is the DC component of the composite signal, and ®,, ®,, ®;, and so on, are not
harmonically related.

The frequency spectrum of a signal reveals information about the frequencies and amplitude,
but it contains no information about the phase angles of the components.

Amplification decreases at high frequencies as a result of the parasitic capacitances in the cir-
cuit, and decreases at low frequencies because of the presence of coupling capacitors.

For a good designed amplifier, the amplification near the lower and near the higher band of
frequencies should not be less than 70 percent of the amplification in the middle of the band.

If an amplifier retards the phase of each sinusoidal component of the signal in direct propor-
tion to the frequency of that component, then the waveform of the output signal is an exact
copy of the input waveform, but it is delayed in time.

The behavior of transistor amplifier at low frequencies is affected by the action of the bypass
capacitor that is in parallel with the emitter resistor.

Transistor amplifier circuits designed for low frequencies are discussed in Section 8.2.
Transistor amplifier circuits designed for high frequencies are discussed in Section 8.3.

The amplifying property of the transistor which increases the apparent value of the collector
capacitance is known as the Miller effect.

The frequency dependence of various amplifier circuits is examined by treating the low-fre-
quency characteristics separately from the high-frequency characteristics. However, the com-
bined low- and high-frequency characteristics can be displayed on a single set of coordinates.

To achieve higher gains, we use multistage amplifier circuits. The overall characteristics of
multistage amplifiers can be easily approximated and displayed with the use of asymptotes.

8-34 Electronic Devices and Amplifier Circuits with MATLAB Applications

Orchard Publications



Summary

e The bandwidth between the half-power points decreases as more stages are connected in cas-
cade. The half-power bandwidth of the cascade of n identical stages is given by

B, = B,4/2"" -1

where B, = oy and oy is the half-power frequency for on stage amplifier at medium and high

frequencies. The quantity 42" =1 is referred to as the bandwidth reduction factor for n identi-
cal stages in cascade. For two stages the bandwidth reduction factor is 0.64, for three stages is
0.51, and for four stages it is 0.43.

e If two non-identical stages are connected in cascade, the overall voltage gain is given by

(jo/o,)(jo/o,)

A A
! mz(l +jo/op)(1+ o/ o)) (1 +jo/oy)(1 +jo/oy,)

= A

v

e For all practical electric and electronic circuits, voltage and current gains can be expressed as
the ratio of two polynomials in the variable s, and when the highest power of the denominator
is greater than the highest degree of the numerator, the expression is referred to as a rational
function. The values of s that make a rational function zero are called zeros of the function; the
values of s that make rational functions infinite are called poles of the function. If all the poles
and zeros of a rational function are known, the function is completely specified except for a
constant multiplier. For example, if the zeros of a certain voltage gain are —1 and -3, and if the
poles are —2 and -4, then the voltage gain is expressed as

o (s+1)(s+3)
Avs) = R v a)

and for steady-state sinusoidal conditions,

o+ D(jo+3)
Afjo) = K (o +2)(jo +4)

e A zero corresponds to a break of 20 dB/decade upward in the asymptotic characteristic, and a
pole corresponds to a break of 20 dB/decade downward.

e The relation between the poles and zeros of the voltage or current gain and the frequency char-
acteristics are displayed in a useful way by the pole-zero diagram.

e Some amplifiers require a cascade of three or more applications to achieve higher voltage
amplification and power gain. The last stage is used to produce the greatest possible power out-
put, and the previous stages are used for voltage amplification.
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8.9 Exercises

1. For the transistor amplifier below, R, = 33 KQ and R; = 15 KQ, R, = 2 KQ,R; = 1 KQ,
the input resistance r, = 500 Q, and B = 80. Find the value of capacitor C; so that the
highest break frequency for the low-frequency model will be 1 KHz.

2. A transistor is used as an amplifier for video signals. The high-frequency model has the form
shown below. The quiescent collector current is I = mA and the collector load resistor is

R, = 1 KQ. The transistor parameters are = 50, r', = 50 Q, C. =3 pF, r, = 30 KQ,
and the current gain-bandwidth frequency is f; = 200 MHz. The amplifier circuit is to be
designed so that the high-frequency half-power point for the current gain is 3 MHz.

a. Determine the values of g, ., C., and the Miller effect
b. Determine the value of R,

c. With the value of R, found in part (b) what is the mid-band current amplification?

3. For the cascaded amplifier circuit below, the transistors are identical with R, = 56 KQ,
Ry = 12KQ, R, = 6.8 KQ, R; = 22 KQ , and R, = 1 KQ. The quiescent collector cur-
rent in each stage is I = 1 mA, and the transistor parameters are B = 200, r', = 200 Q,

Cc = 20 pF, f; = 8 MHz, and the output resistance r, is very large in comparison with R,
and thus it can be neglected.
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b. Neglecting the effect of the resistance R, in the model circuit above, find the overall cur-

rent gain A, = I;/1;.
c. Sketch and dimension the asymptotes for the high-frequency amplitude characteristics.

4. Prove that the half-power bandwidth of the cascade of n identical stages is given by

B, = B,42'"-1

where B, = oy and oy is the half-power frequency for one stage amplifier at medium and high
frequencies. Hint: Begin with the assumption that the amplitude of the voltage gain of a one-

stage amplifier is given by
A = A = AT+ (0/op))

5. The pole-zero patterns for the voltage gain of two transistor amplifiers are shown below.

Imaginary axis Imaginary axis

-100, ! Real axis 200, -2®; -, | Real axis
(a) (b)
a. Will both of these amplifiers transmit DC signals?

b. Use MATLAB to obtain the plot for the amplitude characteristic for the pole-zero pattern
of Figure (b) assuming that the function is multiplied by the constant K = 40, 000 .
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6. A certain stereo amplifier delivers a sinusoidal voltage of 10 mV RMS on open circuit and has
an internal resistance of 500 Q. This amplifier is to deliver a signal to a loudspeaker whose
resistance is 10 Q.

a. If the amplifier is connected directly to the loudspeaker, how much power does it deliver to
the loudspeaker?

b. A cascade of amplifier stages similar to that shown in Figure (a) below is to be used to
amplify the signal from the stereo amplifier and deliver 10 w to the loudspeaker. Two types
of amplifiers shown in Figures (b) and (c) below are available for the cascade connection.
Which of these amplifiers can deliver 10 w to the loudspeaker with the smallest input volt-
age!

c. Which of the amplifiers in Figures (b) and (c) yields the greatest no-load voltage amplifica-
tion?

d. Draw the circuit diagram for a cascade of stages like those in Figures (b) and (c) that will
meet the specifications of part (b) above. Use the smallest possible number of stages and
show how a 1 MQ potentiometer can be used in the first stage as a volume control.

M + +
Vi \) V3 RL
B Uv, ) _ bkvs
L
(a)

50 KQ 10 Q
o +o
V] 5 0V1 Vl 1 Vl
(b) (e)
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8.10 Solutions to End-of-Chapter Exercises
1.

Thus,

_ RaRy _33x15 _
R, + Ry 33+15

1

For this exercise we must find k; and f; such that

From (8.15),
(8.15) o UHBRy _ (1+80)x1 _ -
TR+, 103 +0.5 '
and thus, 1000 e
ST (1+75)
From (8.11) |
(D3 =
R3C3
or
f, = —1
> 7 2nR,C,
Then, . . )
C, = 1.35 uF

C2nRsfy 2nx10°x 118

The amplification at medium frequencies is given by (8.14). Thus
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A = PR _80x103 _ 50
R,+r, 103+05

and in decibels
A,(dB) = 20log76.3 = 20 x 1.88 = 37.6 dB

The amount by which the amplification at low frequencies is less than its value at medium fre-
quencies is

20log(1 +k;) = 20 x 0.93 = 18.6 dB

Therefore, from DC to the break frequency at 118 Hz, the gain is 37.6 - 18.6 = 19 dB. The
amplitude characteristics are shown below where the frequency is shown in logarithmic scale
and the gain is in dB scale.

Gain (dB) (1+ky)f;
a0+ /
|
301 '
|
20+ : |
, | 1 KHz
' 118 Hz |
10— | I
|/ |
| |
0 I t 1
1 10 100 1000 f (Hz)
2.
[T
c |
(S ro R2

Figure 8.28. Simplified model of the transistor amplifier for Example 8.6
a. From Chapter 3, relation (3.78),
g =40l = 40x1x10" = 0.04 Q'

From relation (3.83),

o= 2= 2%~ 125K0O
o 0.04
and from (3.92),
£ = 12200 _ 4y,
B~ 50
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This indicates that large current amplification is provided at frequencies up to 4 MHz.

From (3.93),

=004  _318pF

C, =5&m .
7 2nx 2 x 10

€

The Miller effect is (1 + A)C, where

A~g.R, = 0.04x 1000 = 40
Thus,
(1+A)C, = 41x3x 10" = 123x 10" = 123 pF

and this indicates that the dominant effect at high frequencies is the Miller effect.

b. From (8.19),

R 0.04 x 30 x 10°
A] = | Emloz | o SO XD D <387
(r,+R,) 31 %10

and by substitution into (8.33) with f, = 3 MHz

1+125%x10°/R
3x10° = 4x10°- +1Dx10/R,
1+38.7x3x10"%/31.8x 10

10°
41+125x o= ] = 3(1+3.65) = 14

1
5%10°
R,

=10

R, = 500 Q
c. The medium frequency current amplification A, is given by (8.27) as
T I, Rithe _ 30 ) 04 5 300 x 1250

R = _ - 13.8
AR T U ROSMR . 31 1750

m
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3.

a. The parameter values of the simplified high-frequency model circuit shown below are as
follows:

2

3

. |
V3
CJ; Geq3

I1
Vie——
C

’ ’ _’12
i Ci Rl Gqu CE
Geql
I m1

From Chapter 3, relation (3.78),

RS

= 40I. = 40x 1 x 107 = 0.04 Q'

From relation (3.83),

=8 =290 _ 5¢q
gm 0.04
and from (3.93),
Cp=8n - 008 _ J96,F

O 2w x8x10°
For the second stage of the amplifier, from (8.36),

L, 11 1

3= o = + = 1.I5 mQ"
¢ "R, R, 68KQ 1KQ

From (8.27)

Iy

R
T+ R2gm ed

and since r, » R,, the current gain of the second stage amplifier at medium frequencies is

Am2 = ngcq = gm = 004 = 348

Geq3 1.15x 10

From (8.37) the Miller effect capacitance is
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C, = (1+A,,)Cc = (1+34.8)20 = 716 pF

From (8.35),
=L+i+L+—1—= 1 + 1 + 1 + 1 = 045 mQ"
€2 "R, Ry r,, R, 56KQ I12KQ 5KQ 68KQ
From (8.46),
A = L 8 1
27 L G, 1+jo(C+Cy)/G,
_ 004 1 g9 1
045x 107 1+jw(796 +716) x 107°/0.45 x 10 1 +j©3.36x 107

and expressing ® in megaradians per second, we find that

1

Ay = 89—

¢ 1+j0/0.3
With the frequency expressed in KHz , we get

1
1+jf/47.4

Ay, = —67
For the first stage of the amplifier we found above that
—~ -1
Gepp = 045 mQ

From (8.27)
ro
r, +R,

gmReq

m —
and since r, » R,, the current gain of the first stage amplifier at medium frequencies is

Aml = ngeq = Em = 004 = 89

Gy  045x107°

From (8.37) the Miller effect capacitance is
C, = (1+A,,)Cc = (1+89)20 = 1800 pF

b. Neglecting R,, from (8.34),

Ge]:l+l+i: 1 + 1 + 1 = 0.30 mQ"
1 Ry, Ry 1, 56KQ 12KQ 5KOQ
From (8.49),
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A =L __ 8. 1
UL Gy, 1+jo(Ce+C +C)/ Gy,
_ 0.04 1 1333 1
- - 3 ; 12 3= 0 . 6
0.30x 107 1+jo(796 + 20 + 1800) x 107/0.30 x 10 1 +jw8.72 x 10

and expressing ® in megaradians per second, we find that

1
Aa = -133.37 +jo/0.115

With the frequency expressed in KHz , we get

1

A, = —133.3m

c. The overall current gain A, is obtained by multiplying A,, by A_,. Thus,

_ _(_ ___1___)(_ ___1___) - . ! : L
Ac = AahAe = ( 133'31+jf/47.4 891+jf/18.3 = 11864 1+jf/474 1+jf/183

The sketch below shows the asymptotes for the high-frequency amplitude characteristics
with the gain in dB where A (dB) = 20log11864 ~ 82, the frequency in log scale, and the

slope of each high-frequency asymptote is —20 dB per decade.

A (dB)
80 __f 47.4 KH 20 dB/decade
= 47. zZ | / -
40 L | —40 dB/decade
|
f=183 KHZ\: A\
| 1
O /( I 1 |
10° 1(')4 1'05 f (log scale)
4.
Since the amplitude of the voltage gain of a one-stage amplifier is given by
A = A = —Dm

J1+ (oa/oaH)2

for n identical stages of this type connected in cascade, the overall amplification will be

A, = An

" i (oo
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The half-power frequency for the cascade of n identical stages is the value of @ that will make

the denominator of the above expression equal to /2. Hence, since oy = B,

(2T
[1+(§lﬂn = gl

o =B J2"" -1

from which

This value of ® is the half-power bandwidth of the cascade of » identical stages. Therefore,

B, = B,4/2"" -1

Imaginary axis Imaginary axis

-100, ! Real axis 200, -2®; -, | Real axis
(a) (b)
a. For the amplifier whose pole-zero pattern is shown in (a),
- jo
(jo+o0)(jo+10m,)

Ay

and when o = 0 (DC condition), Ay = 0. Therefore, this amplifier will not transmit DC

signals.
For the amplifier whose pole-zero pattern is shown in (b),

_ (jo+ o)
V' (o +20)(o +200,)

and when o = 0 (DC condition),

Ay = ol = 1
V= _
2o)(200,) 400,

Therefore, this amplifier will transmit DC signals.
b. The MATLAB script and resulting plot are shown below.
w=1:10:100000; N=j.*w+100; D=(j.*w).A2+2200.*(j.*W)+400000;...
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20.*log10(abs(Av)); semilogx(w,AvdB); grid;...
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4.10.°4.*N./D; AvdB

Av=

xlabel('Frequency in rad/s (log scale)'); ylabel('Gain (dB scale)');...

title ('Amplitude characteristic for Exercise 8, Figure (b))
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Solutions to End-of-Chapter Exercises

a. If the amplifier is connected directly to the loudspeaker, the total series resistance will be
R, = 500+ 10 = 510 Q
and the current through the loudspeaker will be

L_ lomv
510 O

- 196 nA
Thus, the power delivered to the loudspeaker will be

p=1R=(196x10°)7x10 = 3.84x 10~ w
b. Let us assume 1 v input to each of the amplifiers in Figures (b) and (c).

1. Current in amplifier of Figure (b) will be

__S0x1 g
10000 + 10

and power will be
2 -3,2 3
P, = IR, = (5x107°)’ x 10x 10° = 0.25 mw
2. Current in amplifier of Figure (c) will be

= XL soma
10+ 10

and power will be

3.2

P, = 'R, = (50 x 107°) x 10 = 25 mw

Therefore, the amplifier of Figure (c) will deliver 10 w to the loudspeaker with the smallest
input voltage.

1. Voltage amplification in amplifier of Figure (b) will be

A, = 20l0g22V1 = 34 4B
Vi

2. Voltage amplification in amplifier of Figure (c) will be

A, = 20log ¥t = 0 dB
Vi

Therefore, the amplifier of Figure (b) will produce the greatest voltage amplification.
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d.
500 Q 10 KQ 10 KQ 10 Q
+o 2 V3 V4 +
v, 1MQ=- R.=10Q
For last stage we must have P, = [[R, = 10w and since R, = 10Q, I, = 1 A, and
V. = 10 V. Therefore, v, = 10+ 10 = 20 V, and
V2=%‘10szlOmV
1 MQ + 500 Q
The first and second stages were so chosen as to provide the greatest voltage amplification.
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Chapter 9

Tuned Amplifiers

his chapter begins with an introduction to tuned amplifiers. We will examine the properties

of various tuned amplifiers that find applications to telecommunications systems employing

narrowband modulated signals. We will develop new tools for the analysis and design of
tuned amplifiers.

9.1 Introduction to Tuned Circuits

The amplifiers discussed in previous chapters are sufficient for most applications in which it is not
required that the signals be transmitted over long distances. Thus they are adequate for audio
amplifiers used in public address and home entertainment systems, servomechanisms, automatic
pilots, electronic instruments, and a host of similar applications. However, when the signals must
be transmitted over long distances, as between two cities or between a space vehicle and a ground
station, effective use of the transmission medium requires the use of narrowband systems operating
at high frequencies. Various systems of this kind operate throughout the frequency spectrum from
10 KHz to about 10 GHz although at the higher end of this range ordinary transistors are not
used. For these higher frequencies it is necessary to use tuned amplifiers with RLC coupling to
overcome the effects of parasitic capacitances and to provide a filtering operation in the form of
frequency-selective amplification. In this section we will introduce the properties of various tuned
amplifiers that find application in telecommunication systems.

A tuned amplifier is essentially a bandpass filter.” A passive bandpass filter is constructed with pas-
sive devices, i.e., resistors, inductors, and capacitors, and thus it provides no gain. For small sig-
nals, active filters with op amps are very popular. Tuned amplifiers can also be designed with bipo-
lar junction transistors and MOSFETs, and our subsequent discussion will be based on these
devices.

When signals must be transmitted over long distances, either by wire or wireless, efficient utiliza-
tion of the transmission medium requires the use of high-frequency, narrowband signals. To gener-
ate these signals a high-frequency carrier wave, usually a sinusoid, is caused to change instant by
instant in accordance with the information signal to be transmitted. The process by which the car-
rier wave is made to change in accordance with the information signal is called modulation. A sinu-
soid has three characteristics that can be modulated; they are the amplitude, the frequency, and

* For a thorough discussion on passive and active filters, please refer to Signals and Systems with MATLAB
Applications, ISBN 0-9709511-6-7.
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the phase, and they give rise to amplitude-modulated (AM), frequency-modulated (FM), and phase-
modulated (PM) signals. To understand the requirements that must be met by tuned amplifiers it
is necessary to examine the nature of these waves and to understand the way in which they are
used in telecommunication systems. The properties of AM waves are developed in the para-

graphs that follow; although they are not discussed specifically, FM" and PM waves have similar
properties.

If the information, or modulating, wave is a voltage v,,(¢), then an AM carrier can be expressed

as
vg(t) = [Ve+ vy, (t)]cosmct 9.1)

where o is the carrier frequency, and V. is the amplitude of the unmodulated carrier. The
waveform of such an AM wave is shown in Figure 9.1.

V() ve(t)
Modulating signal /ﬂ

/ 1 \\ ‘>ve ope
m - "%Ill Carrier F fop {

(VA

Figure 9.1. Signal and carrier wave that is amplitude-modulated by the signal.

In an AM system the magnitude of v,,() is always less than V; hence the envelope of the mod-
ulated wave never drops to zero. From relation (9.1) and Figure 9.1 we observe that the wave-
form of the envelope of the modulated signal is the same as the waveform of the modulating sig-
nal v,,(¢). Thus if the information in the modulated carrier is to be preserved, the waveform of
the envelope must be preserved. The information can be recovered by recovering the waveform
of the envelope; the peak rectifier circuit that we discussed in Chapter 2 is used for this purpose.
The peak rectifier is also known as diode detector, and in this application it is frequently called an
envelope detector.

To examine the properties of the AM wave further, it is convenient to assume that the modulat-
ing signal is a sinusoid expressed as

Viu(t) = V,cos(o,t+0,) 9.2)

* FM and PM systems are best described by Bessel functions. For an introduction to these functions, please refer

to Numerical Analysis Using MATLAB and Spreadsheets, ISBN 0-9709511-1-6.
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Substitution of (9.2) into (9.1) yields

vs(t) = [Ve+ Vcos(o,t+0,,)]cosoct 9.3)
and letting
m=V_/V. 9.4)
we express (9.3) as
vg(t) = V[l +mcos(w,,t+0,)]cosmct 9.5)

and the quantity m is known as the modulation index in an AM system, and it is always less than
unity.

In (9.2) and (9.5) we have assumed that the modulating signal v, (7) is sinusoidal and as such, it
predictable for all times; hence, it conveys no useful information. In practice, v,,(¢) is non-sinuso-
idal but if it is periodic in nature as most physical phenomena are, it can be expanded in a Fourier

series,” and the analysis of an AM system can be performed by the superposition of the effects of
each sinusoidal component known as harmonics. Relation (9.5) can be simplified by using the trig-
onometric identity for the product of two cosines. Thus,

m

2

m

vg(t) = Vecosopt+ >

Veeos[(o¢ + o, )t+0,]t+=Vcos[(oc—o,)t—0,,] 9.6)
Relation (9.6) reveals that a sinusoidally modulated AM wave is the superposition of three sinuso-
idal components, a carrier wave at the carrier frequency, and two side waves at frequencies on
either side of the carrier frequency. The frequency spectrum of a typical sinusoidally modulated

AM wave is shown in Figure 9.2.

Ideal bandpass filter
vs(t) vs(t) /

.,

o, | 1) ® ®
(a) (b)

Figure 9.2. Frequency spectra of AM waves

Figure 9.2(a) shows the relative amplitudes and frequencies of the carrier and side waves, except
that usually the side waves are much closer to the carrier wave than it is possible to show in the
diagram. In the more general case there are many pairs of side waves, and these are referred to as
the upper and lower sidebands of the AM wave. In most AM waves the carrier frequency is much
larger than the highest frequency in the modulating signal. Thus, a typical AM radio station

*  For a detailed discussion and applications in Fourier series, refer to Signals and Systems with MATLAB Appli-
cations, ISBN 0-9709511-6-7.
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broadcasting speech and music with frequencies up to 5 KHz has a carrier frequency of 1 MHz
and a total bandwidth of 10 KHz centered at 1 MHz. The advantage of AM signals is that they
are narrowband signals; that is, their total bandwidths are small compared to their center frequen-
cies. A narrowband allows the transmission of many simultaneous telephone conversations on a
single pair of conductors in a coaxial cable and for the simultaneous use of space by all radio
transmitters.

Figure 9.2(b) shows the frequency spectra of three AM signals indicated as D, @, and @. Each
signal uses a different carrier frequency, and normally the difference between these frequencies is
great enough so that the spectra of the signals are completely separated and occupy different fre-
quency bands. These signals can be separated by frequency-selective amplification; the idealized
gain characteristic for such an amplifier is indicated in Figure 9.2(b). Amplifiers of this kind are
called bandpass amplifiers. Tuning a radio receiver is the operation by which the passband of the
amplifier is shifted from one place to another in the frequency spectrum. The study of tuned
amplifiers in the sections that follow is concerned with the response of the amplifiers to modu-
lated waves and with design techniques for obtaining optimum performance. Optimum perfor-
mance is concerned with the rejection of adjacent channels as well as with faithful amplification
of the desired channel.

Relation (9.6) shows that a symmetry exists between the upper and lower sidebands of an AM
wave. The sidebands have equal amplitudes, and they have phase angles with respect to the car-
rier that are equal in magnitude but opposite in sign. If these components are to add up to give
the original AM wave, this symmetry must be preserved. The significance and importance of this
symmetry is illustrated further by the phasor diagrams in Figure 9.3, in which each sinusoidal
component of the wave is represented by a rotating vector. If the carrier vector is taken as the
reference and is assumed to be stationary, then the upper-sideband vector rotates counterclock-
wise at o, rad/sec, and the lower-sideband vector rotates clockwise at the same speed.

(a) b ©)

Figure 9.3. Phasor representation of an AM wave

In Figure 9.3(a) the sum of the two sideband vectors (represented by the dotted line) is at every
instant colinear with the carrier vector and it gives a sinusoidal variation in the amplitude of the
total voltage. However, that this result depends on the symmetry between the sidebands. To
illustrate what may happen when the symmetry is destroyed, Figure 9.3(b) shows the case in
which the sidebands have been shifted 90° out-of-phase in phase with respect to the carrier. In
this case, the sum of the sideband vectors (represented by the dotted line) is at every instant nor-

9-4 Electronic Devices and Amplifier Circuits with MATLAB Applications
Orchard Publications



Introduction to Tuned Circuits

mal to the carrier vector, and the amplitude of the total voltage becomes almost constant as indi-
cated in Figure 9.3(c) where the dotted vectors represent the vector sum of the carrier and the
sidebands. When the condition of Figure 9.3 (c) occurs, the signal recovered by an envelope detec-
tor at the receiving end is very small, and it is badly distorted. Just about all radio signals, when
transmitted over long distances, are subject to this kind of fading and distortion as a result of the
properties of the transmission medium.

System performance can be improved in this respect by transmitting only one of the two side-
bands; with single-sideband systems the need for coherence between two sidebands is eliminated.
Single sideband systems are discussed in communications systems text, but our intent here is to
illustrate that poorly designed amplifiers can degrade the signal. Ideally, then, amplifiers for AM
signals should provide uniform amplification over the band of frequencies occupied by the signal,
and they should provide no phase shift in this band. The amplification decreases at high frequen-
cies as a result of the parasitic capacitances in the tuned amplifier. It also decreases at low frequen-
cies because of the presence of coupling capacitors. In a properly designed tuned circuit, the
amplification at the ends of the band of frequencies occupied by the signal should not be less than
70 percent of the amplification in the center of the band.

The no phase shift requirement stated above can be somewhat controlled by the fact that a linear
phase-shift characteristlc produces a pure delay in the envelope waveform without distorting it.
This fact can be illustrated by considering a modulated signal consisting of the sum of a number of

sinusoids of frequencies ®,, ®,, ®;, ..., not necessarily harmonically related, such that
V(1) = V cos(®t—0,) + V,cos(m,t—0,) + Vycos (st —05) + ... 9.7

Substitution of (9.7) into (9.1) yields

vg(t) = Vecosoct + lVlcos[(ooc+ o)t-0,]+ lVlcos[(coc—(;)l)t—é)l]
2 2 9.8)

Jr%Vzcos[(coC + Wy)t—0,] + %Vzcos[(mc —Wy)t—0,]+ ...

The frequency spectrum for this signal is similar to the spectra shown in Figure 9.2 except that in
this case each sideband contains a sinusoidal component corresponding to each sinusoidal compo-
nent of the modulating signal; each pair of sideband components exhibits the symmetry discussed
above.

If the modulating signal is allowed a constant time delay T, then (9.7) becomes
V(1) = Vi cos[®(t-=T)=0,]1+ V,cos[®,(t—T)—-0,]+ Vicos[®;(t—T)—-05]+ ... 9.9)
or
V(1) = V cos(®t—®,T-0,)+ V,coscos(m,t —®,T—0,) + Vicos(@3t— ;T —0;)+... (9.10)

Since T is a constant, it follows from (8-30) that imposing a constant time delay on v,,(t) is equiv-
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alent to imposing a lagging phase shift on each sinusoldal component, proportional to the fre-
quency of that component. Thus if we let ®, T = ¢,, ®,T = ¢, and so on, the corresponding
AM wave of (8.28) with the delayed envelope can be expressed as

vg(t) = Vecosopt + lVlcos[(mC +O)t-0,-06,]+ lVlcos[(ooC —O)t+ o, +064]
2 2 9.11)

vL%Vzcos[(oaC +0)t—¢,—0,]+ %Vzcos[(mC —O)t+d, +0,]+ ...

where ¢, ,, ... are directly proportional to the separation of the side frequency from the carrier
frequency. Thus, if an AM signal is transmitted through an amplifier having a linear phase char-
acteristic with a negative slope, it can be shown by going through this process in reverse that the
result is a pure delay in the envelope. It can also be shown that a constant phase shift added to
the linear phase characteristic produces a delay in the carrier. Alternatively, a constant phase
shift rotates all vectors in the diagrams of Figure 9.3 by the same amount and leaves the relations
among them unchanged.

The results obtained in the preceding discussion are useful guides in judging the merits of various
tuned amplifiers and in designing these amplifiers for optimum performance. A good amplifier for
use with modulated signals should have uniform gain in the frequency band occupied by the sig-
nal, and it should have a linear phase characteristic in that frequency band.

Example 9.1
A carrier

ve(t) = 10cos2m x 10°t
is amplitude-modulated with a signal

v, (t) = 3cos10007t + 5cos20007t

Sketch a diagram of the frequency spectrum of the amplitude-modulated wave similar to that of
Figure 9.2. Show the amplitude and frequency for each component of the AM wave.

Solution:

From relation (9.6)
6, 3 6 3 3 6 3
vg(t) = 10cos2m x 10t + Ecos[(2n x 10"+ x107)t+ 0, ]t + Ecos[(2n x 10" — 1 x 107)t]

+§c05[(2n x 10°+ 7 x 2 x 103)‘[ +0,]t+ %cos[(Zn x10° =7t x 2 x 103)‘[]

and the frequency spectrum is as shown in Figure 9.4.
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10
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Figure 9.4. Frequency spectrum for Example 9.1

Example 9.2

A radio receiver with a parallel GLC circuit whose inductance is L = 0.5 mH is tuned to a radio
station transmitting at 810 KHz resonant frequency. The resonant frequency is given by

o, = 1/,/LC and the quality factor at parallel resonance is given by Qgp = ©,C/G
a. What is the value of the capacitor of this circuit at this resonant frequency?

b. What is the value of conductance G if Qyp = 757

c. If a nearby radio station transmits at 740 KHz and both signals picked up by the antenna have
the same current amplitude 1 (uA ), what is the ratio of the voltage at 810 KHz to the voltage
at 740 KHz?

Solution:
a.
o, = 1/(LC)
or
fy = 1/4n°LC
Then,
C = ! = 77.2 pF
47205 x 107 x (810 x 10°)°
b,
Qup = ©,C/G
or

_ 2nf,C _ 2nx8.1x10°x77.2x107"
Qop 75

G

=54 pQ"

* For a block diagram of a typical AM radio receiver and description, please refer to Circuit Analysis II with
MATLAB Applications, ISBN 0-9709511-5-9, Chapter 2, Figure 2.16.
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C.
I I 1 I
Veours = —t— =L oL 1 (9.12)
| SO ki | |Y810 KHZ| Yo G 524%x10°
Also,
I
Voo ] = —— 9.13)
Vool = Il
where
Youo i = /G +(0C - 1/(0L))’
or
2
1Y 740 its| = J(5.24 x 107 + (275 x 740 x 10° x 77.2 x 1077 - 13 3)
2t x 740 x 10° x 0.5 x 10~
or
Y ou0 ke = 71.2 n@Q”
and
I
|V740 KHz| = T (©.14)
712 10
Then from (9.12) and (9.14),
-6 -6
Vsoknd _ 1/524x10° _ 71.2x 107" _ 13.6 (9.15)

Vaoxud  1/712x10°  524x10°°

that is, the voltage developed across the parallel circuit when it is tuned at f = 810 KHz is 13.6
times larger than the voltage developed at f = 740 KHz.

9.2 Single-tuned Transistor Amplifier

The small signal model for a single-tuned transistor amplifier is shown in Figure 9.5.

I1
L =C R,

R, gV I,

Figure 9.5. Small signal tuned transistor amplifier circuit

In the circuit of Figure 9.5, we assume that the parasitic capacitances are negligible, and with this
assumption this circuit is good at frequencies up to a few hundred KHz. The resistance R, is in
the order of 1 kilohm or less and represents the internal resistance of the current source, the
input resistance of the transistor, the biasing transistors, and the losses in the inductor. The
admittance Y(s) on the left side of the circuit is

9-8 Electronic Devices and Amplifier Circuits with MATLAB Applications
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1 1

Y(S) = E+E+SC (9.16)
and thus
I,(s) = Y(s)V(s) (9.17)
Also,
L(s) = —g,V(s) (9.18)

From (9.12), (9.13), and (9.14) the current gain 4, is

A( ) — IZ(S) - —Em
¢ I,(s) 1/R;+1/(sL)+sC

or

Als) = 22 S 9.19)
C ¢+(1/RC)s+1/LC

For convenience, we define two new symbols as

2 1

o) = = (9.20)
and
-1
20 = L 9.21)

Substitution of (9.16) and (9.17) into (9.15) yields

Ads) = -8 —— 9.22)

2 2
S +2as + o

The quadratic denominator in (9.18) can be expressed as the product of two linear factors, i.e.,

-
AG) = -8 STeT 9.23)

s, = —a+ o’ —wp (9.24)
s, = —o—Jo’ - (9.25)

Depending on the values of the circuit parameters, the poles of (9.18) may be either real or com-
plex. If they are real, relation (9.19) has the same form as relation (8.71) in Chapter 8; hence the
pole-zero pattern and the frequency characteristics of the tuned amplifier with real poles are the
same as those of the RC-coupled amplifier which cannot provide a truly narrow-band characteris-
tic. Therefore, in our subsequent discussion we will be concerned with circuit parameters which
will yield complex poles.

and we find that

and
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We are also interested in the current gain at the resonant frequency denoted as A,,. From the
parallel network of Figure 9.5, we observe that at parallel resonance inductive susceptance  and
capacitive susceptance cancel each other and the admittance of the parallel R,LC circuit
reduces to R, and thus

Ao = L/T = —g,R; (9.26)
As in the case of the RC amplifier in Chapter 8, the half-power frequencies provide a measure of
the bandwidth of the circuit, and the half-power frequency is the frequency at which the amplifica-

tion is A = A (max)/ 2. Also, there are two half-power frequencies, one above and the other
below the resonance frequency and thus the bandwidth between the two half-power frequencies
is given by

- 9y = L
BW = 20 = 9.27)

Example 9.3

The equivalent circuit of single-tuned amplifier is shown in Figure 9.6 and has a transconduc-
tance g, = 40 mQ ™ and R, = 500 Q.

I1
L =C R,
ZnV L

R,

Figure 9.6. Transistor equivalent for the tuned amplifier of Example 9.2

a. Find the values of L, C, and the amplification at resonance so that the half-power bandwidth
will be BW = 10 KHz and the passband will be centered at 1 MHz.
b. The quality factor QOT at parallel resonance.

Solution:

a. For the specified bandwidth it is necessary that

BW = = 2nx 10°

1

* The inductive susceptance is defined as B; = 1/joL and the capacitive susceptance as B = joC

T For a detailed discussion on quality factor Q, please refer to Circuit Analysis II with MATLAB Applications,
ISBN 0-9709511-5-9
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and with R, = 500 Q,
1

C=—4
2t x 10" x 500

For the specified center frequency

o= L = 2nx10%° = 395x 10
LC

12

and with C = 32x 107,
1

L =
39.5x 107 %x32x 107

= 0.8 uH

The current gain at the resonant frequency is
Al = guR; = 40 x 107 x 500 = 20
b. The quality factor Q, at parallel resonance is

Q, = ®,CR, = 2mx 10°x32%x 107" x 500 = 100

In Example 9.2, the very low value of R; = 500 Q makes a large value of C necessary to obtain
the narrow bandwidth BW = 10 KHz, and a relatively high quality factor Q,. Moreover, the very

low value of L causes the inductive reactance at 1 MHz to have a very low value of

oL = 21x10°x08x10° =50

Fortunately, we can transform values required by the specifications into practical values of the cir-
cuit parameters by the use of a transformer. Figure 9.7(a) shows a practical tuned transistor ampli-
fier in which a tapped inductor is used as a step-down autotransformer. Resistors R, and Ry pro-
vide the necessary biasing but they also include coils in series with these resistors (not shown) and
these coils are known as radio frequency chokes (RFCs). An RFC blocks radio frequencies but
passes audio frequencies when both frequencies are applied to the same circuit. The inductors

. . 3 . . * .
used in the autotransformer have ferrite cores, the coefficient of coupling among the turns is
close to unity, and the transformation ratio is

*  For a detailed discussion on transformers, please refer to Circuit Analysis Il with MATLAB Applications,
ISBN 0-9709511-5-9.
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_’Il } .1|_
+
t ~ a’L v >R R,
v, Rp | I
| — gmVY 2
- T
- b
(a) (b)
Figure 9.7. Impedance transformation in a tuned transistor amplifier and its model
Vi BN 9.28)
A% L N

where L is the total inductance, N is the number of turns in the coil, L, is the inductance por-

tion of the coil below the tap, and N, is the number of turns in the coil below the tap.

When the portion of the circuit on the left of the transformer coil in Figure 9.7(a) is transferred
to the right side, the small signal model assumes the form shown in Figure 9.7 (b), and the capac-

itance C and the total inductance L are transformed by the factor a2.

In Figure 9.7(a), the primary side of the step-down autotransformer is the total inductance and
this represents the primary side of the autotransformer, and the secondary side is the portion of
the coil below the tap. As we know, a practical inductor contains some resistance in series with
it. Let the resistance in series with the coil in the primary be denoted as R, and the resistance in
series with the coil in the secondary be denoted as Rg. The resistance R, includes the internal
resistance of the source supplying the input signal, and when it is referred to the secondary, it
assumes the value a’R,.

The resistance R' shown in Figure 9.7 (b) represents the parallel combination of a’R, with Ry,
that is,
2
a‘R,R
R = 2 ReRs (9.29)
a’Rp + Ry

The input signal current is also transformed to I,/a as shown in Figure 9.7(b) and since a is less
than unity, we observe that the current amplification is increased by the transformer action.

From Figure 9.7 (b)

) = Ly L€
Y'(s) = R + o + azs (9.30)
L)~ ysyvics) 9.31)
a
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Ao, L(s) = —g.V'(s) 9.32)

A( ) — IZ(S) _ —8m
¢ I,(s)/a  1/R'+1/a’Ls+Cs/a’

Afs) = —28 . ——— 5 (9.33)
C ¢+ /RC)s+1/LC
Therefore, the transformer action leaves the resonant frequency », unchanged, but the band-
width becomes
*  a’Rp+Ry

R'C  R,RC ©:3%)

The LC combination in Figure 9.7 (a) forms a lossless coupling network and if R, and Ry are fixed,
the coupling network can be adjusted for maximum amplification, and this condition occurs when
maximum power is delivered to Rg. Therefore, maximum amplification is obtained when the

value of a is chosen so that
a’R, = Ry (9.35)

At resonance, the inductive susceptance and capacitive susceptance cancel out and thus the
admittance is just R'. Therefore, relation (9.33) reduces to

A, = _ngR' 9.36)

The quality factor Q, at parallel resonance is

Qp = ®,CR' (937)

Example 9.4
The equivalent circuit of single-tuned amplifier shown in Figure 9.8 has the transformation ratio
a = 1/20, transconductance g, = 40 mQ™', and R' = 500 Q.

I,/a
H i
b S L v =R R
Vs g2 a 2
i l_ ng' I2

Figure 9.8. Circuit for Example 9.4
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a. Find the values of L, C, and the amplification at resonance so that the half-power bandwidth
will be BW = 10 KHz and the passband will be centered at 1 MHz.

b.The quality factor Q, at parallel resonance.
Solution:

a. For the specified bandwidth it is necessary that
2
BW = 2 = 2z x10*
R'C

and with R' = 500 Q,
c - 17400

= —— = 80 pF
2t x 107 x 500

For the specified center frequency
02 = - = 2rx10° = 39.5x 10"
LC

and with C = 80 x 107",

L = 1

= - — =032 mH
39.5x 10" x 80 x 10

12

The current gain at the resonant frequency is

R 40x 107 x500 _

A, = Em 400
a 1/20
b. The quality factor Q, at parallel resonance is
Q, = ®,CR' = 21 x10°x 80 x 107 x 500 = 100

9.3 Cascaded Tuned Amplifiers

To achieve higher selectivity it is necessary that tuned amplifiers are connected in cascade by
means of a coupling capacitor or transformer coupling. When coupling capacitors are used, they
are chosen to act as short circuits in the passband of the amplifier. When two identical stages like
the one shown in Figure 9.5 are cascaded, the overall current gain is given by the square of rela-
tion (9.23); hence the zero at the origin and the poles s, and s, each appear twice in the overall
current gain. The corresponding pole-zero diagram has the form shown in Figure 9.9 where the
numbers in parentheses indicate double poles and zeros. In this form, the two stages are said to be
synchronously tuned. We have assumed that the Miller effect is negligible.
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9.3.1 Synchronously Tuned Amplifiers

The amplitude characteristic for two synchronously tuned amplifiers is the characteristic for one
stage but with the amplification squared at each point. However, the half-power bandwidth is less
than the bandwidth of one stage. The phase characteristic is the characteristic for one stage with
the angle multiplied by 2.

Im

(2)x

(2)

> Re

(2) X

Figure 9.9. Pole-zero pattern for two synchronously tuned amplifiers in cascade

In the study of tuned amplifiers, two important relations are the narrowband approximations. They
are very useful in the analysis and design of practically all narrowband amplifiers and filters. For
the typical narrowband amplifier they are very good approximations. To understand these approx-
imations, we refer back to relations (9.24) and (9.25), that is,

S = —o+ o’ —op (9.38)
S, = —a— Ao’ — o (9.39)

Since we are concerned with complex numbers, we express these as

—a+jja’ - (9.40)
s, = —a—j o’ — o (9.41)

Sy

and letting

B’ = o’ - o (9.42)
we get s, = —o+iP (9.43)
S, = —o—jp 9.44)

From relation (9.42) we observe that o, is the hypotenuse of a right triangle, and in the complex

frequency plane it represents the distance of the poles s, and s, from the origin as shown in Fig-
ure 9.10(a).
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Im

S
Y ~— O —
t
| o
— — Re

)

(a) (b)
Figure 9.10.  Graphical representation of the relations s, = —a+jB, s, = —a—jB, and B’ = az—mé

A typical AM signal has a center frequency that is 100 times the bandwidth of the signal to be
transmitted. An amplifier suitable for use with this signal will have a resonant frequency of
®, = 2000 and as we can see from Figure 9.10(b), the poles s, and s, are extremely close to the
imaginary axis. Now, let us consider the sinusoidal operation where s = jo and as jo moves
along the imaginary axis near the pole s;, the vector s—s, gets smaller and experiences large
percentage variations. However, since the vector s —s, is relatively further away, the percentage
variations are much smaller and the variations in s and s —s, tend to cancel. Therefore, for sinu-
soidal operation in the passband we obtain the narrowband approximations

s = jJOorjo, (9.45)
and

S—8,~2jm, (9.46)

When these approximations are substituted into relation 9.23, we obtain the simplified expres-
sion

A(s) = _5m. 0 _ _Sm, 9.
() C (s—s))2jo, 2C (s-s)) O47)
Relation (9.47) shows that in narrowband operation the ratio s/(s—s,) can be expressed as the
constant 1/2 and that the narrowband approximations reduce the quadratic factor in the
denominator to a linear factor. This reduction is very important when more complex circuits are
to be analyzed. Also, for sinusoidal operation s = jo and relation (9.47) can be expressed as

g 1
Ao) = 2C jo-s, (9.48)

and since m, = 2000, we see from Figure 9.10(a) that B~ ®,, and thus
s$; = —o+jfr—a+jo, (9.49)

and by substitution into (9.48)
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)= Bm 1 & 1
AQw) = 2C jo+a—-jo, 2C a+j(o-o0,) ©:50)

Letting ® - ®, = Ao we can express (9.50) as

Alie) = _Bn _ _En 951
U0) = ¢ GTire - 20C Trire/a ©:51)

Also, since B~ w,, at resonance the amplification is given by

- ; - Em 1 — Em
Ay = [A(joo)| = 2C iB+a—ip _ 20C 9.52)

We also recall that the bandwidth is given by
BW = 2a (9.53)
Substitution of (9.52) and (9.53) into (9.51) yields

1

~Ao +j2A0/BW ©-54)

A(jo) =

This relation can also be expressed in terms of the quality factor at resonance, i.e., BW = ©,/Q,.

Then,
1

A(jo) = -A, -
o) O T+72Q.h0/ o

(9.55)

In terms of the bandwidth (relation9.54), the magnitude of the amplification for one stage is

1
J1+(2A0/BW,)

A= |A| = Ay - (9.56)

where the subscript unity denotes a single stage. For n stages connected in cascade, the magni-
tude of the amplification is

1

9.57)
"1+ (2A0/BW,)

AT = |A| = Agl'

The half-power frequency for n identical stages connected in cascade occurs when the square of
the denominator in (9.57) equals 2. Thus, at the half-power frequency

200\ _
[1+(B—W1H_z (9.58)
from which
Ao = 27 9.59)
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There are two half-power frequencies, one above and one below the resonant frequency. The
bandwidth between these two half-power frequencies is

BW, = 2Am = BW,42"" -1 (9.60)

The square root of this expression is the bandwidth reduction factor for n identical stages con-
nected in cascade; for two stages it is 0.64, for three stages it is 0.51 , and for four stages it is 0.43 .

Example 9.5

Two synchronously tuned stages connected in cascade are to designed so that the resonant fre-
quency will be f, = 25 MHz, and the capacitors will have a value of C = 80 pF for each stage.
Determine the values of L and R and the half-power bandwidth for each stage so that the over-
all half-power bandwidth will be 100 KHz.

Solution:

The half-power bandwidth of each stage can be determined from relation (9.60), the values of R

from the relation BW, = 1/RC and the values of L from o; = 1/LC . For convenience, we will
let the following MATLAB script do the calculations for us.

BWn=2*pi*1015; C=25*10/A(—12); L=1/((2*pi*25*10"6)"2*C); n=2;...

BW1= BWn/sqrt(2~(1/n)-1); BWf=BW1/(2*pi); R=1/(BW1*C); fprintf(' \n');...
fprintf('C = %5.2e F \t',C);...

fprintf('L = %5.2e H\t',L);...

fprintf('BW1 = %5.2e rad/sec \t', BW1); fprintf(' \n');...

fprintf('BWf = %5.2e Hz \t', BWf);...

fprintf('R = %5.2e Ohms \t', R); fprintf(' \n')

Upon execution of this script, MATLAB displays the following results:

C=250e-011F L=1.62e-006H BWI1 = 9.76e+005 rad/sec
BWf = 1.55¢+005 Hz R = 4.10e+004 Ohms

The half-power bandwidth of each stage is 155 KHz and, as expected, is larger than the overall
half-power bandwidth of 100 KHz.

Synchronous tuning for two stages connected in cascade does not provide the best approxima-
tion to the ideal bandpass. As stated above, the bandwidth reduction for synchronous tuning of
two stages connected in cascade is about 0.64 and this is confirmed by the ratio
100 KHz/155 KHz . Figure 9.11 shows the frequency response of a synchronous tuning for two
stages in cascade in comparison to a single stage.
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A

C

(dB scale Single stage response

Overall response for two
synchronously tuned amplifiers

o (log scale)

Figure 9.11. Frequency responses for single stage and two synchronously tuned amplifiers.
9.3.2 Stagger-Tuned Amplifiers

We can obtain a much better approximation by staggering the tuning of the stages to produce a
pole-zero configuration like the one shown in Figure 9.12.

Im A, ’/f—smgle stage responses
§;X (dB scale)
S3 X
(2)
—F 00— Re

Overall response for two
S4 % stagger tuned amplifiers
Sy X

™y o (log scale)
(a) (b)

Figure 9.12. Pole-zero pattern and amplitude characteristic for two stagger-tuned amplifiers

Poles s, and s, in Figure 9.12(a) are the poles one of the stages, and poles s; and s, are the poles

of the other stage; all four poles lie on a line parallel to the imaginary axis. With this arrangement,
the amplitude characteristic of the stagger-tuned amplifier will be shown in Figure 9.12(b). We
observe that the passband of such stagger-tuned amplifier is wider and flatter than the passband of
the synchronously tuned amplifier.

The top flatness of the characteristic depends on the spacing between the poles in Figure 9.12(a),
and it is under the control of the designer. Consider, for example the relations (9.20) and (9.21)
which are repeated below for convenience, and the pole-zero pattern of Figure 9.10(a).

2 _ 1
D = 5 9.61)
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20 = L (9.62)
RC

From relation (9.62) we observe that if R and C remain constant, the spacing a. from the imag-

inary axis remains constant also. From relation (9.61) we observe that a change in L will result in

a change in ®, but since o remains constant, the poles must move on a path parallel to the

imaginary axis. Hence, the staggering of the poles along the vertical line can be adjusted by
adjusting the inductances in the two stages for slightly different values.

We found that the current gain of one stage under sinusoidal conditions and after the narrow-
band approximations have been applied, is given by relation (9.48), that is,

Ajo) = -52 -jwl_sl 9.63)
Therefore, the current gain of a two stagger-tuned amplifier is
. g 1
AU®) = 36,6, Go-snGa—s») O
where s, = —a+jB;, s; = —a+jPB;, B is as shown in Figure 9.10(a), C, and C, are the capaci-

tances of the first and second stages respectively, and the narrowband approximations have
reduced a fourth-degree polynomial in the denominator to a second-degree polynomial.

The narrowband approximations and relation (9.64) reveal that the frequency characteristics of
the amplifier in the passband are determined by the two poles s, and s;, and the poles s, and s,

together with the zeros at the origin contribute the constant 1/4 in the scale factor of that rela-
tion. Figure 9.13 (a) shows an enlarged view of the pole-zero pattern in the vicinity of the poles s,

and s;.
Im
20—
— ‘*_
[—O0— ©
(DC
(a) (b)
Figure 9.13. Frequency characteristic for two stagger-tuned stages
9-20 Electronic Devices and Amplifier Circuits with MATLAB Applications

Orchard Publications



Cascaded Tuned Amplifiers

The frequency o, , which is the center frequency of the passband, corresponds to a point on the
imaginary axis equidistant from s s, and s;, and the vectors p, and p; correspond to the linear

factors jo —s; and jo —s;. The amplification, given by (9.64), can be expressed as

2
gll'l 1

_ , 9.65

4C,C, pips ( )

As the variable s = jo moves along the imaginary axis, the area of the triangle s, s s; remains
constant and its value is

a=af (9.66)
The area can also be expressed in trigonometric form as
1 .
a = >piP; sin¢ 9.67)
and from (9.66) and (9.67)
_L _ sing 9.68
pips 20 ( )

Substitution of (9.68) into (9.65) yields

2
_ Em ‘sind)
A = 1C,C, 2—043 (9.69)

The poles for the two stages have the same real parts, o = 1/2R,C,; = 1/2R,C, and thus relation
(9.69) can be expressed as

A = giR1R2;iB sin¢ (9.70)

where g’ R,R, is the resonant amplification of two stages with synchronous tuning. Therefore, in

relation (9.70), sin¢ is the only factor that varies with changes in .

If a is less than B, a circle with center at the middle of the line joining poles s, and s, that is par-

allel to the imaginary axis and with radius B, this circle will intersect the imaginary axis at two
points, as shown by the dotted semicircle in Figure 9.13(a), and the amplitude characteristic has
two peaks as shown in Figure 9.13(b). The amplification at the peaks occurs when sin¢ = 1 and
thus

A, = giRlRZ% (9.71)

In general,
A = A,sing 9.72)

If o is greater than B, the semicircle does not intersect the imaginary axis and the amplitude
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characteristic has only one peak; it is located at ® = . and it is less than A .
The frequencies at which the double peaks occur are denoted as

= o, + A 9.73)

@y

and since the radius of the semicircle is B, it follows that
A= proa (9.74)

The triple-point frequencies w, are the frequencies outside the double peaks at which the amplifi-
cation has the same value as at the center frequency are obtained by

©, = O, 2N 9.75)

Let ¢, be the value of the angle ¢ when ® = ®,. Then, the amplification at the center fre-
quency, denoted as A, is

A, = A,sing, (9.76)
The peak-to-valley ratio for the double-peaked amplitude characteristic is
A 1
—L =
A, sind, ©.77)
The angle ¢, is related to the pole positions by
tanqﬁ S (9.78)
2 o

When the amplifier is adjusted so that o = B, the semicircle is tangent to the imaginary axis,
and the amplitude characteristic is maximally flat. In this case, the amplifier is also said to be flat-
staggered, and this condition marks the transition from the overstaggered (double peaks) to the
understaggered adjustment. We are mostly interested on the flat-staggered and the overstaggered
cases.

In all of the amplifiers studied up to this point, the half-power bandwidth has been related in a
simple way to the circuit parameters. In the case of the overstaggered pair of tuned stages, how-
ever, a simpler and in some respects more useful measure of the bandwidth is the so-called triple-
point bandwidth shown by the dotted lines in Figure 9.13(b). It is defined as

W = 2./20° (9.79)

* We reserve the notation BW for the 3 — dB bandwidth and we will use W for the triple-point bandwidth.
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From relations (9.74) and (9.79)
W = 827 = 8[B°-a’] (9.80)

It is convenient to express relation (9.80) in terms of the design parameter r = B/a which is
related to the peak-to-valley ratio in relation (9.77). Rearranging relation (9.80) we get

W 2 2
(2—a) :2[(5) —1} = 2= 1) (9.81)
When the amplifier is flat-staggered or overstaggered, the peak amplification is A, . In these cases

the half-power frequencies can be taken as the frequencies at which A = A/ 2, and it follows

from relation (9.76) that this condition occurs when ¢ = 45°. The corresponding half-power
bandwidth in terms of the design parameter r = B/a can be determined from the geometrical
constructions in Figure 9.14.

Im
e L b
. S] ‘\\\\
/\ — Radius'= V2B
BW J2p
BW 28 2o | 2

\ / |

— Sy al \O
(a) (b)

Figure 9.14. Determination of the half-power frequencies of flat-staggered and overstaggered amplifiers

In Figure 9.14(a) the line segment joining the poles s, and s; subtends the angle 2¢ = 90°, the

radius of the circle is 28, and the center of the circle lies a distance B —a to the right of the

imaginary axis. Figure 9.14(b) is an enlarged version of the small right triangle oab and by the
Pythagorean theorem

2
(M) = 2B~ (B-a)’ 9.82)
2
or
BWY _ (B Y.2B
(5a) =(5) 2 089
Since r = B/a, we can express (9.83) as
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(g_fj)z - P+l (9.84)

Using relation (9.84), flat-staggered and overstaggered amplifiers can be designed for a specified
half-power bandwidth. Also, a comparison of (9.84) with (9.81) reveals that the half-power
bandwidth and the triple-point bandwidth are nearly equal except for cases of very slight over-
staggering.

The relations derived above provide a simple, direct design procedure for overstaggered stages.
The design requirements specify the center frequency o, , the triple-point bandwidth W, and the
peak-to-valley ratio A /A, .These specifications are sufficient to define the poles of the ampli-
tude gain A, and hence the circuit parameters. Specifically, the ratio A,/A, defines r = B/«
through relations (9.77) and (9.78). Then, relation (9.81) gives the required value of a., and the
required value of B is obtained from the relation B = ar. Thus, the two of the three parameters

R, L, and C are determined, and the third can be chosen as desired to satisfy the other require-
ment as it was illustrated in the previous examples.

Example 9.6
A transistorized two-stage stagger-tuned amplifier has a pole-zero pattern like the one shown in

Figure 9.13. The pertinent dimensions are @, = 10° rad/s, a = 1500 rad/s, and p = 2500 rad/s.

Both transistors have a transconductance of g,, = 40 mQ ™', and the total shunt resistance in
each stage is R, = R, = 0.75 KQ. Find the peak amplification A, the peak-to-valley ratio
A,/ A, the triple-point bandwidth W, the half-power bandwidth BW, and the triple-point fre-
quencies.

Solution:

The peak amplification A, is found from (9.71), i.e.,

A, = g,anlRZ% = (40 x 107°)" x (0.75 x 10%)” x 1—5§ = 270

From relation (9.78) o )

tan—:E:r:—:§
2 o 1. 3

(9]

0./2 = tan”'(5/3) = 59°
o, = 118°

The peak-to-valley ratio A,/A, is given by relation (9.77)
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sing, sinl18°

Therefore, the amplifiers are overstaggered.

Ay 11 3
A,

The triple-point bandwidth W, is given by relation (9.79), i.e., W = 2./2A where from relation
(9.74)

22 = Bz_az _ (2‘52_ 1‘52) x 10° = 4 x 10° (rad/s)2
A =2x10° radls

W = 2./2% = 4./2x10° = 5.66 x 10° rad/s

The half-power bandwidth BW is given by relation (9.83), i.e.,
BWY _ (B Y, 2B
(5 = (&) +%-

2 2
BW = 20 (E) +2B 1 Cax15%10° (2—§) +2 1 = 678 x 10° rad/s
o) 15/) 13

The triple-point frequencies are given by relation (9.75). Thus,
o, = 0.+ 2% = 10°+./2x2x10°

o, = 1.003 x 10° rad/s o, = 0.997 x 10° rad/s

The procedure for finding all pertinent data, except the values of L and C, was well illustrated in

Example 9.6. The following example illustrates the procedure for finding of L and C to meet all
design specifications.

Example 9.7

The pole locations for a two-stage stagger-tuned amplifier and the values of R, and R, are as

given in Example 9.6. Determine the values of L and C required for each stage.

Solution:

From relation (9.27)

BW = 2a = ﬁ
and thus
200 = — = 1
R, C, R)G,
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With o, = 10° rad/s, o = 1500 rad/s and R, = R, = 0.75 KQ, we find that
1 1 1

C, =G, = = - = 0.44 uF
' 2R, 20R; 3 10°x0.75 x 10°
and
L=——=— 1 — =228 uH
0 C, 0997 x 10" x0.44 x 10
L= —— = ! = 227 uH

05C,  1.003*x 10”7 x 0.44 x 10

Figure 9.15 shows the normalized amplitude characteristics for two tuned stages under four dif-
ferent adjustments.

A
A
c

1 > 3 4
= - . —_— - Q)
COC
Figure 9.15. Amplitude characteristics for two tuned stages with different degrees of staggering

For the curves in Figure 9.15, a is held constant while B is increased in steps. Curve 1 is for syn-
chronous tuning, Curve 2 is for understaggering with ¢, = 70°, Curve 3 is for flat staggering, and
Curve 4 is for overstaggering with A /A, = 1.1. The half-power bandwidths are indicated by the
solid dots on these curves.

For the flat-staggered case B = a, r = 1, and sing, = 1. Thus, from relations (9.71) and (9.72)
we get

A, = A, = %gfanRz 9.85)

Letting By, denote the bandwidth of two stages with flat staggering and BW the 3 - dB band-
width of one of the stages, from (9.84) we get
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By = 2./2BW (9.86)
The gain-bandwidth product for the flat-staggered amplifier is given by
ABy, = (1/42)(ghRiRy)BW (9.87)

Then, for the

For two synchronously tuned stages we denote the bandwidth of two stages as B

syn *

gain-bandwidth product, using relation (9.60) we get

AB,, = A]BW,42°—1 = 0.64(g,R,R,)(BW) (9.88)

The foregoing discussion of stagger-tuned amplifiers considers only the case in which the poles are
staggered along a line parallel to the imaginary axis. If the poles do not lie on the same vertical
line, skewed frequency characteristics result, and, in accordance with the discussion in Section
9.1, this fact may cause distortion of the envelopes of AM signals.

9.3.3 Three or More Tuned Amplifiers Connected in Cascade

When three or more tuned stages are to be connected in cascade, the relations encountered are
similar in many respects to those encountered in the two-stage case. In particular, for narrowband
amplifiers the frequency characteristics are determined entirely by the poles lying near the seg-
ment of the imaginary axis corresponding to the passband. Thus, in the usual case, the zeros at the
origin and the poles in the lower half plane contribute only a constant to the gain in the narrow

passband. By a more extensive treatment it can be shown that for a maximally flat amplitude
characteristic, the poles of the signal gain must be uniformly spaced on a semicircle having its cen-
ter on the imaginary axis. The amplitude characteristics for one, three, and five stages are shown
in Figure 9.16.

O,

Figure 9.16. Maximally flat multistage tuned amplifiers

In Figure 9.16, The center frequency o, of the passband corresponds to the center of the circle on
which the poles lie, and no matter how many stages are cascaded, the half-power frequencies are

* For a detailed discussion on this topic, please refer to Signals and Systems with MATLAB Applications, ISBN
0-9709511-6-7.
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the frequencies at which the circle intersects the imaginary axis. The more stages cascaded in this
way, the flatter the amplitude characteristic in the passband and the steeper the characteristic at

the edges of the band. The distribution of poles producing these characteristics is known as the
Butterworth configuration.
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9.4 Summary

e A tuned amplifier is essentially a bandpass filter. A passive bandpass filter is constructed with
passive devices, i.e., resistors, inductors, and capacitors, and thus it provides no gain. For small
signals, active filters with op amps are very popular. Tuned amplifiers can also be designed with
bipolar junction transistors and MOSFETs.

e The analysis and design of tuned amplifiers is greatly facilitated with the small signal models.
e For a single stage tuned amplifier the current gain at the resonant frequency is given by
[Acl = L/T; = guR,
and the bandwidth BW between the two half-power frequencies is given by
BW = 2a = 1/RC

e In the design of tuned amplifiers, we can transform values required by the specifications into
practical values of the circuit parameters by the use of a transformer.

e A radio frequency choke (RFC) blocks radio frequencies but passes audio frequencies when
both frequencies are applied to the same circuit.

e Tuned amplifiers are connected in cascade to achieve higher selectivity.
e When two identical stages are cascaded, the two stages are said to be synchronously tuned.

e The amplitude characteristic for two synchronously tuned amplifiers is the characteristic for
one stage but with the amplification squared at each point.

e In the study of tuned amplifiers, two important relations are the narrowband approximations.
They are very useful in the analysis and design of practically all narrowband amplifiers and fil-
ters.

e For synchronously tuned amplifiers the bandwidth between the half-power points is given by

BW, = 2A® = BW, 42"~ 1

e The passband of such stagger-tuned amplifier is wider and flatter than the passband of the syn-
chronously tuned amplifier and thus provides a better approximation to the ideal bandpass.

e The amplification at resonance for a two stagger-tuned amplifier is given by
A = gﬁlRle% sin¢
where g2 R,R, is the resonant amplification of two stages with synchronous tuning.
o For stagger-tuned amplifiers, the frequencies at which the double peaks occur given by

0, = 0, A
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e For stagger-tuned amplifiers, the frequencies outside the double peaks at which the amplifica-
tion has the same value as at the center frequency are obtained by

o, = 0, % 2L

e For stagger-tuned amplifiers adjusted so that o = B, the amplifier is also said to be flat-stag-
gered, and this condition marks the transition from the overstaggered (double peaks) to the
understaggered adjustment. We are mostly interested on the flat-staggered and the overstag-
gered cases.

e For an overstaggered pair of tuned stages the triple-point bandwidth is defined as
W = 2,22

and half-power bandwidth BW is given by

2 2
(BW] _(B), 28,
2a o} o
e For uniform amplification over a wide band of frequencies we can cascade 3 or more amplifiers

where the distribution of poles produce characteristics is known as the Butterworth configura-
tion.

9-30 Electronic Devices and Amplifier Circuits with MATLAB Applications
Orchard Publications



Exercises

9.5 Exercises

1. The small-signal model for a single-tuned amplifier is shown below.

I1
Rl
£

For this mode, it is known that g,, = 40 mQ ™' and R, = 1 KQ.

L ~C R,
gmV I,

|<— <—>+

a. Determine the values of L and C so that the amplifier will have a resonant frequency of
100 KHz and a half-power bandwidth of 5 KHz.

b. Determine the current gain A, = 1,/1,, i.e., the current gain at the resonant frequency.

2. The incremental model of a typical MOSFET tuned circuit is shown below, and it is known

| F
t
R, L +~CV,
gmvl l
. Jj; =3

By a procedure similar to that in Section 9.2, we can show that the resonant frequency, the
half-power frequency, and the voltage gain at resonance are given by the relations

that g, = 5 mQ"'

2 1 1
0, = — BW = 20 = — Ayl = guR
0 LC RIC | V0| gm 1

a. Find suitable values for circuit parameters so that the half-power bandwidth will be the
10 KHz, and the passband will be centered at 1 MHz.

b. Find the voltage amplification at resonance.
c. The quality factor at resonance.

3. Two synchronously tuned stages are connected in cascade and the transconductance of both
transistors used is g, = 40 mQ~ where R, = 1 KQ and R, = 1.5 KQ are to designed so that

the resonant frequency will be f, = 25 MHz . Find the resonant amplification.

4. A two-stage flat-staggered tuned amplifier is to designed with two transistors each with
transconductance g, = 40 mQ~' where R, = 1 KQ and R, = 1.5 KQ are to designed so that

the resonant frequency will be f, = 25 MHz . Find the resonant amplification.
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9.6 Solutions to End-of-Chapter Exercises
1.

a. The bandwidth in radians per second is

—16 = 27 x 5000 = 3.14 x 10

BW = 2a =
and with R, = 1 KQ,

1 1
BW-R;  314x10*x 10’

= 31.8 nF

The value of L is found from ©; = 1/LC, or f; = 1/2xLC. Thus,

L= - — 80 uH
(21 x10°) x31.8x107°

b. The current gain at resonance is

Ay = g,R, = 40mQ " x 1 KQ = 40

j ]
!

V, R, R, L C
l_ gmvl T

a. For the required bandwidth it is necessary that

N< _>+o

o|<_

|

BW = 2a = =2TCX104

(@!

Rl
and for the specified center frequency we must have
o> = 1/LC = (21 x 10’

For high gain we can choose a large value for R, . Or, we can choose a large value for C to

overcome the parasitic capacitances. Let us assume that the parasitic capacitances are of
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more concern to us and choose a 200 pF capacitor. Then, the bandwidth requirement

yields

1 10"
R, = = - = 80 KQ
BWC  27x10% %200

The value of L to meet the center-frequency requirement is

12
L= = 10 = 0.125 mH
®C  (2m x 10%) x 200

b. The voltage gain at the center-frequency is
|Ay| = guR; = 5% 107 x 80 x 10° = 400
c. The quality factor at resonance is
Q, = ®,CR, = 21 x 10°x 200 x 107> x 80 x 10° = 100
3. By relation (9.26) the resonant amplification of the first stage is |A,| = g,R,, and that of the
second stage is |A,| = g,R,. Therefore, the overall gain is
A=gRR, = (40x107°)’ x 1x 1.5x10° = 60

4. By relation (9.85)

1 >

= Ap = Egm

C

R,R, = %(40>< 10’ x 1x1.5x 10° = 30

As expected this gain is half of that of Exercise 3 where the circuit was designed with synchro-
nously tuned stages.
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Chapter 10

Sinusoidal Oscillators

his chapter begins with an introduction to sinusoidal oscillators. Subsequently, we will dis-
cuss the RC phase-shift and LC oscillator families, and we will describe the Armstrong,
Hartley, Colpitts, crystal, and the crystal-controlled Pierce oscillators.

10.1 Introduction to Oscillators

An oscillator may be defined as a class of wave generators that produce sinusoidal, square, triangu-
lar, and sawtooth waveforms. Non-sinusoidal oscillators are known as relaxation oscillators. In
Chapter 5 we introduced the Wien bridge oscillator, and in Chapter 7 the family of multivibrators.
In this chapter we will be concerned with oscillators that produce sinusoidal waveforms. An oscil-
lator is essentially an amplifier circuit that provides its own input signal. Oscillators are classified
in accordance with the waveshapes they produce and the circuitry required to produce the desired
oscillations. Henceforth, unless otherwise specified, the term oscillator will mean a sinusoidal
oscillator.

10.2 Sinusoidal Oscillators

As the name implies, a sinusoidal oscillator produces a sine-wave output signal. An ideal oscillator
should produce an output signal with constant amplitude with no variation in frequency. But a
practical oscillator cannot meet these criteria, the degree to which the ideal is approached
depends on the class of amplifier operation, amplifier characteristics, frequency stability, and
amplitude stability. Sinusoidal oscillators generate signals ranging from low audio frequencies to
ultrahigh radio and microwave frequencies. Many low-frequency oscillators use resistors and
capacitors to form their frequency-determining networks and are referred to as RC oscillators.
These are used in the audio-frequency range.

Other types of employ inductors and capacitors for its frequency-determining network. These are

. . 3 * . .
known as the LC oscillators and use tank circuits , are commonly used for the higher radio frequen-
cies. They are not suitable for use as extremely low-frequency oscillators because the inductors
and capacitors would be large in size, heavy, and costly to manufacture.

A third type of sinusoidal oscillator is the crystal-controlled oscillator. The crystal-controlled oscilla-
tor provides excellent frequency stability and is used from the middle of the audio range through
the radio frequency range.

* The term tank circuit stems from the fact that a network consisting of inductors and capacitors store energy

same way as liquids and gases are stored in tanks.
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An oscillator must provide amplification where the amplification of signal power occurs from the
input to the output of the oscillator and a portion of the output is fed back to the input to sustain
a constant input. We will briefly discuss positive and negative feedback with reference to the block
diagram of a feedback amplifier shown in Figure 10.1.

A
Vin Vout
p
Figure 10.1. Block diagram of a typical feedback amplifier
From Figure 10.1,
Vour = AV (10.1)
where 4 denotes the open-loop gain of the amplifier. Also,
Ve = BVout (10'2)

where B is known as the feedback factor. If v; subtracts from v;,, then v = v,, — v, and the feed-
back is known as degenerative or negative, and the amplifier is provided with negative feedback. If v,
is added to v,,, then v = v,, + v; and the feedback is known as regenerative or positive, and the

amplifier is provided with positive feedback From (10.1), (10.2), and v = v, — v;, we obtain the
general expression for a feedback loop as

VOUt — A
Vin 1+BA

A = (10.3)

where the quantity BA is known as the loop gain, and 1+BA is known as the amount of feedback.

In a practical amplifier, the open loop gain A is much greater than unity and thus the gain with
feedback A; is for all practical purposes equal to +1/p and this means that A; is effectively
dependent on the feedback network, and since this network can be constructed with accurate
devices such as precision resistors and capacitors, the gain A; can be designed precisely.

With negative feedback, relation (10.3) is expressed as

_ Vout _ A
Ar = vi, 1+BA (104)
and with positive feedback as A
Vout _
A, = = —I—BA (10.5)
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Practically, all amplifiers employ negative feedback, but as we will see shortly, sinusoidal oscillators
use positive feedback.

Example 10.1

A certain amplifier has an open-loop gain 4 of 70 at an angle of zero degrees, distortion of 10%,
and normal input voltage of 1 V. Determine the effects of negative feedback if the feedback factor
Bis 0.1.

Solution:

For negative feedback BA = 0.1 x 70 = 7 and in accordance with relation (10.4) the gain with
negative feedback is

A 70 _ g5

A: =
"T14BA T 147

The amount of distortion D without feedback is 10% of the normal input voltage v;, of 1 V, and
with feedback is

T 1+BA 147
New input voltage v';, with feedback is
Vi, = Via(1+BA) = 1x(1+7) =8V

The output voltage v,,, without feedback is

Vour = Avy,, =70x1 =70V
and the output voltage v',,, with feedback is
V.= Ay, = 875x8 = 70 V

Actual input voltage v to amplifier is

8-0.1x70 =1V

v = V’in_ Bv'out
and the reduction in gain expressed in dB is

dB = 20log2 = 20log 1L
A, 875

= 18.06 dB

Thus, the introduction of negative feedback has reduced the amplifier gain by 18 dB or we can
say that 18 dB of feedback has been applied to the input of the amplifier.

Electronic Devices and Amplifier Circuits with MATLAB Applications 10-3
Orchard Publications



Sinusoidal Oscillators

Example 10.1 above and Exercise 1 at the end of this chapter illustrate the effects of degenerative
(negative) feedback. In our subsequent discussion we will be concerned with regenerative (posi-
tive) feedback. Let us again consider relation (10.5) which is repeated below for convenience.

You - _A (10.6)

A, = =2
T v, 1-BA

In an oscillator circuit the positive feedback must be large enough to compensate for circuit
losses so that oscillations will be sustained. Moreover, a practical oscillator must oscillate at a pre-
determined frequency and thus the oscillator must include a frequency-determining device
which essentially is a band-pass filter allowing only the desired frequency to pass. Let us now

assume that at that predetermined frequency the loop gain BA in relation (10.6) above is very
close to unity and in this case the closed loop A; is very large. Accordingly, it is possible to obtain

a finite output with a very small input and this is the principle behind the operation of an oscilla-
tor.

To find the predetermined frequency w, to produce sustained oscillations, we express relation

(10.6) in the s-domain, that is,

_ Vou(s) _ A(s)
MY =0 T TReA® (10D

and letting s = jo we get

. _ Vou(o) A(jo)
Al®) = 5 66) = TGw)AGe) (10.5)

To sustain oscillations at ® = ®, the denominator of (10.8) must meet the Barkhausen criterion

which states that to provide sinusoidal oscillations the magnitude and phase angle of the term
B(jow)A(jo) must be such that

B A(my)| =1 (10.9)

and ZB(joy) + ZA(jo,) = 2mn n=123.. (10.10)

10.3 RC Oscillator

An amplifier and an RC network can form an oscillator as shown in Figure 10.2. This oscillator is
also known as phase-shift oscillator. In the oscillator circuit of Figure 10.2 the transistor, being in
the common-emitter configuration, provides 180° phase shift and the three RC sections can be
selected that each section will provide 60° shift. Therefore, the total phase shift in that oscillator
will be 3 x 60° + 180° = 360° and the condition of relation (10.10) will be satisfied. The condi-
tion of relation (10.9) can also be satisfied by making the product BA equal to unity. For

instance, if A = 10 we can make B = 1/10 and the condition of relation (10.9) will also be sat-
isfied.
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Figure 10.2. Simple form of an RC oscillator

The output of the oscillator contains only a single sinusoidal frequency. When the oscillator is
powered on, the loop gain BA is greater than unity and the amplitude of the oscillations will
increase. Eventually, a level is reached where the gain of the amplifier decreases, and the value of
the loop gain decreases to unity and constant amplitude oscillations are sustained. The frequency
of oscillations is determined by the values of resistance and capacitance in the three sections.
Variable resistors and capacitors are usually employed to provide tuning in the feedback network
for variations in phase shift. For an RC phase-shift oscillator, the amplifier is biased for Class A
operation to minimize distortion of the signal.

For the RC oscillator of Figure 10.2, the frequency of oscillation is given by

@, = 1 (10.11)

C.4RR, + GR®

where G is the transistor power gain and the values of the resistors used must be such that value
of the transistor gain B is such that the following relation is satisfied.

p=23+22R, IR (10.12)
R, R

In general, for an RC phase-shift oscillator the frequency of oscillation (resonant frequency) can
be approximated from the relation

1
0, = (10.13)
* " RCn

where n is the number of RC sections.

10.4 LC Oscillators

The LC type of oscillators use resonant circuits. As we know, a resonant circuit stores energy alter-
nately in the inductor and capacitor. However, every circuit contains some resistance and this
resistance causes reduction in the amplitude of the oscillations. To sustain oscillations with con-
stant amplitude it is necessary to use regenerative feedback. Figure 10.3 shows a block diagram of
a typical LC oscillator. In an LC oscillator the sinusoidal signal is generated by the action of an
inductor and a capacitor. The feedback signal is coupled from the LC tank of the oscillator circuit
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by using a coil (tickler” or a coil pair) as shown in Figure 10.4(a) and 10.4(b) or by using a capac-
itor pair in the tank circuit and tap the feedback signal between them as shown in Figure 10.4(c).

Amplifier

Feedback |«

\4

A

Figure 10.3. Block diagram of a typical LC oscillator

|
=13 ;1

(a) Tickler coil (b) Coil pair (¢) Capacitor pair

AY
/]

/]

Figure 10.4. Feedback signal coupling for LC type oscillators

10.5 The Armstrong Oscillator

Figure 10.5 shows two circuits known as Armstrong oscillators.

N |
/1

==

Vee =0 1
l AV —
1 N L “I
Figure 10.5. Series and shunt fed Armstrong oscillators
* A tickler coil is an inductor that is inductively coupled to the inductor of the LC tank circuit.
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In an Armstrong oscillator, the feedback is provided through a tickler coil as shown in Figure
10.4(a). Figure 10.5(a) is known as series-fed tuned-collector Armstrong oscillator and it is so-called
because the power supply voltage V. supplied to the transistor is through the tank circuit. Figure
10.5(b) is referred to as shunt fed tuned collector Armstrong oscillator and it is so-called because
the power supply voltage V. supplied to the transistor is through a path parallel to the tank cir-

cuit. In either of the oscillator circuits of Figure 10.5, power through V. is supplied to the transis-

tor and the tank circuit begins to oscillate. The transistor is operating as Class C amplifier, that is,
the transistor conducts for a short period of time and returns sufficient energy to the tank circuit
to ensure a constant amplitude output signal. As we've learned in Chapter 3, Class C operation
provides the highest efficiency among all amplifier operations.

10.6 The Hartley Oscillator

Figure 10.6 shows a simplified version of the Hanrtley oscillator.

L e

" il

Figure 10.6. Simplified circuit for the Hartley oscillator

In a Hartley oscillator the feedback is provided through a coil pair as shown in Figure 10.4(b). For
the oscillator circuit of Figure 10.6 the frequency of oscillation is

0y = 1 (10.14)
JO(L, + Ly +2M) — (L, L, - M?)(hyy/hyy)

. . * .
where M is the mutual inductance” and h,, and h,, are the h-parameters representing the output

admittance with open-circuit input and input impedance with short circuit output respectively, as
discussed in Chapter 3.

10.7 The Colpitts Oscillator

Figure 10.7 shows a simplified version of the Colpitts oscillator. In a Colpitts oscillator the feedback
is provided through a capacitor pair as shown in Figure 10.4(c).

*  For a detailed discussion on mutual inductance, please refer to Circuit Analysis 11, ISBN 0-9709511-5-9.
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+
I\. ;{cl I-

Figure 10.7. Simplified circuit for the Colpitts oscillator

The Colpitts oscillator provides better frequency stability than the Armstrong and Hartley oscil-
lators. Moreover, the Colpitts oscillator is easier to tune and thus can be used for a wide range of
frequencies.

For the oscillator circuit of Figure 10.7 the frequency of oscillation is

— C1+C2+ 1 hob

_ _1 hy, 10.1
0 JLCICZ C.Gohy (10.15)

where h,, and h;, are the h-parameters representing the output admittance with open-circuit
input and input impedance with short circuit output respectively, as discussed in Chapter 3.

10.8 Crystal Oscillators

Crystal oscillators are oscillators where the primary frequency determining element is a quartz
crystal. Because of the inherent characteristics of the quartz crystal the crystal oscillator may be
held to extreme accuracy of frequency stability. The frequency depends almost entirely on the
thickness where the thinner the thickness, the higher the frequency of oscillation. However, the
power obtainable is limited by the heat the crystal will withstand without fracturing. The amount
of heating is dependent upon the amount of current that can safely pass through a crystal and
this current may be in the order of 50 to 200 milliamperes. Accordingly, temperature compensa-
tion must be applied to crystal oscillators to improve thermal stability of the crystal oscillator.

Crystal oscillators are used in applications where frequency accuracy and stability ar of utmost
importance such as broadcast transmitters and radar. The frequency stability of crystal-controlled

oscillators depends on the quality factor Q.” The Q of a crystal may vary from 10,000 to 100,000.
Besides the quartz crystal oscillators, other precision oscillators are constructed with cesium or
rubidium.

*  The quality factor Q is a very important parameter in resonant circuits and it is discussed in detail in Circuit

Analysis II, ISBN 0-9709511-5-9.
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The symbol and the equivalent circuit of a quartz crystal are shown in Figure 10.8 where capacitor
C, represents the electrostatic capacitance between the electrodes of the crystal and in general
C,»C,.

Electrode K C, L
-l e L
2 =— Crystal C, —~
R
Electrode

Figure 10.8. Symbol and equivalent circuit for a crystal
The impedance of the equivalent circuit of Figure 10.8 in the s — domain is
Z(s) = 1/sC[[ (R+sL+1/sC,) (10.16)

We now recall that in a series resonant circuit the quality factor Q at resonance is

Qos =

oL
R

(10.17)

and since the Q of a crystal oscillator is very high, the value of the resistance R in (10.17) must be
very low and thus it can be omitted in relation (10.16) which can now be expressed as

(sL+1/sC,)

Z(s) = 1/sC, | (SL+1/sCy) = (1/sC,)- 173G, £ L% LIeC,

or
2
Z(s) = (1/5C;) - — 1L (10.18)
s"+ [(C, +C,)/(LC,Cy)]

The denominator of (10.18) is a quadratic and it implies the presence of two resonant frequencies
which can be found by inspection of the equivalent circuit of Figure 10.10. The resonance of the
series branch occurs when the imaginary part of the impedance is equal to zero. Thus, letting
s = jo we get Z(jo) = joL+1/joC, = 0 and denoting this frequency as o, we get

®pg = —e (10.19)

sk . .
We also can prove that the resonance of the parallel combination occurs when

C, +GC,
= (1T =2 10.2
Oop ’LCICZ (10.20)

* The proof is left as an exercise for the reader at the end of this chapter.
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As stated above, C, » C, and under this condition relation (10.20) reduces to that of relation
(10.19).

Example 10.2

A crystal oscillator has a nominal frequency of oscillation at 5 MHz with Q = 85,000 and with
reference to the equivalent circuit of Figure 10.8, it is known that L = 50 mH, C, = 2 pF, and
C, = 0.02 pF. Find:

a. The series resonance o,
b. The parallel resonance o

c. The value of the resistance R

Solution:

a. From (10.19)
1

1 _ = 5.033 MHz
2nJLC,  27./50 x 107 x 0.02 x 1072
b. From (10.20)
—12
b= L [CEC LJ _2.02x10 = 5.058 Mz
2 LCiC, 2750 x 103 x 2 x 1072 % 0.02 x 10

c. From (10.17)

Qe = 0oL 2mfL
0s R R

or

_ 2nfysL _ 27 x5.033 x 10°
Qos 85 x 10°

=372 Q

10.9 The Pierce Oscillator

The Pierce oscillator is a modified Colpitts oscillator that uses a crystal as a parallel-resonant cir-
cuit, and for this reason is often referred to as crystal-controlled Pierce oscillator. Figure 10.9 shows
a Pierce oscillator with a PNP transistor as an amplifier in the common-base configuration.
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€
5 e
Re % Output
. R
/ch R, %_V l L
cC

Figure 10.9. Pierce oscillator with PNP transistor in the common-base configuration

In the oscillator circuit of Figure 10.9, feedback is provided from the collector to the emitter of the
transistor through capacitor C, and resistors R,, Ry, and R are used to establish the proper bias
conditions. Besides the crystal, the frequency of oscillation is also determined by the settings of the

variable capacitors Cy and Cjy.
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10.10 Summary

An oscillator may be defined as a class of wave generators that produce sinusoidal, square, tri-
angular, and sawtooth waveforms. An oscillator is essentially an amplifier circuit that provides
its own input signal. In this chapter we discussed sinusoidal oscillators. Non-sinusoidal oscilla-
tors are known as relaxation oscillators.

Many low-frequency oscillators use resistors and capacitors to form their frequency-determin-
ing networks and are referred to as RC oscillators. These are used in the audio-frequency
range. Other types of employ inductors and capacitors for its frequency-determining network.
These are known as the LC oscillators and use tank circuits, are commonly used for the higher
radio frequencies.

A third type of sinusoidal oscillator is the crystal-controlled oscillator. The crystal-controlled
oscillator provides excellent frequency stability and is used from the middle of the audio range
through the radio frequency range.

An oscillator must provide amplification where the amplification of signal power occurs from
the input to the output of the oscillator and a portion of the output is fed back to the input to
sustain a constant input.

In an oscillator circuit the positive feedback must be large enough to compensate for circuit
losses so that oscillations will be sustained. Moreover, a practical oscillator must oscillate at a
predetermined frequency and thus the oscillator must include a frequency-determining device
which essentially is a band-pass filter allowing only the desired frequency to pass.

The output of the oscillator contains only a single sinusoidal frequency.

In an RC oscillator the frequency of oscillations is determined by the values of resistance and
capacitance in the three sections. Variable resistors and capacitors are usually employed to
provide tuning in the feedback network for variations in phase shift. For an RC phase-shift
oscillator, the amplifier is biased for Class A operation to minimize distortion of the signal.

In an RC phase-shift oscillator the frequency of oscillation (resonant frequency) can be
approximated from the relation
1

RC./n

(1)0=

where n is the number of RC sections.

In an LC oscillator the sinusoidal signal is generated by the action of an inductor and a capac-
itor. The feedback signal is coupled from the LC tank of the oscillator circuit by using a tickler
coil or a coil pair.

In an Armstrong oscillator, the feedback is provided through a tickler coil.

In a Hartley oscillator the feedback is provided through a coil pair.
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e In a Colpitts oscillator the feedback is provided through a capacitor pair.

e The Colpitts oscillator provides better frequency stability than the Armstrong and Hartley
oscillators. Moreover, the Colpitts oscillator is easier to tune and thus can be used for a wide
range of frequencies.

e In crystal oscillators the frequency determining element is a quartz crystal. Because of the
inherent characteristics of the quartz crystal the crystal oscillator may be held to extreme accu-
racy of frequency stability. The frequency depends almost entirely on the thickness where the
thinner the thickness, the higher the frequency of oscillation. However, the power obtainable is
limited by the heat the crystal will withstand without fracturing.

e Crystal oscillators are used in applications where frequency accuracy and stability ar of utmost
importance such as broadcast transmitters and radar. The frequency stability of crystal-con-
trolled oscillators depends on the quality factor Q. Besides the quartz crystal oscillators, other
precision oscillators are constructed with cesium or rubidium.

e The Pierce oscillator is a modified Colpitts oscillator that uses a crystal as a parallel-resonant
circuit, and for this reason is often referred to as crystal-controlled Pierce oscillator.
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10.11 Exercises

1. For the op amp circuit below, the open-loop gainis A = 10,000, and v¢ = 1 V.

a.
b.

C.

d.

Derive an expression for the feedback factor
Find an appropriate ratio of Rz/R; so that the closed loop gain will be A; = 10
Express the amount of feedback in dB

Find the output voltage v,,,

. Find the feedback voltage v,

Find the input voltage v,, at the non-inverting input.

Determine the decrease in the closed-loop gain A; if the open-loop gain A decreases by
20%.

R, Ry
1 o Ly

mn ‘l_ Vout
Vs — 2 i
; p—

2. A sinusoidal oscillator consists of an amplifier with gain A = 10 and a bandpass filter whose

center frequency is f, = 20 KHz. Determine

a. The frequency w, and the gain of the filter to produce sustained oscillations

b. The gain of the filter at the frequency o,

3. The figure below shows a crystal oscillator and its equivalent circuit.

Electrode\ Cz‘L
C_ «— Crystal C, —~ L
R
Electrode
Prove that
o = C +C,
T LC,C,
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10.12 Solutions to End-of-Chapter Exercises

1.
R
R, Vo F
L
= Vin| 4 Vout
+ _
Vs _i Ry I

a. The feedback factor B is the portion of the output voltage v

out Which appears at the invert-
ing input, and by the voltage division expression
R,
Vo = (RF +R, )Vout
and thus
R
p= R ()
Ft+ R

b. From relation (10.4) and with A = 10" and A; = 10 we find that

4
A= 2 —10= 10
1+BA 1+10°p
from which
3
=101 00999 (2
10

With (1) and (2) above

Re/Ri+RV/Ry 1 1 g
R /R, B~ 0.0999
1 +Ry/R, = 10.01

R = 9.01

1
c. The amount of feedback is 1 + BA and in dB

Feedback,y = 20log(1 + BA)

20log(1 + 0.0999 x 10%) = 60 dB

Vout = AfVS

10x1 =10V
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e. The feedback voltage v; is

Vi = BVyy = 0.0999 x 10 = 0.999 V
f. The voltage at the non-inverting input is
Vi = Ve—v; = 1.000-0.999 = 0.001 V
g. Let the reduced open loop gain be denoted as 4' and the corresponding closed loop gain as
A';. Then,

| A 0.8 x 10, 000

1 +BA' 1 +0.0999 x 0.8 x 10, 000

and the percent change is

9.975-10

- _ o
9975 x 100 = —0.025%

where the minus (-) sign implies decrease is percentage.

a. The frequency o, at which sustained oscillations will be produced is the center frequency
of the bandpass filter and thus

Wy = 2nfy, = 2mx20x 10° = 1.26 x 10° /s

b. To sustain constant amplitude oscillations we must have |B(jo,)A(jw,)| = 1 and with
A =10,
Gain, ., = 1/10 = 0.1

Electrode C, L

\

C— «— Crystal C, —

/1

Electrode

This is a parallel circuit and thus the resonant frequency occurs when the imaginary part of the
admittance Y is equal to zero. Therefore,
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1

Y = j(l)ocl + T - =
jo,L +1/jo,C,

_J0Cy

j(l)ocl + 3 = 0
—oiLC, + 1
-0 LC, + 1
Ci4—2 =
—oiLC, + 1
C
C = —2—
o,LC, -1

w,LC,C,-C, = C,
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Appendix A

Introduction to MATLAB®

procedures for naming and saving the user generated files, comment lines, access to MAT-
LAB’s Editor/Debugger, finding the roots of a polynomial, and making plots. Several exam-
ples are provided with detailed explanations.

T his appendix serves as an introduction to the basic MATLAB commands and functions,

A.1 MATLAB® and Simulink®
MATLAB and Simulink are products of The MathWorks, Inc. These are two outstanding soft-

ware packages for scientific and engineering computations and are used in educational institu-
tions and in industries including automotive, aerospace, electronics, telecommunications, and
environmental applications. MATLAB enables us to solve many advanced numerical problems
fast and efficiently. Simulink is a block diagram tool used for modeling and simulating dynamic
systems such as controls, signal processing, and communications. In this appendix we will discuss

MATLAB only.

A.2 Command Window

To distinguish the screen displays from the user commands, important terms, and MATLAB
functions, we will use the following conventions:

Click: Click the left button of the mouse

Courier Font: Screen displays

Helvetica Font: User inputs at MATLAB’s command window prompt >> or EDU>>"
Helvetica Bold: MATLAB functions
Times Bold Italic: Important terms and facts, notes and file names

When we first start MATLAB, we see various help topics and other information. Initially, we are
interested in the command screen which can be selected from the Window drop menu. When the
command screen, we see the prompt >> or EDU>>. This prompt is displayed also after execution
of a command; MATLAB now waits for a new command from the user. It is highly recommended
that we use the Editor/Debugger to write our program, save it, and return to the command screen
to execute the program as explained below.

* EDU>> is the MATLAB prompt in the Student Version
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To use the Editor/Debugger:

1. From the File menu on the toolbar, we choose New and click on M-File. This takes us to the
Editor Window where we can type our script (list of statements) for a new file, or open a previ-
ously saved file. We must save our program with a file name which starts with a letter. Impor-
tant! MATLAB is case sensitive, that is, it distinguishes between upper- and lower-case letters.
Thus, t and T are two different letters in MATLAB language. The files that we create are saved
with the file name we use and the extension .m; for example, myfileO1.m. It is a good practice
to save the script in a file name that is descriptive of our script content. For instance, if the
script performs some matrix operations, we ought to name and save that file as matricesO1.m or
any other similar name. We should also use a floppy disk or an external drive to backup our

files.

2. Once the script is written and saved as an m-file, we may exit the Editor/Debugger window by
clicking on Exit Editor/Debugger of the File menu. MATLAB then returns to the command win-
dow.

3. To execute a program, we type the file name without the .m extension at the >> prompt; then,
we press <enter> and observe the execution and the values obtained from it. If we have saved
our file in drive a or any other drive, we must make sure that it is added it to the desired direc-

tory in MATLAB’s search path. The MATLAB User’s Guide provides more information on
this topic.

Henceforth, it will be understood that each input command is typed after the >> prompt and fol-
lowed by the <enter> key.

The command help matlab\iofun will display input/output information. To get help with other
MATLARB topics, we can type help followed by any topic from the displayed menu. For example,
to get information on graphics, we type help matlab\graphics. The MATLAB User’s Guide con-
tains numerous help topics.

To appreciate MATLAB’s capabilities, we type demo and we see the MATLAB Demos menu.
We can do this periodically to become familiar with them. Whenever we want to return to the
command window, we click on the Close button.

When we are done and want to leave MATLAB, we type quit or exit. But if we want to clear all
previous values, variables, and equations without exiting, we should use the command clear. This
command erases everything; it is like exiting MATLAB and starting it again. The command clc
clears the screen but MATLAB still remembers all values, variables and equations that we have
already used. In other words, if we want to clear all previously entered commands, leaving only
the >> prompt on the upper left of the screen, we use the clc command.

All text after the % (percent) symbol is interpreted as a comment line by MATLAB, and thus it is
ignored during the execution of a program. A comment can be typed on the same line as the func-
tion or command or as a separate line. For instance,
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conv(p,q) % performs multiplication of polynomials p and q.
% The next statement performs partial fraction expansion of p(x) / q(x)
are both correct.

One of the most powerful features of MATLAB is the ability to do computations involving com-
plex numbers. We can use either i, or j to denote the imaginary part of a complex number, such as
3-4i or 3-47j. For example, the statement

z=3-4j
displays
z = 3.0000-4.00001

In the above example, a multiplication (*) sign between 4 and j was not necessary because the
complex number consists of numerical constants. However, if the imaginary part is a function, or
variable such as cos(x), we must use the multiplication sign, that is, we must type cos(x)*j or
j*cos(x) for the imaginary part of the complex number.

A.3 Roots of Polynomials

In MATLAB, a polynomial is expressed as a row vector of the form [a, a, | ... a, a, a,]. These

are the coefficients of the polynomial in descending order. We must include terms whose coeffi-
cients are zero.

We find the roots of any polynomial with the roots(p) function; p is a row vector containing the
polynomial coefficients in descending order.

Example A.1

Find the roots of the polynomial
pi(x) = X' — 10X + 35x° — 50x + 24

Solution:

The roots are found with the following two statements where we have denoted the polynomial as
p1, and the roots as roots_ p1.

pi1=[1 —10 35 -50 24] % Specify and display the coefficients of p1(x)

pl =
1 -10 35 -50 24
roots_ p1=roots(p1) % Find the roots of p1(x)
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roots_pl =
4.0000
3.0000
2.0000
1.0000

We observe that MATLAB displays the polynomial coefficients as a row vector, and the roots as a
column vector.

Example A.2

Find the roots of the polynomial
pL(x) = 7" + 16x7 + 25x + 52

Solution:

There is no cube term; therefore, we must enter zero as its coefficient. The roots are found with
the statements below, where we have defined the polynomial as p2, and the roots of this polyno-
mial as roots_ p2. The result indicates that this polynomial has three real roots, and two complex

roots. Of course, complex roots always occur in complex conjugate’ pairs.
p2=[1 -7 0 16 25 52
p2 =
1 -7 0 16 25 52
roots_ p2=roots(p2)
roots_ p2 =
6.5014
2.7428
-1.5711
-0.3366 + 1.32021
-0.3366 - 1.32021

* By definition, the conjugate of a complex number A = a +jb is A¥ = a—jb
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A.4 Polynomial Construction from Known Roots

We can compute the coefficients of a polynomial, from a given set of roots, with the poly(r) func-
tion where r is a row vector containing the roots.

Example A.3

[t is known that the roots of a polynomial are 1, 2, 3, and 4. Compute the coefficients of this poly-
nomial.

Solution:

We first define a row vector, say r3, with the given roots as elements of this vector; then, we find
the coefficients with the poly(r) function as shown below.

r3=[1 2 3 4] % Specify the roots of the polynomial
r3 =

1 2 3 4
poly_r3=poly(r3) % Find the polynomial coefficients
poly r3 =

1 -10 35 -50 24

We observe that these are the coefficients of the polynomial p,(x) of Example A.1.

Example A.4

[t is known that the roots of a polynomial are -1, -2, -3, 4 +j5, and 4 —j5. Find the coeffi-
cients of this polynomial.

Solution:

We form a row vector, say r4, with the given roots, and we find the polynomial coefficients with
the poly(r) function as shown below.

rd=[ -1 -2 -3 4+5] 4-5j]

r4d =
Columns 1 through 4
-1.0000 -2.0000 -3.0000 -4.0000+ 5.00001
Column 5

-4.0000- 5.00001
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poly_rd=poly(r4)
poly rd =
1 14 100 340 499 246

Therefore, the polynomial is

pa(x) = X+ 14x" + 100X’ + 340x” + 499x + 246

A.5 Evaluation of a Polynomial at Specified Values

The polyval(p,x) function evaluates a polynomial p(x) at some specified value of the indepen-
dent variable x.

Example A.5

Evaluate the polynomial

ps(x) = X =3 +5x° —4x" +3x+2 (A.1)
atx = -3.
Solution:
p5=[1 -3 0 5 -4 3 2]; % These are the coefficients

% The semicolon (;) after the right bracket suppresses the display of the row vector
% that contains the coefficients of p5.
Y%
val_minus3=polyval(p5, -3) % Evaluate p5 at x=—3; no semicolon is used here
% because we want the answer to be displayed
val_minus3 =
1280
Other MATLAB functions used with polynomials are the following:
conv(a,b) — multiplies two polynomials a and b

[q,r]=deconv(c,d) —divides polynomial ¢ by polynomial d and displays the quotient q and
remainder r.

polyder(p) — produces the coefficients of the derivative of a polynomial p.
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Example A.6
Let

p: = X -3x 4557+ 7x+9
and

p, = 2x° = 8x* +4x + 10x + 12

Compute the product p, - p, using the conv(a,b) function.

Solution:

pi=[1 -3 05 7 9]; % The coefficients of p1

p2=[2 0 -8 0 4 10 12]; % The coefficients of p2

p1p2=conv(p1,p2) % Multiply p1 by p2 to compute coefficients of the product p1p2
plp2 =

2 -6 -8 34 18 -24 -74 -88 78 166 174 108
Therefore,

PPy = 2x " —6x'0 - 8x” + 34x" + 18x’ — 24x°

~74x°-88x" + 78x” + 166x” + 174x + 108
Example A.7
Let

p; = x =3% +5x +7x+9

and

pa = 2x° = 8% +4x" + 10x + 12
Compute the quotient p;/p, using the [q,r]=deconv(c,d) function.

Solution:
% It is permissible to write two or more statements in one line separated by semicolons

p3=[1 0 -3 0 5 7 9]; p4=[2 -8 0 0 4 10 12]; [qg,r]=deconv(p3,p4)
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g =
0.5000
r =
0 4 -3 0 3 2 3
Therefore,
q=05 r=4"-3x"+3x"+2x+3
Example A.8
Let

ps = 2x° = 8x* +4x” + 10x + 12

Compute the derivative dixp5 using the polyder(p) function.

Solution:

p5=[2 0 -8 0 4 10 12]; % The coefficients of p5

der_p5=polyder(p5) % Compute the coefficients of the derivative of p5
der_pb5 =
12 0 -32 0 8 10
Therefore,
d

TP = 12x° —32x” +4x" + 8x + 10

A.6 Rational Polynomials

Rational Polynomials are those which can be expressed in ratio form, that is, as

n-1 n-2
X +...+bx+b
n-2 i (A.2)

m 2
a x +a, X +a X +...+ta;x+a,

n
Num(x) _ b x +b,_x
Den(x)

R(x) =

where some of the terms in the numerator and/or denominator may be zero. We can find the roots
of the numerator and denominator with the roots(p) function as before.

As noted in the comment line of Example A.7, we can write MATLAB statements in one line, if
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we separate them by commas or semicolons. Commas will display the results whereas semicolons will
suppress the display.

Example A.9
Let

R(x) = Phum _ x5—3x4+5x2+7x+9

Pden X —axt +2x7 + 5x + 6
Express the numerator and denominator in factored form, using the roots(p) function.
Solution:
num=[1 -3 0 5 7 9];den=[1 0 -4 0 2 5 6]; % Do not display num and den coefficients
roots_num=roots(num), roots_den=roots(den) % Display num and den roots
roots_num =
2.4186 + 1.07121 2.4186 - 1.07121 -1.1633
-0.3370 + 0.99611 -0.3370 - 0.99611

roots_den
1.6760 + 0.4922i 1.6760 - 0.4922i -1.9304
-0.2108 + 0.98701 -0.2108 - 0.9870i -1.0000
As expected, the complex roots occur in complex conjugate pairs.
For the numerator, we have the factored form

= (x-2.4186 —j1.0712)(x~2.4186 +j1.0712)(x + 1.1633)
(x +0.3370 —j0.9961)(x + 0.3370 +0.9961)

pnum

and for the denominator, we have

Paeq = (x=1.6760 —0.4922)(x—1.6760 + j0.4922)(x + 1.9304)
(x +0.2108-j0.9870)(x + 0.2108 +0.9870)(x + 1.0000)

We can also express the numerator and denominator of this rational function as a combination of
linear and quadratic factors. We recall that, in a quadratic equation of the form x> +bx+¢ = 0
whose roots are x; and x,, the negative sum of the roots is equal to the coefficient b of the x

term, that is, —(x, + x,) = b, while the product of the roots is equal to the constant term ¢, that

is, x, - x, = ¢. Accordingly, we form the coefficient b by addition of the complex conjugate roots
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and this is done by inspection; then we multiply the complex conjugate roots to obtain the con-
stant term ¢ using MATLAB as follows:

(2.4186 + 1.0712i)*(2.4186 —1.0712i)
ans = 6.9971

(-0.3370+ 0.9961i)*(—0.3370-0.9961i)
ans = 1.1058

(1.6760+ 0.4922i)*(1.6760-0.4922i)
ans = 3.0512

(-0.2108+ 0.9870i)*(—0.2108-0.9870i)
ans = 1.0186

Thus,

R(x) = Phum _ (x" —4.8372x + 6.9971)(x" + 0.6740x + 1.1058)(x + 1.1633)
Pden  (x°—3.3520x +3.0512)(x” + 0.4216x + 1.0186)(x + 1.0000)(x + 1.9304)

We can check this result with MATLAB’s Symbolic Math Toolbox which is a collection of tools
(functions) used in solving symbolic expressions. They are discussed in detail in MATLAB’s Users
Manual. For the present, our interest is in using the collect(s) function that is used to multiply
two or more symbolic expressions to obtain the result in polynomial form. We must remember
that the conv(p,q) function is used with numeric expressions only, that is, polynomial coeffi-
cients.

Before using a symbolic expression, we must create one or more symbolic variables such as x, y, t,
and so on. For our example, we use the following script:

syms x % Define a symbolic variable and use collect(s) to express numerator in polynomial form
collect((x"2-4.8372*x+6.9971)*(x"2+0.6740*x+1.1058)*(x+1.1633))
ans =

x"5-29999/10000*x74-1323/3125000*x"3+7813277909/
1562500000*x72+1750276323053/250000000000*x+4500454743147/
500000000000

and if we simplify this, we find that is the same as the numerator of the given rational expression
in polynomial form. We can use the same procedure to verify the denominator.
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A.7 Using MATLAB to Make Plots

Quite often, we want to plot a set of ordered pairs. This is a very easy task with the MATLAB
plot(x,y) command that plots y versus x. Here, x is the horizontal axis (abscissa) and y is the verti-
cal axis (ordinate).

Example A.10

Consider the electric circuit of Figure A.1, where the radian frequency o (radians/second) of the
applied voltage was varied from 300 to 3000 in steps of 100 radians/second, while the amplitude
was held constant. The ammeter readings were then recorded for each frequency. The magnitude

of the impedance |Z| was computed as |Z| = |[V/A| and the data were tabulated on Table A.1.

Figure A.1. Electric circuit for Example A.10

TABLE A.1 Table for Example A.10

o (rads/s) | |Z| Ohms || o (rads/s) | |Z| Ohms
300 39.339 1700 90.603
400 52.589 1800 81.088
500 71.184 1900 73.588
600 97.665 2000 67.513
700 140.437 2100 62.481
800 222.182 2200 58.240
900 436.056 2300 54.611

1000 | 1014.938 2400 51.428
1100 469.83 2500 48.717
1200 266.032 2600 46.286
1300 187.052 2700 44.122
1400 145.751 2800 42.182
1500 120.353 2900 40.432
1600 103.111 3000 38.845

Plot the magnitude of the impedance, that is, |Z| versus radian frequency .
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Solution:

We cannot type ® (omega) in the MATLAB command window, so we will use the English letter
w instead.

If a statement, or a row vector is too long to fit in one line, it can be continued to the next line by
typing three or more periods, then pressing <enter> to start a new line, and continue to enter
data. This is illustrated below for the data of w and z. Also, as mentioned before, we use the semi-
colon (;) to suppress the display of numbers that we do not care to see on the screen.

The data are entered as follows:

w=[300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900....
2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000];

%

z=[39.339 52.789 71.104 97.665 140.437 222.182 436.056....

1014.938 469.830 266.032 187.052 145.751 120.353 103.111....

90.603 81.088 73.588 67.513 62.481 58.240 54.611 51.468....

48.717 46.286 44.122 42.182 40.432 38.845];

Of course, if we want to see the values of w or z or both, we simply type w or z, and we press
<enter>. To plot z (y-axis) versus w (x-axis), we use the plot(x,y) command. For this example,

we use plot(w,z). When this command is executed, MATLAB displays the plot on MATLAB’s
graph screen and MATLAB denotes this plot as Figure 1. This plot is shown in Figure A.2.
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Figure A.2. Plot of impedance |z| versus frequency o for Example A.10
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This plot is referred to as the amplitude frequency response of the circuit.

To return to the command window, we press any key, or from the Window pull-down menu, we
select MATLAB Command Window. To see the graph again, we click on the Window pull-down
menu, and we select Figure 1.

We can make the above, or any plot, more presentable with the following commands:

grid on: This command adds grid lines to the plot. The grid off command removes the grid. The

command grid toggles them, that is, changes from off to on or vice versa. The default” is off.

box off: This command removes the box (the solid lines which enclose the plot), and box on
restores the box. The command box toggles them. The default is on.

title(‘string’): This command adds a line of the text string (label) at the top of the plot.
xlabel(‘string’) and ylabel(‘string’) are used to label the x- and y-axis respectively.

The amplitude frequency response is usually represented with the x-axis in a logarithmic scale.
We can use the semilogx(x,y) command which is similar to the plot(x,y) command, except that
the x-axis is represented as a log scale, and the y-axis as a linear scale. Likewise, the semil-
ogy(x,y) command is similar to the plot(x,y) command, except that the y-axis is represented as a
log scale, and the x-axis as a linear scale. The loglog(x,y) command uses logarithmic scales for
both axes.

Throughout this text it will be understood that log is the common (base 10) logarithm, and In is
the natural (base ) logarithm. We must remember, however, the function log(x) in MATLAB is
the natural logarithm, whereas the common logarithm is expressed as log10(x), and the logarithm
to the base 2 as log2(x).

Let us now redraw the plot with the above options by adding the following statements:
semilogx(w,z); grid; % Replaces the plot(w,z) command

title('Magnitude of Impedance vs. Radian Frequency');

xlabel('w in rads/sec'); ylabel('|Z| in Ohms')

After execution of these commands, our plot is as shown in Figure A.3.

If the y-axis represents power, voltage or current, the x-axis of the frequency response is more
often shown in a logarithmic scale, and the y-axis in dB (decibels). The decibel unit is defined in
Chapter 4.

* A default is a particular value for a variable that is assigned automatically by an operating system and remains

in effect unless canceled or overridden by the operator.
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Figure A.3. Modified frequency response plot of Figure A.2.

To display the voltage v in a dB scale on the y-axis, we add the relation dB=20*log10(v), and we
replace the semilogx(w,z) command with semilogx(w,dB).

The command gtext(‘string’)” switches to the current Figure Window, and displays a cross-hair
that can be moved around with the mouse. For instance, we can use the command gtext(‘Imped-
ance |Z| versus Frequency’), and this will place a cross-hair in the Figure window. Then, using the
mouse, we can move the cross-hair to the position where we want our label to begin, and we press
<enter>.

The command text(x,y, string’) is similar to gtext(‘string’). It places a label on a plot in some
specific location specified by x and y, and string is the label which we want to place at that loca-
tion. We will illustrate its use with the following example which plots a 3-phase sinusoidal wave-
form.

The first line of the script below has the form
linspace(first_value, last_value, number_of_values)

This function specifies the number of data points but not the increments between data points. An
alternate function is

*  With the latest MATLAB Versions 6 and 7 (Student Editions 13 and 14), we can add text, lines and arrows directly into
the graph using the tools provided on the Figure Window.
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x=first: increment: last
and this specifies the increments between points but not the number of data points.
The script for the 3-phase plot is as follows:
x=linspace(0, 2*pi, 60); % pi is a built-in function in MATLAB;
% we could have used x=0:0.02*pi:2*pi or x = (0: 0.02: 2)*pi instead;
y=sin(x); u=sin(x+2*pi/3); v=sin(x+4*pi/3);
plot(x,y,X,u,X,v); % The x-axis must be specified for each function
grid on, box on, % turn grid and axes box on
text(0.75, 0.65, 'sin(x)'); text(2.85, 0.65, 'sin(x+2*pi/3)"); text(4.95, 0.65, 'sin(x+4*pi/3)")

These three waveforms are shown on the same plot of Figure A 4.
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Figure A.4. Three-phase waveforms

In our previous examples, we did not specify line styles, markers, and colors for our plots. How-
ever, MATLAB allows us to specify various line types, plot symbols, and colors. These, or a com-
bination of these, can be added with the plot(x,y,s) command, where s is a character string con-
taining one or more characters shown on the three columns of Table A.2. MATLAB has no
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default color; it starts with blue and cycles through the first seven colors listed in Table A.2 for
each additional line in the plot. Also, there is no default marker; no markers are drawn unless
they are selected. The default line is the solid line. But with the latest MATLAB versions, we can
select the line color, line width, and other options directly from the Figure Window.

TABLE A.2 Styles, colors, and markets used in MATLAB

Symbol Color Symbol Marker Symbol Line Style
b blue . point — solid line
g green 0 circle : dotted line
r red X x-mark - dash-dot line
c cyan + plus — dashed line
m magenta * star
y yellow ] square
k black d diamond
w white Vv triangle down

A triangle up
< triangle left
> triangle right
p pentagram
h hexagram

For example, plot(x,y,'m*:') plots a magenta dotted line with a star at each data point, and
plot(x,y,'rs') plots a red square at each data point, but does not draw any line because no line was
selected. If we want to connect the data points with a solid line, we must type plot(x,y,'rs-'). For
additional information we can type help plot in MATLAB’s command screen.

The plots we have discussed thus far are two-dimensional, that is, they are drawn on two axes.
MATLAB has also a three-dimensional (three-axes) capability and this is discussed next.

The plot3(x,y,z) command plots a line in 3-space through the points whose coordinates are the
elements of x, y and z, where x, y and z are three vectors of the same length.

The general format is plot3(X,Y1,21,51:X2,Y2,22,82,X3,Y3,23,S3,...) where X,,, Y, and z, are vectors
or matrices, and s, are strings specifying color, marker symbol, or line style. These strings are the
same as those of the two-dimensional plots.

Example A.11
Plot the function

z:—2x3+x+3y2—1 (A.3)
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Solution:

We arbitrarily choose the interval (length) shown on the script below.

x=-10: 0.5: 10; % Length of vector x
y=X; % Length of vector y must be same as x
7= 2. *x3+x+3.*yA2-1; % Vector z is function of both x and y’

plot3(x,y,z); grid

The three-dimensional plot is shown in Figure A.5.
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Figure A.5. Three dimensional plot for Example A.11

In a two-dimensional plot, we can set the limits of the x- and y-axes with the axis([xmin xmax
ymin ymax]) command. Likewise, in a three-dimensional plot we can set the limits of all three
axes with the axis([xmin xmax ymin ymax zmin zmax]) command. It must be placed after the
plot(x,y) or plot3(x,y,z) commands, or on the same line without first executing the plot com-
mand. This must be done for each plot. The three-dimensional text(x,y,z,’string’) command will
place string beginning at the co-ordinate (x,y,z) on the plot.

For three-dimensional plots, grid on and box off are the default states.

* This statement uses the so called dot multiplication, dot division, and dot exponentiation where the multiplication, division,
and exponential operators are preceded by a dot. These important operations will be explained in Section A.8.
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We can also use the mesh(x,y,z) command with two vector arguments. These must be defined as
length(x) = n and length(y) = m where [m,n] = size(Z). In this case, the vertices of the mesh
lines are the triples {x(j), y(i), Z(i,j) } . We observe that x corresponds to the columns of Z, and y
corresponds to the rows.

To produce a mesh plot of a function of two variables, say z = f(x, y) , we must first generate the
X and Y matrices that consist of repeated rows and columns over the range of the variables x and
y. We can generate the matrices X and Y with the [X,Y]=meshgrid(x,y) function that creates the
matrix X whose rows are copies of the vector X, and the matrix Y whose columns are copies of the
vector Y.

Example A.12

The volume V of a right circular cone of radius r and height h is given by

V= %nrzh (A.4)

Plot the volume of the cone as r and h vary on the intervals 0 <r<4 and 0 <h <6 meters.

Solution:

The volume of the cone is a function of both the radius r and the height h, that is,
V = f(r,h)

The three-dimensional plot is created with the following MATLAB script where, as in the previ-
ous example, in the second line we have used the dot multiplication, dot division, and dot expo-
nentiation. This will be explained in Section A.8.

[R,H]=meshgrid(0: 4, 0: 6); % Creates R and H matrices from vectors r and h
V=(pi .* R.A2.*H)./3; mesh(R, H, V)

xlabel('x-axis, radius r (meters)'); ylabel('y-axis, altitude h (meters)");

Zlabel('z-axis, volume (cubic meters)'); title('Volume of Right Circular Cone'); box on

The three-dimensional plot of Figure A.6, shows how the volume of the cone increases as the
radius and height are increased.

The plots of Figure A.5 and A.6 are rudimentary; MATLAB can generate very sophisticated
three-dimensional plots. The MATLAB User’s manual contains more examples.
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Figure A.6. Volume of a right circular cone.

MATLAB can display up to four windows of different plots on the Figure window using the com-
mand subplot(m,n,p). This command divides the window into an m x n matrix of plotting areas
and chooses the pth area to be active. No spaces or commas are required between the three inte-
gers m, n and p. The possible combinations are shown in Figure A.7.

We will illustrate the use of the subplot(m,n,p) command following the discussion on multiplica-
tion, division and exponentiation that follows.

Default

121

122

Figure A.7. Possible subplot arrangements in MATLAB
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A.9 Multiplication, Division and Exponentiation

MATLAB recognizes two types of multiplication, division, and exponentiation. These are the
matrix multiplication, division, and exponentiation, and the element-by-element multiplication,
division, and exponentiation. They are explained in the following paragraphs.

In Section A.2, the arrays [a b ¢ ...], such a those that contained the coefficients of polynomi-
als, consisted of one row and multiple columns, and thus are called row vectors. If an array has
one column and multiple rows, it is called a column vector. We recall that the elements of a row
vector are separated by spaces. To distinguish between row and column vectors, the elements of a
column vector must be separated by semicolons. An easier way to construct a column vector, is to
write it first as a row vector, and then transpose it into a column vector. MATLAB uses the single
quotation character (') to transpose a vector. Thus, a column vector can be written either as

b=[-1; 3; 6; 11]
or as
b=[-1 3 6 11]
MATLAB produces the same display with either format as shown below.
b=[-1; 3; 6; 11]
b =
-1
3
6
11
b=[-1 3 6 11] % Observe the single quotation character (‘)
b =
-1
3
6
11

We will now define Matrix Multiplication and Element-by-Element multiplication.
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1. Matrix Multiplication (multiplication of row by column vectors)

Let
A =[a a a; ... a]

and
B = [bl b2 b3 e bn]v
be two vectors. We observe that A is defined as a row vector whereas B is defined as a column

vector, as indicated by the transpose operator (). Here, multiplication of the row vector A by the
column vector B, is performed with the matrix multiplication operator (*). Then,

A*B = [a;b, +a,b,+asb;+... +a b ] = single value (A.5)

For example, if

A=[l 2 3 4 5]
and
B=[2 6 -3 8 7]

the matrix multiplication A*B produces the single value 68, that is,
A*B = 1x(=2)+2x6+3x(<3)+4x8+5x7 = 68
and this is verified with MATLAB as
A=[1 2 3 4 5];B=s[-2 6 -3 8 7];A*B % Observe transpose operator (‘)
ans =
68

Now, let us suppose that both A and B are row vectors, and we attempt to perform a row-by-row
multiplication with the following MATLAB statements.

A=[1 2 3 4 5];B=[-2 6 -3 8 7]; A*B % No transpose operator (‘) here
When these statements are executed, MATLAB displays the following message:

??? Error using ==> *

Inner matrix dimensions must agree.

Here, because we have used the matrix multiplication operator (*) in A*B, MATLAB expects
vector B to be a column vector, not a row vector. It recognizes that B is a row vector, and warns
us that we cannot perform this multiplication using the matrix multiplication operator (¥).
Accordingly, we must perform this type of multiplication with a different operator. This operator
is defined below.
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2. Element-by-Element Multiplication (multiplication of a row vector by another row vector)
Let

C=1[c ¢, ¢5 ... ¢c]
and

D = [dl d2 d3 e d ]

n

be two row vectors. Here, multiplication of the row vector C by the row vector D is performed
with the dot multiplication operator (.*). There is no space between the dot and the multiplica-
tion symbol. Thus,

C-*D = [Cldl Czdz C3d3 C d ] (A.6)

nn

This product is another row vector with the same number of elements, as the elements of C and
D.

As an example, let

C=[1 23 4 5]
and
D=[2 6 -3 8 7]

Dot multiplication of these two row vectors produce the following result.
C*D = 1x(-2) 2x6 3x(-3) 4x8 5x7=-2 12 -9 32 35
Check with MATLAB:

C=[1 2 3 4 5] % Vectors C and D must have
D=[-2 6 -3 8 7]; % same number of elements
C.*D % We observe that this is a dot multiplication
ans =
-2 12 -9 32 35

Similarly, the division (/) and exponentiation (* ) operators, are used for matrix division and
exponentiation, whereas dot division (./) and dot exponentiation (.* ) are used for element-by-
element division and exponentiation, as illustrated in Examples A.11 and A.12.

We must remember that no space is allowed between the dot (.) and the multiplication, division,
and exponentiation operators.

Note: A dot (.) is never required with the plus (+) and minus (-) operators.
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Example A.13
Write the MATLAB script that produces a simple plot for the waveform defined as
4t 3t £
y = f(t) = 3¢ cos5t—2e " sin2t+ -l (A.7)

in the 0 <t <5 seconds interval.

Solution:
The MATLAB script for this example is as follows:
t=0: 0.01: 5 % Define t-axis in 0.01 increments

y=3 .* exp(—4 .* 1) .* cos(5 .* 1)-2 .* exp(-3 .* 1) .* sin(2 .* t) + t A2 ./ (1+1);
plot(t,y); grid; xlabel('t"); ylabel('y=f(t)"); title('Plot for Example A.13")

The plot for this example is shown in Figure A.8

Plot for Example A.13

4 /,"’
/’/
8 /
/,/
: 1

Figure A.8. Plot for Example A.13

Had we, in this example, defined the time interval starting with a negative value equal to or less
than -1, say as -3 <t <3, MATLAB would have displayed the following message:

Warning: Divide by zero.

This is because the last term (the rational fraction) of the given expression, is divided by zero
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when t = —1. To avoid division by zero, we use the special MATLAB function eps, which is a

number approximately equal to 2.2 x 10™'®. It will be used with the next example.

The command axis([xmin xmax ymin ymax]) scales the current plot to the values specified by
the arguments xmin, xmax, ymin and ymax. There are no commas between these four argu-
ments. This command must be placed after the plot command and must be repeated for each plot.

The following example illustrates the use of the dot multiplication, division, and exponentiation,
the eps number, the axis([xmin xmax ymin ymax]) command, and also MATLAB’s capability
of displaying up to four windows of different plots.

Example A.14
Plot the functions

y = sin’x, z = cos?x, w = sin’x - cos’x, Vv = sin’x/cos’x

in the interval 0 <x <2n using 100 data points. Use the subplot command to display these func-
tions on four windows on the same graph.

Solution:

The MATLAB script to produce the four subplots is as follows:

x=linspace(0,2*pi,100); % Interval with 100 data points
y=(sin(x).A 2); z=(cos(x)." 2);

w=y.* z;

v=y./ (z+eps); % add eps to avoid division by zero
subplot(221); % upper left of four subplots

plot(x,y); axis([0 2*pi 0 1]);
title('y=(sinx)2');

subplot(222); % upper right of four subplots
plot(x,z); axis([0 2*pi 0 1]);
title('z=(cosx)"2);

subplot(223); % lower left of four subplots
plot(x,w); axis([0 2*pi 0 0.3]);
title(‘w=(sinx)"2*(cosx)"2');

subplot(224); % lower right of four subplots
plot(x,v); axis([0 2*pi 0 400]);
title('v=(sinx)"2/(cosx)"2");

These subplots are shown in Figure A.9.
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y:(sinx)2 z:(cosx)2
1 1
0.8f 0.8
0.6 0.6
0.4} 0.4
0.2f 0.2
0 0
0 2 4 6 0 2 4 6
w=(sinx)2*(cosx)2 v=(sinx)2/(cosx)?
400
0.25f
300
0.2f
0.15¢ 200
0.1}
100
0.05¢
0 L 0
0 2 4 6 0 2 4 6

Figure A.9. Subplots for the functions of Example A.14

The next example illustrates MATLAB’s capabilities with imaginary numbers. We will introduce
the real(z) and imag(z) functions that display the real and imaginary parts of the complex quan-
tity z = x + iy, the abs(z), and the angle(z) functions that compute the absolute value (magni-
tude) and phase angle of the complex quantity z = x + iy = r£0. We will also use the
polar(theta,r) function that produces a plot in polar coordinates, where r is the magnitude, theta
is the angle in radians, and the round(n) function that rounds a number to its nearest integer.

Example A.15

Consider the electric circuit of Figure A.10.

ab

Figure A.10. Electric circuit for Example A.15

With the given values of resistance, inductance, and capacitance, the impedance Z , as a func-

tion of the radian frequency o can be computed from the following expression:
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4 . 6
z, =12=10+—10 =110 /";) (A.8)
10+j(0.10-10"/w )

a. Plot Re{Z} (the real part of the impedance Z) versus frequency o.

b. Plot Im{Z} (the imaginary part of the impedance Z) versus frequency .
c. Plot the impedance Z versus frequency o in polar coordinates.

Solution:

The MATLAB script below computes the real and imaginary parts of Z, which, for simplicity,

are denoted as z, and plots these as two separate graphs (parts a & b). It also produces a polar
plot (part c).

w=0: 1: 2000; % Define interval with one radian interval
z=(10+(10 A4 —j .10 A6 ./ (w+eps)) ./ (10 +j .* (0.1 .* w —=10.75./ (w+eps))));
%

% The first five statements (next two lines) compute and plot Re{z}
real_part=real(z); plot(w,real_part); grid;

xlabel(‘radian frequency w'); ylabel('Real part of Z');

%

% The next five statements (next two lines) compute and plot Im{z}
imag_part=imag(z); plot(w,imag_part); grid;

xlabel('radian frequency w'); ylabel('Imaginary part of Z');

% The last six statements (next six lines) below produce the polar plot of z

mag=abs(z); % Computes |Z|

rndz=round(abs(z)); % Rounds |Z| to read polar plot easier
theta=angle(z); % Computes the phase angle of impedance Z
polar(theta,rndz); % Angle is the first argument

grid;

ylabel('Polar Plot of Z');

The real, imaginary, and polar plots are shown in Figures A.11, A.12, and A.13 respectively.
Example A.15 clearly illustrates how powerful, fast, accurate, and flexible MATLAB is.

A.10 Script and Function Files

MATLAB recognizes two types of files: script files and function files. Both types are referred to as
m-files since both require the .m extension.

A script file consists of two or more built-in functions such as those we have discussed thus far.
Thus, the script for each of the examples we discussed earlier, make up a script file. Generally, a
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script file is one which was generated and saved as an m-file with an editor such as the MAT-
LAB’s Editor/Debugger.
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Figure A.11. Plot for the real part of the impedance in Example A.15
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Figure A.12. Plot for the imaginary part of the impedance in Example A.15
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Polar Plot of Z

Figure A.13. Polar plot of the impedance in Example A.15

A function file is a user-defined function using MATLAB. We use function files for repetitive
tasks. The first line of a function file must contain the word function, followed by the output argu-
ment, the equal sign ( =), and the input argument enclosed in parentheses. The function name
and file name must be the same, but the file name must have the extension .m. For example, the
function file consisting of the two lines below

function y = myfunction(x)

y=x." 3 + cos(3.” x)

is a function file and must be saved as myfunction.m

For the next example, we will use the following MATLAB functions:

fzero(f,x) tries to find a zero of a function of one variable, where f is a string containing the name
of a real-valued function of a single real variable. MATLAB searches for a value near a point
where the function f changes sign, and returns that value, or returns NaN if the search fails.

Important: We must remember that we use roots(p) to find the roots of polynomials only, such as
those in Examples A.1 and A.2.

fmin(f,x1,x2) minimizes a function of one variable. It attempts to return a value of x where f(x) is
minimum in the interval x; <x <x,. The string f contains the name of the function to be mini-

mized.

Note: MATLAB does not have a function to maximize a function of one variable, that is, there is
no fmax(f,x1,x2) function in MATLAB; but since a maximum of f(x) is equal to a minimum of
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—f(x), we can use fmin(f,x1,x2) to find both minimum and maximum values of a function.

fplot(fcn,lims) plots the function specified by the string fen between the x-axis limits specified by
lims = [xmin xmax]. Using lims = [xmin xmax ymin ymax] also controls the y-axis limits. The

string fen must be the name of an m-file function or a string with variable x.

Note: NaN (Not-a-Number) is not a function; it is MATLAB’s response to an undefined expres-
sion such as 0/0, o/, or inability to produce a result as described on the next paragraph. We
can avoid division by zero using the eps number, which we mentioned earlier.

Example A.16

Find the zeros, maxima and minima of the function

f(x) = 1 + 1 ~10 (A.9)

(x=0.1)>+0.01 (x=1.2)+0.04

Solution:

We first plot this function to observe the approximate zeros, maxima, and minima using the fol-
lowing script.

x=—1.5:0.01: 1.5;
y=1./((x-0.1)A2 + 0.01) -1./ ((x-1.2).A 2 + 0.04) -10;
plot(x,y); grid

The plot is shown in Figure A.14.
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Figure A.14. Plot for Example A.16 using the plot command

The roots (zeros) of this function appear to be in the neighborhood of x = -0.2 and x = 0.3. The
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maximum occurs at approximately x = 0.1 where, approximately, = 90, and the minimum

ymax

occurs at approximately x = 1.2 where, approximately, = -34.

Ymin
Next, we define and save f(x) as the funczero01.m function m-file with the following script:
function y=funczero01(x)

% Finding the zeros of the function shown below
y=1/((x-0.1)A2+0.01)1/((x~1.2)A2+0.04)-10;

Now, we can use the fplot(fen,lims) command to plot f(x) as follows:

fplot(‘funczero01', [-1.5 1.5]); grid

This plot is shown in Figure A.15. As expected, this plot is identical to the plot of Figure A.14
that was obtained with the plot(x,y) command.
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Figure A.15. Plot for Example A.16 using the fplot command

We will use the fzero(f,x) function to compute the roots of f(x) in Equation (A.9) more precisely.
The script below must be saved with a file name, and then invoked with that file name.

x1= fzero(‘funczero01', -0.2);

x2= fzero(‘funczero01', 0.3);

fprintf(‘'The roots (zeros) of this function are r1= %3.4f', x1);
fprintf(' and r2= %3.4f \n', x2)

MATLAB displays the following:
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The roots (zeros) of this function are rl= -0.1919 and r2= 0.3788

Whenever we use the fmin(f,x1,x2) function, we must remember that this function searches for a

minimum and it may display the values of local minima" , if any, before displaying the function
minimum. It is, therefore, advisable to plot the function with either the plot(x,y) or the
fplot(fcn,lims) command to find the smallest possible interval within which the function mini-
mum lies. For this example, we specify the range 0<x<1.5 rather than the interval
-1.5<x<1.5.

The minimum of f(x) is found with the fmin(f,x1,x2) function as follows:
min_val=fmin(‘funczero01’, 0, 1.5)
min_val = 1.2012

This is the value of x at which y = f(x) is minimum. To find the value of y corresponding to this
value of x, we substitute it into f(x), that is,

x=1.2012; y=1/ ((x-0.1) A2 + 0.01) =1 / ((x~1.2) A 2 + 0.04) -10
y = -34.1812

To find the maximum value, we must first define a new function m-file that will produce —f(x).
We define it as follows:

function y=minusfunczero01(x)
% It is used to find maximum value from -f(x)
y=—(1/((x—0.1)"2+0.01)-1/((x—1.2)"2+0.04)-10);

We have placed the minus (-) sign in front of the right side of the last expression above, so that
the maximum value will be displayed. Of course, this is equivalent to the negative of the
funczero01 function.

Now, we execute the following script to get the value of x where the maximum y = f(x) occurs.
max_val=fmin(‘minusfunczero01’, 0,1)

max_val = 0.0999

x=0.0999; % Using this value find the corresponding value of y
y=1/((x-0.1)~2 +0.01) -1/ ((x-1.2) A2 + 0.04) -10

y = 89.2000

Local maxima or local minima, are the maximum or minimum values of a function within a restricted range of values in the
independent variable. When the entire range is considered, the maxima and minima are considered be to the maximum and
minimum values in the entire range in which the function is defined.
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A.11 Display Formats

MATLAB displays the results on the screen in integer format without decimals if the result is an
integer number, or in short floating point format with four decimals if it a fractional number. The
format displayed has nothing to do with the accuracy in the computations. MATLAB performs all
computations with accuracy up to 16 decimal places.

The output format can changed with the format command. The available formats can be dis-
played with the help format command as follows:

help format

FORMAT Set output format.

All computations in MATLAB are done in double precision.

FORMAT may be used to switch between different output display formats as follows:

FORMAT Default. Same as SHORT.

FORMAT SHORT Scaled fixed point format with 5 digits.

FORMAT LONG Scaled fixed point format with 15 digits.

FORMAT SHORT E Floating point format with 5 digits.

FORMAT LONG E Floating point format with 15 digits.

FORMAT SHORT G Best of fixed or floating point format with 5 digits.

FORMAT LONG G Best of fixed or floating point format with 15 digits.

FORMAT HEX Hexadecimal format.

FORMAT + The symbols +, - and blank are printed for positive, negative and zero elements.
Imaginary parts are ignored.

FORMAT BANK  Fixed format for dollars and cents.

FORMAT RAT Approximation by ratio of small integers.

Spacing:

FORMAT COMPACT Suppress extra line-feeds.

FORMAT LOOSE Puts the extra line-feeds back in.

Some examples with different format displays age given below.

format short 33.3335 Four decimal digits (default)
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format long 33.33333333333334 16 digits

format shorte 3.3333e+01 Four decimal digits plus exponent
format short g 33.333 Better of format short or format short e
format bank 33 .33 two decimal digits

format + only + or — or zero are printed

format rat 100/ 3 rational approximation

The disp(X) command displays the array X without printing the array name. If X is a string, the
text is displayed.

The fprintf(format,array) command displays and prints both text and arrays. It uses specifiers to
indicate where and in which format the values would be displayed and printed. Thus, if %f is used,
the values will be displayed and printed in fixed decimal format, and if %e is used, the values will
be displayed and printed in scientific notation format. With this command only the real part of
each parameter is processed.

This appendix is just an introduction to MATLAB.” This outstanding software package consists
of many applications known as Toolboxes. The MATLAB Student Version contains just a few of
these Toolboxes. Others can be bought from The MathWorks, Inc., as add-ons.

* For more MATLAB applications, please refer to Numerical Analysis Using MATLAB and Spreadsheets,
ISBN 0-9709511-1-6.
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Compensated Attenuators

his appendix begins with a simple resistive attenuator which may be used to reduce the

amplitude of a signal waveform. We will examine the conditions under which it is possible

to ensure no distortion even if shunt capacitances are taken into consideration. Also, we
will investigate the types of responses which are obtained with a step voltage input if the circuit is
improperly adjusted.

B.1 Uncompensated Attenuator

Let us consider the simple resistor combination of Figure B.1(a).

o}

avi, C, == Vout

7l

(b)
Figure B.1. Actual and equivalent circuit for an uncompensated attenuator

The presence of the stray capacitance C, in Figure B.1(a) represents an unavoidable condition
since the output of the resistive attenuator in most cases if followed by the input capacitance of a
stage of amplification. Using Thevenin’s theorem, we can replace the circuit of (a) with that of
(b) where R represents the parallel combination of R, and R, and «a in av;, is the attenuation

factor. We could make both R, and R, very large so that the input impedance of the attenuator

would be large enough to prevent loading down the input signal but his may produce a large rise
time which would, in most cases, be unacceptable. This is explained below.

The rise time, denoted as ¢,, is defined as the time it takes the voltage to rise from 10% to 90% of

its final value. It is an indication of how fast a circuit can respond to a discontinuity in voltage. In

an RC network the time required for the output voltage v, to reach 10% of its final value is

out

0.1RC, and the time required for the output voltage v, to reach 90% of its final value is

out

2.3RC. The rise time ¢, is the difference between these two values and in terms of the RC time

constant t it is given by
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t, = 221 = 22RC = 22 = 939 (B.1)
2nf, f,

where f, is the 3-dB frequency given by f, = 1/2nRC.
[t was stated above that we could make the input impedance of the attenuator large enough to
prevent loading of the input signal. If, for example, we form an attenuator with R, = R, = 1 MQ

and the input capacitance of a stage amplification is C, = 15 pF. With these values the rise time
for the circuit of Figure B.1(b) will be

t =22t =22RC = 22x05x10°x15x 10" = 16.5 psec

T

This is a very large rise time for a practical application and thus it is unacceptable.

B.2 Compensated Attenuator

We can make an uncompensated attenuator a compensated attenuator, meaning that its attenua-
tion will once again become independent of frequency by placing a capacitor C, in parallel with

resistor R, as shown in Figure B.2(a).

G +
ﬁ — .
+ R + "
Vin ! R2§ CZ% Vout
@ (b)

Figure B.2. A compensated attenuator and its equivalent drawn as a bridge

The circuit of Figure B.2(a) is shown as in Figure B.2(b) to form the four arms of a bridge. The
bridge will be balanced if
R,C, = R,C, (B.2)

and under this condition there will be no current flow in the branch connecting point x to point

¥, so when computing the output voltage v, this branch may be omitted and the output will be

out
equal to av,, and independent of frequency. Because relation (B.2) must hold precisely, it is prac-
tical to make capacitor C, variable and the final adjustment for perfect compensation may be
made experimentally with the testing of a square-wave.

Figure B.3 shows the appearances of the output signal when the input is a step voltage of ampli-

tude V if the compensation is not precise. In Figure B.3(a) the circuit is overcompensated and in
Figure B.3(b) is undercompensated.
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Step input, amplitude V

1 NC

Output v,

Vout(0+)

‘\ Perfect

compensation

Vout(®) = aV

|
|

(a)

|

Vout(0+)

J

Step input, amplitude V

Perfect
/‘ compensation

7< Output v ¢ ‘

Voui(®) = aVv

|

(b)

Figure B.3. Overcompensation and undercompensation responses of an attenuator to a step input
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Appendix C

The Substitution, Reduction, and Miller’s Theorems

T his appendix discusses three additional theorems that are especially useful in the simplifica-

tion of circuits containing dependent sources. In our previous studies  we discussed the
superposition principle and Thevenin’s and Norton’s theorems.

C.1 The Substitution Theorem

The substitution theorem states that if the voltage across a branch with nodes x and y of a network
is vy, and the current through this branch is iy a different branch may be substituted in its place

in the network provided that the voltage across the substitute branch is also Viy and the current

through it is also - The most common use of this theorem is to replace an impedance by a volt-

age or current source, or vice versa. The substitution theorem can best illustrated with the simple
circuit and the substitute branches shown in Figure C.1.

20 20 x x X x
X 3A 10 30 i Xe =8/3Q
uv() 4e 20
y 6V o
3V 3V V' = 10£53.1°V
Ve = 6V y y y y
(a) i, =3 A (b) (c) (d) (e)

Figure C.1. Illustration of the substitution theorem

For the simple resistor circuit of Figure C.1(a) we find by series-parallel resistance combinations
that Ve, =6V and i, =3A. According to the substitution theorem, the 2 Q resistor across

terminals x and y can be replaced with a source with a 6 V source as shown in Figure C.1(b) and
the rest of the network will be unaffected. The current in the branch will be 3 A as before.

Other substitutions are possible also. For instance, the substitute branch may consist of a resis-
tance of 1 Q and a voltage source of 3 V as shown in Figure C.1(c), or it may consist of a resis-
tance of 3 Q and a voltage source of 3 V of opposite polarity as shown in Figure C.1(d). In the

* For a detailed discussion of Thevenin’s and Norton's theorems and the superposition principle please refer to
Circuit Analysis I with MATLAB Applications, ISBN 0-9709511-2-4.
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The voltage source in Figure C.1(a) could be DC or AC. If it is an AC source, we can substitute
the 2 Q resistor across terminals x and y with a branch that has capacitive reactance in series
with a source V' as shown in Figure C.1(e). For this branch,

Vi = Xl + V' (C.1)

With the value X = 8/3 Q, the value of the AC voltage source V' necessary to satisfy the sub-

stitution theorem must be such Vi =6V and Iy, =3A and by substitution of these values

into relation (C.1) we get
6 = —i(8/3)3 + V'
from which
V'=6+j8 = 10£53.1°
as shown in Figure C.1(e).
Proof of the substitution theorem is based on the branch equations of the network. Operation of

the whole network of B branches is defined by 2B simultaneous equations. Consider, for example,
the bridge network shown in Figure C.2.

Figure C.2. Network for proof of the substitution theorem

The network of Figure C.2 has six branches and by application of Ohm’s law,

Vab = ZabIab+VS Vac = Zaclac Vad = Zadlad

(C.2)
Veb = Zevlen Ved = Zedlea Vab = Zavlab

If we assume that the source voltage Vg and six impedances are known constants, it becomes

apparent that we have 6 equations with 12 unknowns, and thus we need 6 more equations to
solve for all voltages and currents in each branch. We can obtain 3 additional equations by appli-
cation of KCL, and the last three from KVL. These are shown below.
Iab+IaC+Iad = O ICa+ICd+ICb = 0 Ida+IdC+Idb = O (C 3)
Vbt Vac+t Ve, =0 VactVea+tVga =0 Vbt Vgt Ve =0

The 12 equations of (C.2) and (C.3) can now be solved simultaneously for the 12 unknowns.
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From the foregoing discussion we conclude that it is possible to write as many equations as there
are unknowns. Thus, if the number of branches is B, the number of unknowns is 2B. Let us now
suppose that the branch for which substitution is to be made contains an impedance and a source
and the equation for this branch is

Vab = Zaplap + Vs (C4)

that is, the voltage across this branch is V,, and the current is I, . Other branch voltages in the

network are V, , V_4, and so on, and currents are I, I, and so on, and all these voltages and

currents simultaneously satisfy the 2B equations of the network, including equation (C.4).

Next, let us assume a substitute branch that has some different value of impedance Z',, , and
some different voltage source V'g, but with Z',, and V'g so related that the same values of V

and I, that satisfied equation (C.4) will also satisty the new branch equation
Vab = Zaplap + Vs (C.5)

When this substitution is made, operation of the altered network will be defined by 2B equations,
as before; (2B — 1) of the equations will remain the same but equation (C.5) will have replaced
equation (C.4). However, since equation (C.5) is satisfied by the same values of voltage and cur-
rent that satisfied equation (C.4), it follows that the whole group of simultaneous equations will
be satisfied by the same voltages and currents as before. Voltages and currents of all branches of
the network will therefore be the same as before substitution, which was to be proved.

The substitution theorem is especially useful in the simplification of circuits containing dependent
sources. Consider for example the current-controlled voltage source and the voltage-controlled
current source shown in Figure C.3.

Rest of the] —— 1 Rest of the +

network . network
R1

<
Q
<

(a) (b)
Figure C.3. Application of the substitution theorem in current- and voltage controlled dependent sources.

The network of Figure C.3(a) can be any network having the terminal current i, and Ri is the
voltage of a current-controlled voltage source. Figure C.3(b) shows the conditions under which
the dual form can be applied. In this case the voltage-controlled current source Gv, which is con-
nected across the voltage v. As another example, let us consider the equivalent circuit of some
amplifier shown in Figure C.4(a).
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UR,I pvy UVin
3 - ¥ = & -
+ R, ¥ ¥ R, ¥
Vin Rl R2 ] R4 Vout Vin Rl (1 + H)Rz R4 Vout
1
(a) (b)

Figure C.4. Application of the substitution theorem in an amplifier equivalent circuit.

In Figure C.4(a), the currents and voltages are not changed if the dependent source uR,i is

replaced by a resistance xR, , and the simplified equivalent circuit is as shown in Figure C.4(b).

. . . . . *
A special case of the substitution theorem is the source absorption theorem and has two dual forms,
the voltage source absorption and the current source absorption theorems.

The voltage source absorption theorem is illustrated in Figure C.5.

. Zi .
—1 —1
N\ z
(a) (b)

Figure C.5. Illustration of the voltage source absorption theorem

As shown in Figure C.5, the voltage source absorption states that if in a branch of the network in
which the current through it is i, the voltage source Zi can be replaced by an impedance Z.

Example C.1
Use the voltage source absorption theorem to simplify the branch 4B shown in Figure C.6.

_ aZi
A 7 @ B

Figure C.6. Branch for Example C.1 to be simplified

Solution:

Application of the voltage source absorption theorem yields the simplified branch shown in Figure

C.7(c) below.

* This theorem is analogous to the absorption theorem in Boolean algebra which states that 4 = (4 + B) = AB
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) azi . (a+1)Z
i - i —i
A z OB A z az B A B
(a) (b) (c)

Figure C.7. Steps for simplification of the branch for Example C.1

The current source absorption theorem is illustrated in Figure C.8.

Yv A B
A

o v
|<—V:VAB—-| |<—V=VAB—>|

(a) (b)

Figure C.8. Illustration of the current source absorption theorem

As shown in Figure C.8, the current source absorption states that if in a branch of the network in
which the voltage across it is v, the current source Yv can be replaced by an admittance Y.

Example C.2

Use the current source absorption theorem to simplify the parallel combination shown in Figure

C.9.

aYvp

R\
A N B

Y

Figure C.9. Branch for Example C.2 to be simplified
Solution:

Application of the current source absorption theorem yields the simplified branch shown in Figure

C.10(c) below.

aYvp
()
A N B A ay B (a+ DY
Y Y A B
(a) (b) (c)

Figure C.10. Steps for simplification of the parallel combination of Example C.2
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C.2 The Reduction Theorem

The reduction theorem is essentially an extension of the substitution theorem. This theorem applies
to network configurations such as those shown in Figure C.11.

L (1+A),

Rest of the|] T 1 |Rest of the Rest of the Rest of the
network N Vi (I'+A)Vi|network N, network N Ai network N,
—_ 1

Av,

(a) (b)
Figure C.11. Network configurations that can be simplified by the reduction theorem
The reduction theorem applies to the network configurations shown in Figure C.11. The network
N, in Figure C.11(a) is any linear two-terminal network having the terminal voltage v,, and N,

is any other linear two-terminal network. The constant 4 of the voltage-controlled voltage source
Av, is any real number, positive or negative. The two networks and the voltage source are con-

nected in series so that the voltages v, and 4v, are additive with respect to the loop that they
form. The theorem states that all currents in N, and N, remain unchanged if the source 4v, is

replaced with a short circuit and if:

1. Each resistance, inductance, reciprocal capacitance, and voltage source in Network N, is mul-
tiplied by 7 + 4

or

2. Each resistance, inductance, reciprocal capacitance, and voltage source in Network N, is
divided by 7+ 4.

Proof of the reduction theorem is based on the form of the loop equations. Obviously, if all resis-
tances, inductances, reciprocal capacitances, and voltage sources are multiplied by the same arbi-
trary factor, then every term in the set of loop equations is multiplied by the same factor, and all

the loop currents remain unchanged. Thus, if all the parameters and voltage sources in N, are
multiplied by 7 + 4 as specified in Part 1 of the theorem, and if 4v, is replaced with a short cir-
cuit, then the voltage applied to N, is still (1 + A)v,, and all currents in N; and N, remain
unchanged. All voltages in N, are multiplied by the factor 7 + 4, but the voltages in N, are not

changed. Any current sources in N, and N, are left unchanged in the reduction process.

By the same reasoning process, after the transformation described above is completed, all resis-
tances, inductances, reciprocal capacitances, and voltage sources in the composite network N, -
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N, can be divided by the factor 7 + 4 without changing any of the currents in N, -N, . Thus, Part
2 of the theorem is proved.
When all currents and voltages in the network are sinusoidal and of the same frequency, the con-

stant of the controlled source may be expressed as a complex number; the reduction theorem
holds in this case also.

The dual form of the reduction theorem is applicable to the network configuration shown in Fig-
ure C.11(b). It states that all voltages in the network of Figure C.11(b) remain unchanged if the

current source Ai, is replaced with an open circuit and if:

1. All conductances, capacitances, reciprocal inductances, and current sources in N, are multi-

plied by 7 + 4
or

2. All conductances, capacitances, reciprocal inductances, and current sources in N, are divided
by 1+4

Proof of the dual form of the theorem follows from nodal equations and is dual to the proof out-

lined above. In applying the reduction theorem it is essential that the two networks N, and N, be

properly identified before application of this theorem. The two necessary requirements are:

a. The terminal voltage (or current) of the network identified as Network N, must be the con-

trolling quantity for the source to be eliminated; and

b. No current may enter or leave either network through any terminal other than the two termi-
nals by which the networks and controlled source are joined in series (or parallel). It should be
noted that connections joining separate parts of a network carry no current and can therefore
be ignored in respect to item b.

A useful application of the reduction theorem is provided by the cascode amplifier shown in Figure

C.12.

Figure C.12. Typical cascode amplifier with BJ Ts
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Figure C.12 shows a partial circuit of a cascode amplifier where a common-base bipolar transistor
sits on top of a common-emitter bipolar transistor. Of course, a cascode amplifier may use MOS-
FETs of CMOS devices. To illustrate an application of the reduction theorem, let us consider the
the incremental model of some cascode amplifier shown in Figure C.13.

HYel R, V3 W2 gy
+ 2 Vel o % _ _T__ Y $
Vin Rl R2 i 1 ng \) Vout
_ k"]
(a)
: v
HVin R, AL R,
e + —+ 4T_ °
Vin R, (I+mWR, (1+p)v, R, < Vout
] | ]
Network 1 Network 2
(b)
A A N ¥
(I+W)R, ! "
Vi R 1+p)v R,S v
in 1 (1+ H)2R2 ( 1)) 3 4 out
(c)

Figure C.13. Incremental model of a cascode amplifier and simplification by application of the reduction theorem

From the circuit of Figure C.13(a) we observe that v, = v;, +R,i; hence the circuit can be sim-
plified by applying the substitution theorem to obtain the equivalent circuit shown in Figure
C.13(b). This circuit has been separated into two networks, in N, and N,, connected in series
with the controlled source pvy, in preparation for the reduction theorem. All the conditions of
the reduction theorem are satisfied by this circuit; hence applying Part 1 of the voltage-source
form of the theorem yields the reduced network shown in Figure C.13(c).

The emitter follower shown in Figure C.14(a) provides another illustration of the use of the
reduction theorem in circuit analysis.
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' (1+PB)i,
c R l Viy _tin b J/
Vig ‘/1 — \ +
X n
.l Vout
(D RB 1g RS Rl Blb I, R3 R2 Lout
is]” Rg Netvslzork Net\zzvork 1
L -
= (b)
ki
Vln_kiin b Vin
* — ¥
RsL Ry 'n tin v,
r E k l ] Vout ( Loyt ©
kis Lo R3 R2 Lout Ig RS Rl ro kR3 kR
£ ;
(c)

Figure C.14. Simplification of the emitter follower by application of the reduction theorem

As we know from Chapter 3, the principal properties of the emitter follower are that it provides a
relatively low output resistance, it is capable of providing a relatively high input impedance, and it
provides current and power amplification but no voltage amplification. Figure C.14(b) shows an
incremental model for the circuit that is valid in the range of frequencies where the coupling
capacitors act as short circuits and where the performance of the transistor is independent of fre-
quency. The hybrid representation for the transistor is used with p = 0. The resistance R, repre-

sents the parallel combination of resistors R, and Ry, and the circuit is separated into two net-

works in preparation for the reduction theorem.

Application of Part 1 of the current-source form of the theorem yields the reduced circuit shown
in Figure C.14(c). For simplicity, the factor 1 + B is denoted as k in Figure C.14(c); in practice &
is essentially equal B. Dividing the resistances Ry, R;, and r,, by & is equivalent to multiplying

the corresponding conductances by this factor. Thus, application of the reduction theorem yields
the simplified circuit of Figure C.14(c).

The current amplification of the circuit is accounted for by the fact that the input signal current is
multiplied by the factor & in the reduced circuit. It is clear from Figure C.14(c) that the forward

voltage transmittance of the emitter follower is less than unity, and for large values of B the out-
put resistance of the emitter follower is very small.

If Part 2 of the theorem is applied instead of Part 1, the circuit of Figure C.14(d) is obtained; this
circuit is convenient for studying relations at the input terminals since the input voltage and cur-
rent are unmodified. For large values of B the output resistance of the emitter follower is very
large.
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C.3 Miller’s Theorem

Miller’s theorem states that under certain conditions, to be established below, the networks of Fig-

ures C.15(a) and C.15(b) are equivalent.

11 12 A — 1 22— B
A—— Y —=B + +

- T T
1

(a) (b)
Figure C.15. Illustration for Miller’s theorem

=

In the networks of Figure C.15, the constant K denotes the voltage gain from Node A to Node B,
that is,

K = v,/v, (C.6)
or

v, = Kv, (C.7

At Node 4 of Figure C.15(a), we observe that
i, = Y(va—vg) = Y(vi=V,) = Y(v;—Kv,) = Yv,(1 -K) (C.8)
and at Node 4 of Figure C.15(b), we get,
i =Y,y (C.9)
For equivalence, relations (C.8) and (C.9) must be equal. Thus,
Y, = Y(1-K) (C.10)
At Node B of Figure C.15(a), we observe that
iy = i, = “Y(v,=Vvy) = Y(V3=v,) = Y(V,=v,/K) = Yv,y(1 - 1/K) (C.11)
and at Node B of Figure C.15(b), we get,
i = Yyv, (C.12)
For equivalence, relations (C.11) and (C.12) must be equal. Thus,
Y, = Y(1-1/K) (C.13)

We should remember that for the equivalent circuit of Figure C.15(b) the value of the gain X,
once established, it cannot be changed. Thus, while Miller’s theorem can be applied to find the
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input impedance, it should not be used to determine the output impedance of an amplifier since
when determining the output impedance the input signal voltage v is normally set to zero volts.

Miller’s dual theorem states that under certain conditions, to be established below, the networks of

Figures C.16(a) and C.16(b) are equivalent.

il 1, = Al

i
A
A ~— B +
\Z V4

i, = oi,
’—C B
: n
Vv, 1 Z;) V2
ax T
(a) b)
Figure C.16. Illustration for Miller’s dual theorem

=
N —

~

In the networks of Figure C.16, the constant o denotes the current gain from Node A to Node B,
that is,

o = i,/i, (C.14)
or

i, = ai (C.15)

At Node 4 of Figure C.16(a), we observe that
v, = Z(i;+1,) = Z(i; +aiy) = Zi;(1 +a) (C.16)
and at Node 4 of Figure C.16(b), we get,
v, = Z,i, (C.17)
For equivalence, relations (C.16) and (C.17) must be equal. Thus,
Z, = Z(1 +a) (C.18)
At Node B of Figure C.16(a), we observe that
v, = v, = Zi;(1+a) (C.19)
and at Node B of Figure C.16(b), we get,
vy = Z,iy = Zyai, (C.20)
For equivalence, relations (C.19) and (C.20) must be equal. Thus,
Z, = Z(1+1/a) (C.21)
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Example C.3

For the circuit of Figure C.17, it is given that R, = 100R,. Use Miller’s theorem to replace this
circuit with an equivalent circuit where resistor R, is being replaced with another resistor in par-

allel with resistor Rg. Make any reasonable assumptions.

R

O BENORES s

Ig EmVi

Figure C.17. Circuit for Example C.3
Solution:

Since R » R, it is reasonable to assume that practically all the current of the current source flows
through resistor R, and thus the output voltage is

Vour = —8mViRy = Kv,
from which

K = _ng2

Figure C.18 shows the equivalent circuit after application of Miller’s theorem where using relation
(C.10) we get
R', =R,/(1-K) = R;/(1 +g,R,)

M

OIEE TR BN R

Ig EmVi

Figure C.18. Miller equivalent circuit for the circuit of Figure C.17

Being familiar with Miller’s theorem helps us in better understanding the so-called Miller effect.
This effect is very pronounced in amplifier circuits where the input capacitance caused by nega-
tive feedback from output to the input causes a significant increase in capacitance. As an illustra-
tion, let us consider the amplifier of the circuit in Figure C.19.
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Nt

1

Figure C.19. Amplifier to illustrate the Miller effect

Assuming a sinusoidal input, the current i is

ViV

i = out _ Vin+KVin — Vin(1 +K)
1/joC,  1/joC;  1/joC;
and the input admittance is
Y, = - = joCyl +K)
Vin

Relation (C.22) indicates that the input voltage v, sees an increase in capacitance by a factor of
C(1+K).

(C.22)
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