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Preface

Flectronic Principles, seventh edition, continees its tradition as a clearly ex-
plained, in-depth introduction to electronic semiconductor devices and circuits.
This textbook is intended for students who are taking thefr first course in linear
electronics. The prerequisites are a DC/AC Circnits course, algcbra, and some
trigonometry.

Electronic Principles provides essential understanding of sermconductor
device characteristics, testing, and the practical circuits in which they are found.
The text provides clearly explained concepts—written in an easy-to-read conver-
sational style—establishing the foundation needed for understanding the opera-
tion and troubleshooting of electronic systems. Practical circnit examples and
troubleshooting exercises are found thronghowut the chapters.

New to This Editmn

Based on the feedback from extensive reviewing and course research, the seventh
edition of Electronic Principles contains enhanced material on a variety of elec-
tronic devices and circuits, including:

. acldmonal PNP transistor coverage,

= basic Bipolar Junction Trassistor (BJT) voltage-dwzder circuit design
~ © increased ac load line analysis of BJT power amplifiers

+  power E-MOSFET and D-MOSFET biasing

¢ Insulated Gate Bipolar Transistors (IGBTs)

*  R/ZR ladder /A converters

. Function gencrator integrated circuits

¢  Class-D amplifiers

Starting in Chapter 1, “Introduction,” the T-shooter troubleshooting exercise fea-
ture has been simplified for easier student use and understanding, This practical
feature is integrated throughout the remaining chapters. In Chapter 2, “Semicon-
ductors,” one of many “Summary Tables” has been added to provide concept re-
.inforcement and a convenient information resource. Starting in Chapter 3, “Diode
Theory,” data sheets for specific semiconductor devices will be found within the
chapter as they are discussed. Chapters 4 through 6 have additional content re- -
garding the testing of diodes and transistors using DMMs, VOMs, and semicon-
~ ductor curve tracers. ‘While Chapter 10, “Voltage Amplifiers,” retains its coverage



Preface

of the common-emitter (CE) amplifier, Chapter 11, “CC and CB Amplifiers,”
focuses on commen-collector (CC) or emitter follower, common-base (CB), and
Darlington amplifier configuaiions. Chapter 12, “Power Amplifiers,” has been
modified to include class A, B, AB and C power amplifiers, along with additional
ac load line analysis. In Chapter 13, “JFETs,” modifications have been made to
the order of JFET biasing and biasing techniques. In Chapter 14, “MOSFETs,”
depletion-mode and power enhancement-mode MGSFET amplifiers have been
added alosg with MOSFET testing. Chapter 15, “Thyristors,” includes more
detail in RC phase-shift control, SCR testing, and introduces IGBTs. Frequency

. analysis of FET stages has been added to Chapter 16, “Frequency Effects.” In

Chapter 20, “Linear Op-Amp Circuits,” the circuit operation of the R/2R ladder
D/A converter has been included. Chapter 22, “Nonlinear Op-Amp Circuits,” now
inclndes the basic operation of a class-D ampiifier. Also, Chapter 23, “Oscilla-
tors ” has an additional section on funciion generator ICs, including the XR-2206.
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‘»~ ® The topiés in this chépter inc!gd.e formulas, voltage sources, current
éourCES. two circuit theoréms, and troubl.eshooting. —Although some of
the discussion will be review, you will find new ideas that can make it
eas:er for you to Uﬂderstand semiconductor devices and to serve as a

framework for the_rest of the textbook.



Objectiw:s

After studymg this chapter yuu :&Quld be
able to:

@  Name the three types of formulas
and explain why each is true.

B " Explain why approximations are
often used instead of exact formulas.

®  Define an ideal voltage source and

Chapter Outline an ideal current source.
® ' o . B Describe how to recognize a stiff
1-1  The Three Kinds of Formulas voltage source and a stiff cu rrent
1-2 . Approximations . _ source.
1-3 - Voltage Sources ‘ ; " m State Thevenin's theorem and apply
1 e S ) . ittoa circuit,
4 urrent ou.rces . ® State Norton's theorem and apply it
1-5  Thevenin's Theorem o . toacircuit.
: 1-6  Norton's Theorem @  List two facts about an open device
17 Troubleshootin ~, &nd two.facts about a shorted
; ng ' © device.

Vocabulary

o .
cold-solder joint - . law : ‘ solder bridge
definition ' © Norton current - theorem
derivation ' - Norton resistance . Thevenin resistance
duality principle . opendevice Thevenin voltage
formula :  second approximation ‘ third approximation

ideal [Frst]approxlmataon shorted device ‘ " troubleshooting



GOOD TO KNOW

- For al! practical purposes, a~

formulalis like a set of instructions’
written in mathematical shorthand. ~ .

A formula describes how to go
about calculating a particular
quantity ot parameter.

i1-1 The Three Kinds of Formulas

A formula is a rule that relates quantities. The rule may be an equation, an in-

-equality, or other mathematical description. You will see many formulas in this

book. Unless you know why each one is true, you may become confused as they
accumulate. Fortunately, there are only three ways formutas can come into exis-

tence. Knowing what they are will make your study of electronics more logical

and satisfying.

The Deﬁnition

When you study electricity and electronics, you have to memorize new words hke
current, voltage, and resistance. However, a verbal explanation of these words is
not enough. Why? Because your idea of current must be mathematically identical
10 everyone else’s, The only way to get this ldentzty iswitha deﬁmtmn, a formula
invented for a new concept. - :

: Here is an example of a deﬁmuon In your earlier course work, you
Tearned that capacitance equals the charge on one plate divided by the voltage
between plates. The formula looks like this: '

-2
=Y |

This formula is 4 definition. Tt tefls you what capacitance C is and how to cafcu-

late it. Historically, some researcher made up this definition and it became widely

accepted,

Here is an exarnple of how to create a new definition out of thin air. Sup-

- pose we are doing research on reading skills and need some way to measure read-

ing speed. Out of the blue, we might decide to define reading speed as the nimber
of words read in a minute. If the number of words is W and the number of minutes
is M, we could make up a formula like this:

Lid

M
In tins equation, § is the speed measured in words per minute.
To be fancy, we could use Greek letters: e for words, u for minutes, and
o for speed. Qur definition would then look like this:

w : 4
o= B (N !
~ R
This equanon still translates to speed equals word*a divided by minutes. When you
see an equation like this and know that it is a definition, itis no longer as impres-
sive and mysterious as it initially appears to be. ‘
In summary, definitions are formulas that a re searcher creates. They are

_based on scientific observation and form the basis for the study of electronics.

They are simply accepted as facts. It’s done all the time in science. A definition is
true in the same sense that a word is true. Each represents something we want 0
talk about. When you know which formulas are definitions, electronics is easier ©
understand. Because definitions are starting points, all you need to do is to under-
sr.ancl and memorize them.

The Law

A law is differerit. It summarizes a relationship that already exists in nature. Here
is an example of a law.

feile ]

f“‘ dz

Chapter 1
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where f = force

K = aconstant of propomonahty, 910"y
Q\ = first charge
{; = second charge

d = distance between charges

Thts is Coulomb’s law. It says that the force of attraction or repulsion between two
charges is directly proportional to the charges and mversely proportional to the
square-of the distance between them.

' This is an impbrtant equation, for it is the foundation of electricity, Bint
where does it come from? And why is it true? To begin with, all the variables in
this law existed before its discovery: By experiment, Coulomb was able to prove
that the force was directly proportional to each charge and inversely proportional
to the square of the distance between the charges. Coulomb’s law is an example of
a relationship that exists in nature, Although earlier researchers cnuld measure
> @1, @2, and d, Coulomb discovered the law relating the quantmeq and wroie a
formula for it, _

Before discovering a law, someone may have a hunch that such 2 rela:
tionship exists, After a number of experiments, the researcher writes a formala
that summarizes (he discovery. When enough people confirm the 'discovery
through experiments, the formula becomes a law. A law is true because you can
verify it with an experiment.

The Derivatioh |

Given an equation like this:

\
v '

y=73x
we can add 5 to both sides to get:
¥y+5=3xr+35

The new equation is true bécanse both sides are still equal. There are many other
operations like subtraction, multiplication, division, factoring, and substitution
that preserve the equality of both sides of the equation. For thls reason, we can
derive many new formulas using mathematics.

A derivation is a formula that we can get from other formulas. This
means that we start with one or more formulas and, using mathematics, arrive at
a new formula mot in our criginal set of formulas. A derivation is true because
mathematics preserves the equality of both sides of every equation between the
starting formula and the derived formula. .

For instance, Ohm was experimenting with conductors. He discovered
that the ratio of voltage to carrent was a constant. He named this constant resis-
fance and wrote the following formula for it:

This is a derivation. It is the original form of Ohm’s law converted to another
equation. -



Here is another example. The definition for capacitance is:

“We can muitiply both sides by Vto get the foI_}owing pew equation:

g=cv

"This is a derivation. It says that the charge on a capacitor equals its capacitance

_ times the voltage across it. .

What to Remember

Why is a formula true? There are three possible answers. To build your under-
standing of electronics on solid ground, classify each new formula in one of these
three categories.

Definition: A forrmula invented for a new concept
Law: A formula for a relationship in nature
Derivation: A formula produ_c‘;e;}\ with mathematics

1-2 Approximations

‘We use approximations all the time in everyday life. If someone asks you how old
you are, you might answer 21 (ideal). Or you might say 21 going on 22 (secand
approximation). Or, maybe, 21 years and 9 months (third approximation). Or, if
you want to be more accurate, 21 years, 9 months, 2 days, 6 hours,/23 minutes,
and 42 seconds (exact}. . ) ' '

The foregoing illustrates different levels of approximation: an ideal ap-
proximation, a second approximation, a third approximation, and an exact answer,
The approximation to use will depend on the situation. The same is true in elec-
tronics work. In circuit analysis, we need to choose an approximation that fits the
situation. ' :

The Ideal Apprbﬁﬁatﬁon -

Did you know that 1 ft of AWG 22 wite that is' 1 in from a chassis has a resistance
of 0.016°0), an inductance of .24 xH, and a capacitance of 3.3 pF? If we had to
include the effects of resistance, inductance, and capacitance in every calculation
for current, we would spend too much tinie on calculations. This is why every-
body ignores the resistance, inductance, and capacitance of connecting wires in
most situations. : : '

‘ {;The ideal approximatiﬁn, sometimes called the first approximation, is
the simplest equivalent circuit for a device. For instance, the ideal approximation
of a piece of wire is a conductor of zero resistance, This ideal approximation is
adequate for everyday clectronics work.

The exception occurs at higher frequencies, where you have to con-
sider the inductance and capacitance of the wire. Suppose 1 in of wir¢ has an
inductance of 0.24 pH and a capacitance of 3.3 pF. At 10 MEz, the inductive re-
actance is 15.1 £, and the capaéilive reactance is 4.82 k(). As you sce, 2 circuit
designer can no longer idealize a piece of wire. Depending on the rest of the
circuit, the inductance and capacitive reactances of a connecting wire may be
important. ‘ : ‘

Chapier 1
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As a guideline, we can idealize a piece of wire at frequencies under
1 MHz. This is usually a safe rule of thumb. But it dees not mean that you can be

-careless about wiring. In’ general, keep connecting wires as short as possible,

because at some point on the frequency scale, those wires will begin to degrade

_circuit performance.

When you are troubleshooting, the jdeal approximation is usually adeguate
becanse you are looking for large deviations from normal voltages and currents, In
this book, we will idealize semiconductor devices by reducing them to simple equiv- |
alent circuits. With ideal approximations, it is easier to analyze and understand how
semjconductor circuits work.

" The Second Approximation

The ideal approximation of a flashlight battery is a voltage source of 1.5 V. The sec- )
ond approximation adds one or more componests to the ideal approximation. For
instance, the second approximation of a flashlight battery is a voltage source of
1.5 V and a series resistance of 1 {). This series resistance is called the source or
internal resistance of the battery. If the load resistance is less than 10 (), the load volt-
age will be noticeably less than 1,5 'V because of the voltage drop across the source
tesistance. In this case, accurate calculations must include the source resistance.

The Third Approximation and Beyond

The third approximiation includes another component in the equivalent circuit Gf
the device. Chapter 3 will give'you an example of the third approximation when
we discuss semiconduictor diodes, ‘

Even Higher approximations are possible with many componants in the
cquivalent cireuit of 2 device. Hand caleulations using these higher approxima-
tions can become very difficult and time-consuming. Because of this, computers
using circnit simulation software are ofter used. For instance, MultiSim by Elec-
tronics Workbench (EWB) and PSpice are commercially available computer pro-
grams that use higher approximations to analyze semiconductor circuits. Many of
the circuits and examples in this book can be analyzed and demonstrated using
this type of software. :

Conclusion

‘Which approximation to use depends on what you are frying to do. If you are trou-
bleshooting, the ideal approximation is nsualty adequate. For many situations, the
second approximation is the best choice because it is easy to use and does not re-
quire a computer, For higher approximations, you should use a computer and a
program like MultiSim. ' ‘

1-3 Voltage Sources

f’” An ideal de voltage sonrce produces a load voltage that is constant. The simplest
* example of an ideal dc voltage source is a perfect battery, one whose internal

resistance is zero. Figure 1-la shows an ideal voltage source comnected to a
variable Joad resistance of 1 {1 to 10 M€}, The voltmeter reads 10 V, exactly the
same as the source voltage.

Figure 1-1b shows a graph of load voltage versus load resistance. As you
can soe, the load voltage remains fixed at 10 V when the load resistance changes
from 1 £ to 1 M{). In other words, an ideal dc voltage source produces a constant
load voltzge, regardless of how small or large the load resistance is. With an ideal
voltage source, oaly the load current changes when the load resistance changes.



Figure 1-1

(0] Ideat valtage soutee and variable load resistance; () load voltage s constant for all load resistances,
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Second Approximat:i(')n

" An ideal voltage source is a theoretical device; it capnot exist in nature. Why?
When the load resistance approaches zero, the load current approaches infinity.
No real voltage source can produce infinite current because a real voltage source
always has some internal resistance. The second approximation of a dc voltage
source includes this internal resistance. .

' . Figure 1-2a illustrates the idea. A source resistance Ry of 1 {}is now in
series with the ideal battery. The voltmeter reads 5 V when Ry is 1 (2. Why? Be-
cause the load current is 10'V divided by 2 {3, or 5 A. When 5 A flows through the
source resistance of 1 £, it produces an internal voltage drop of 5 V. This is why
the Toad voltage is only half of the ideal value, with the other half being dropped
across the internal resistance. -

" Figure 1-2b shows the graph of load voltage versus load resistance. In
this case, the Joad voltage does not come closé to the ideal value until the load re~-
sistance is much greater than the source resistance. But what does much greater
mean? In othier words, when can we ignore the source resistance?

"Figure 1~2 () Second approximation includes source resistance; {6) load voltage is constant for large load resistances.
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Introduction

Figure 1-3  Stiff region occurs when load resistance is large enough,
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Stiff Voltage Source

' Now is the time when a new definition-can be useful. So, let us invent one, We can
ignore the source resistance when it is at least 100 times smaller than the load
resistance. Any source that satisfies this condition is a Sttjf volzage source. As a
definition, -

Stiff voltage source: K5 < 0.01R, - (1-1)

This formula defines what we mean by a stiff voltage source, The boundary of the
inequality (where << is changed to =) gives us the following equation:

Rs =0.01R;,

Solving for load resistance gives the minimurn load resistance we can use and stlll
have a stiff source:

RL{mjn) = lﬂORS . . (1-2)

In words, the minimum load resistance equals 100 times the source resistance.

Equation (1-2) is a derivation. We started with the definition of a stiff
veltage source and rearranged it to get the minimum load resistance permitted
with a stiff voltage source. As long as the load resistance is greater than 100Rs, the
voltage source is stiff, When the load resistance equals this worst-case value, the
calenlation error from igaoring the source resistance is 1 percent, small encugh to
ignore in a second approximation. '

Figure 1-3 visually sumunarizes a stiff voltage source, The load resis-
tance has to be greater than 100R; for the voltage source to be stiff,

Example 1-1
The definitton of a stiff voltage source apblies to ac sources as well as to de
sources. Suppose an ac voltage source has a source resistance of 50 £2. For what
load resmtance is the source stiff?
SOLUTION Multiply by 100 to get the minimurh load resistance:

Ry = 100Rs = 100(50 Q) = 5 k2



As long as the load resistance is greater than 5 k{2, the ac voltage source is stiff
angd we can ignore the int rnal resistance of the source. -

A final point. Using the second approximation for an ac voltage source
is valid only at low frequencies. At high frequencies, additional factors such as
lead inductance and stray capacitance come inte play. We will deal with these
high-frequency effects in a later chapter.

PRACTICE PROBLEM 1-1 If the ac source resistance in Example 1-1 is
600 2, for what load resistance is the source stiff?

GOOD TO KNOW '} ' _ —
A well- rtgulated power supply isa’ 1 ""4 ‘ Cu ri‘ent SOUI‘CCS '.

good example of 2 stiff V°"39e e A dc voltage source produces a constarit load voliage for different load resis-
souree. ) o tances. A de current source is different. It produces a constant load current for dif- -
' ferent load resistances. An example of a dc current source is a battery with a large
source resistance (Fig. 1-4a}. In this circuit, the source resistance is 1 MQ and the *
load current is:

Vs
. IL = —
. ‘ Rs + Ry )
- GOODTO KNOW .~ . When R is § {Lin Fig. I-4a, the load current is:
At the output terminals of s . - 1OV
constant current source, the load L= m =10 pA

voltage V; increases in direet . . . . N
In this calculation, the small load resistance has an insignificant effect on the load

proportion to the load resistance.
: ) o current. ) ) . .

Figure 1-45 shows the effect of varying the load resistance from 1 £) to

I MCL, In this case, the load current remains constant at 10 A over a large range.

Tt is only when the load resistance is greater than 1¢ k£ that a noticeable drop-off

occurs in load current.

Figure 1-4 (g} Simulated current source with 2 de voltage source and a large resistance; () load current is constant for smail load
- resistances. ’
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- Stiff Current Source

Here is another definition ihat will be usefui, especially with semiconductor cir-
cuits. We will ignore the source resistance of a current source when it is at least
100 times larger than the load resistance. Any source that satisfies this condition
is a sHff current source, As a definition:

SHIT current source: R > 100K, (1-3)
"The upper boundary is the worst case. At this point:
Rg = l(}OR;

Solving for Joad resistance gives the maximum load Tesistance we can use and
still have a stiff current source:

Rimeg = 00LRg (1-4)

In words: The maximum load resistance equals Viw of the source resistance.
Equation (1-4) is a derivation, because we started with the definition of a
stiff current source and rearranged it to get the maximum load resistance. When
the load resistance equals this worst-case value, the calculation errot is | percent,
small enough to ignore i a second approximation.
Figure 1-5 shows the stiff region. As long as the load resistance is less
than 0.0F Ry, the current source is stiff.

Schematic Symbol

Figure 1-6a is the schematic symbol of an ideal carrent source, one whose source
resistance is infinite. This ideal approximation cannot exist in nature, but it can
exist mathematically. Therefore, we can use the idea! current source for fast
circuit analysis, as in troubleshooting,

Figure !-6a is a visual definition: It is the symbol for a current source.
When you see this symbol, it means that the device produces a constant current fs.
It may help to think of a current source as a pomp that pushes out a fixed number-
of coulombs per second. This is why you will hear expressions like “The current
source pumps 3 mA through a load resistance of 1 k€}.”

Figore 1-6b shows the second approximation. The internal resistance is
in paralle] with the ideal current source, not in series as it was with an ideal
voltage source. Later in this chapter we will discuss Norton's theorem. You will
then see why the internal resistance must be in parallel with the current source.
Table 1-1 will help you understand the differences between a voltage source and
a3 current source. :

Figure 1-5 - Stiff region occurs when load resistance is small enough. Figure 1-6 (a) Schematic symbo! of a current

100%

Load current

[<bm———— Stiff region —_—]

e, 99%

source; (&) second approximation of a current source.

(a) {b)

Introduction

0.01R5
Lead resistance
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; QQa'ritity'__‘ [ - Voitage Source Current Source

Rs . . Typicaily low Typicaliy high

-ﬁ’L ) Greater than 100Rs - Less than 0.07 Rs‘
Vi ' . ' . Constant . Depends on R
I I : Depends on Ry Constant

Example 1-2

A current source of 2 mA has an internal resistance of 10 M. Over what range of Joad resistance is the current source stiff? -

SOLUTION  Since this is a current source, the load resistance has to be small compared 1o the source resistance. With
the 100:1 rule, the maximum load resistance is:

Rumany = 0.01(10 M) =100 k2

The stiff range for the curent source js a load resistance from 0 to 100 k(L. )

Figure 1-7 summarizes the solution. In Fig. 1-7a, a current source of 2 mA is in parallet with 10 M{} and a variable
resistor set to I ). The ammeter measures a load current of 2 mA, When the load resistance changes from 1 {1 to | M£2, as
shown in Fig. 17, the source remains stiff up to 100 k€Y. At this point, the load current is down about 1 percent from the
ideal value. Stated another way, 99 percent of the source current passes through the load resistance. The other I percent
passes through the source resistance, As the load resistance continues to increase, load current continues fo decrease.

Figure 1-7 Solution.

I tmA)}
2.00 '
195
L 10l .

I Stiff region

N (D 185 - T

ZmA ) .
1.80 b—1 1 I 1 l

: 1 100 1k " 10k 100k M
& R, resistance (Chms}
{al ' S . b

PRACTICE PROBLEM 1-2 What is the load voltage in Fig. [-7a when the toad resistance equals 10 k(27
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Figure 1-8 () Black box has a linear

circuit inside of it; (b} Thevenin chrouit.

ANY CIRCUIT WITH
DC SOURCES AND
LINEAR RESISTANCES

{a)
A
R
Vg —
B
(b

Entroduction

fi

Example 1-3

When you analyze transistor circuits, you will visualize 4 transistor as a current
source. In a well-designed circuit, the transistor will act like a suff current
source, 5o that you can ignore its internal resistance. Then you can caiculate the
load voltage. For instance, if a transistor is pumping 2 mA through a Joad resis-
tanice of 10 k{1, the [oad voltage is 20V,

“;—5 Thevenin's Theorem

Every once in a while, somebody makes a big breakthrough in engineering and
carries all of us o 2 new high. A French engineer, M. L. Thevenin, made one of

these quahtum leaps when he derived the circuit theorem named after him:
Thevénin's theorem,

Befinition of Thevenin Voltage and Resistance

A theorem is 2 stalement that we can prove mathematically. Because of this, it is
not a definition or a law. So, we classify it as a derivation. Recall the following
ideas about Thevenin's theorem from earlier courses. In Fig. 1-8a, the Thevenin
voltage Vpy is defined as the voltage across the load terminals when the load
tesistor is open. Because of this, the Thevenin voltage is sometimes called the
open-circuit voltage. As a definition:

Thevenin voltage: Vry = Voo ' (1-5)

The Thevenin resistance is defined as the resistance that an ohmmeter
measures across the load terminals of Fig. 1-8a when al] sources are reduced to
zero and the load resistor is open. As a definition:

Thevenin resistance: Rr;q = Roc {1-6)

With these two definitions, Thevenin was able to derive the famous theorem
named after him.

There is a subtle point in finding the Thevenin resistance. Reducing a
source 1o zero has different meanings for voltage and current sources- When you
reduce & voltage source fo zero. you arc effectively replacing it by a short because
that's the only way to guarantee zero voltage when a current flows throtgh_the
voltage source. When you reduce a current source to zero, you are effectively
replacing it by #n open because that’s the only way you can guarantee 2ero current
when there'is a voltage across the current source. To summarize:

T zero o voltage sowrce, replace it by a short.
To zero a current source, replace it by an open.

The Derivation

What is Thevenin’s theorem? Look a1 Fig. 1-8«. This black box can contain any
cireuit with ¢e sources and linear resistances. (A finear resistance does not change
with increasing voltage.) Thevenin was able to prove that no maiter how

13



compiicated the circuit inside the black box of Fig, 1-8a was, it would produce ex-
actly the same load current as the simple circnit of Fig. 1-85. As a derivation:

Via

I= Ry + Ry

a-7

Let the idea sink in. Thevenin’s theorem is 4 powerhouse tool. Engineers
and technicians use the theoremn constantly Electronics could not possibly be
where it is today without the Thevenin theorem. It not only simplifies catcula-
tions, it énables us to explain circuit operation that would be impossible t¢ explain
with iny Kirchhoff equauons

Example 1-4

Figure 1-9  (d) Original cirouit;

(£} open-load resistor to get Thevenin
voltage; {d reduce seurce to zero to get
Thevenin resistance,

6k 4RQ A

6 kO LKQ A

® m

(e)

14
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‘What are the Thevenin voltage and resista'nce'ip Fig. 1-9a7

SOLUTION - First, calculate the Thevenin voltage, To do this, you have to
open the load resistor. Opening the load resistance is equivalent to removing it
from the circuit, as shown in Fig. 1-9b. Since 8 mA flows through 6 ¥ in series
with 3 k€3, 24 V will appear across the 3 k(). With no current through the 4k,
24 V will appea.r acIoss the AB terminals. Therefore:

Vm=24v

Second, get the Thevenin resistance. Reducing a dc source to zero is
equivalent to replacing it by a short, as shown in Fig, 1-G¢. If we ‘connect an

- ohmmeter across the 44 terminals of Fig. 1-9¢, what will it read?

It will read 6 k(2. Why? Because looking back into the AB terminals
with the battery shorted; the ohmmeter szes 4 k() in series w1th a parailel con-.
nection of 3k41 and 6 k(. We can write:

3K X 60
Ry =4k + 22722 — gk
™ KO +6kO,

The product over sum of 3 k{2 and 6 k() is 2 k€2, which, added to 4 k€2, gives 6 k().

Again, we need a new definition. Paralle! connections oceur so oftén in
electronics that most people use & shorthand notation for them. From now e,
we will use the following notation:

il = in paraile! with

Whenevet you see two vertical bars in an equation, it means in parallel with. In
industry, you will see the foregomg equation for Thevenin resistance written like
this:

Rm=4kﬂ+(3kﬂ,i!6kﬂ):6kﬂ :

Most engmeers and technicians know that the vertical bars mean in paraliel
with. So, they automatically use product over sum or reciprocal method to caleu-
late the equivalent resistance.of 3 kG and 6 k).

Figure 1-10 shows the Thevenin circuit with a foad resistor, Compare
this simple circuit with the originat circuit of Fig, 1-9. Can you see how much

Chapter 1



Figure 1-10  Thevenin circuit for
Fig. 1-9a.

- Bka
AAIN—

=

24V = R

T

easier it will be to calculate the load current for different load resistances? H not,
the next example will drive the point home.

PRACTICE PROBLEM 1-4 Using Thevenin’s theorem, what is the load
current in Fig. 1-9a for the following values of Ry: 2 k(), 6 (3, and 18 k()?

1f you really want to appreciate the power of Thevenin’s theorem, fry
calculating the foregoing currents using the original circuit of Fig, 1- 9a and any
other method.

Example 1-5

102 BluttiSim

A breadboard is a circuit often built with solderless connections without regard
to the final location of parts to prove the feasibility of a design. Suppose you
have the circuit of Fig. 1-11a breadboarded on a lab bench. How would you
measure the Thevenin voltage and resistance? ’

SOLUTION  Start by replacing the load resisior with a multimeter, as shown
in Fig. 1-115. After you set the multimeter to read volts, it will indicate 9 V. This
is the Thevenin voltage. Next, replacethe dc source by a short (Fig. 1-11¢). Set
the multimster to read obms, and it will indicate 1.5 k(2. This is the Thevenin
registance.

Are there any sources of error in the foregoing measurements? Yes, the
one thing to watch out for is the input impedance of the multimeter when voltage
is measurad. Because this input impedance is across the measured terminals, a
small current flows through the multimeter. For instance, if you use a moving-coil
multimeter, the typical sensitivity is 20 k{0 per volt. On the 10-V range, the volt-
meter has an input resistance of 200 k{}. This wifl load the circuit down shghtly
and decrease the load voltage from 9 t0 8.93 V.

As a guideline, the iaput impedance of the voltmeter should be at least
100 times greater than the Thevenin resistance. Then, the loading error is less
than t percent. To avoid loading error, use  field-effect transistor (FET) input
or digital multimeter (DMM) instead of a moving-coil multimeter. The input

- impedance of these mstruments is at least 10 M(, which usually eliminates

loading error.

Figure 1-11 {0} Circuit on lab bench;{8) measunng Thevenin voltage; (¢} measuring Thevenin resstancs:

S
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‘Figure 1-11 _ {continued)
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GOOD TO KNOW

Like Thevenin's theprem, Né
theoreém can be applied o ac
circuits containing mductar
capacitors, and resistors, an ac':
cifeuits, the Norten current .'N
usually stated as a compiex num
in polar form, whereas the No
impedance Zy is usually Exbré e
as a complex_'numb_el_'_‘_ir_l ‘réétan'g
form. o

Introduction

1=6 Norton's Theorem

Recall the following ideas about Norton’s theorem.from earlier courses. In
Fig. 1-12a, the Norton current Iy is defined as the load current when the load re-
sistor is shorted. Because of this, the Norten eurrent is sometimes called the
short-circuit current. As a definition:

Norton current: Iy = I . . 1-8)

The Morton resistance is the resistance that an ohmimeter measures
across the load terminals when al} sources are reduced to zero and the load resis-
tor is open. As a definition:

Norton resistance: Ry = Roc ' 1-9)
Since Thevenin resistance also equals Roc, we can write:

RN = RTH (1-1{))
This derivation says that Notton resistance equals Thevenin resistance. If you

calculate a Thevenin resistance af 10 k€3, you immediately know that the Norton
resistance equals 10 kf).

Basié idea

What is Norton’s theorem? Look at Fig. 1-124. This black box can contain any
circuit with dc sources and linear resistances, Norton proved that the circuit inside
the black box of Fig. 1-12¢ would produce exactly the same load voltage as the
simple circuit of Fig. 1-12b. As a derivation, Nortor's theorem looks like this:

Vi, = In(Rw i RL) _ ' (1-11)

" In words: The load voltage equals the Norton current times the Norton resistance

in parallel with the load resistance. -

Earlier we saw that Norton resmtance equals Thevenin resistance. Buf -
notice the differénce in the location of the resistors: Thevenin resistance is always
in series with a voltage source; Norton resistance is always in parallel with a cur-

Tent gource

I\fi)/;e' If you are using electron flow, keep the fellowing in mind. In
mdustry, the arrow inside the current source is almost always drawn in the'direc-
tion of conventional current. The exception is a cuerent source drawn with a
dashed arrow instead of a solid arrow. In this case, the souice pumps electrons in
the direction of the dashed arrow.

Figui‘_e 112 {rf} Black box has a linea_'r circuit inside of it; (8) Norton circuit,

- A
- ANY CIRCUIT WITH
DC SOURCES AND R
LINEAR RESISTANCES B
{a)
A
In Ry R
B

(6}
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Figure 1-13  Duality principle: Thevenin theorem impties Norton theorem and vice versa. (a) Converting Thevenin t¢ Norton;
{8 converting Worton to Thevenin, : '
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0 ' — o
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A : ' Ay A
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& Q ' Q
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(b} i

The Deriyation

Notton’s theorem can be derived from the duality principle. It states that for any
theorem in electrical circuit analysis there is a dual (opposite) theorem in which
one replaces the original quantities with dual quantities. Here is a brief list of dual
guantities: ‘ : :

Voltage ¢~——rrem———3 Current
Voltage source ¢« Current source
" Series ¢————————> Parallel’
Series resistance ¢—— Parallel resistance

Figure 1-13 summarizes the duality principle as it applies to Thevenin and Norton
circuits. It means that we can use either circuit in our calculations. As you will see
Jater, both equivalent circuits are useful. Sometimes, it is easier to use Thevenin.

At other times, we use Norton. It depends on the specific problem. Summary
Table 1-1 shows the steps for getting ihe Thevenin and Norton quantities.

Step 1 Open the load resistor. Short the load resistor.
Step 2 Calculate or measure the ‘ Calculate or measure the short-
-open-circuit voltage, Thisis  circuit current. This is the Norton

the Thevenin voltage. current.

Step 3 Short voltage sources and ~ Short voltage SOUICES, open current

open current sourees. sources, and open load resistor.
Step 4 Calculate or measure the Calcutate or measure the open-
open-circuit resistance. This  circuit resistance. This is the

is the Thevenin resistance. Norton resistance,

18- . Co . ) ) )  Chapter I
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Re!ationships between Thevenin and Norton Circuits

We already know that the Thevenin and Norton resistances are equal in value, but
different in location: Thevenin resistance is in series with a voltage source, and
Norton resistance is in parallel with a current source. :

We can derive two more relationships, as follows. We can convert any
Thevenin circuit to a Norton circuit, as shown in Fig. 1-F3a. The proof is straightfor-
ward. Short the AR terminals of the Thevenin circuit, and you get the Norton current:

. _ Vem
L= L TH . 1-12
N RTH ) ( ) )
This derivation éays that the Norton current cquals the Thevenin voltage divided
by the Thevenin resistance. _
Similarly, we can convert any Norton circuit to a Thevenin circuit, as
shown in Fig. 1-135. The open-circuit voltage is:

Vg = IyRy : o (1-13)

This derivation says that the Thevenin voltage equals the Norton current times the
Norton resistance.
Figure 1-13 summarizes the equanons for converting either circuit into

the other.

Example 1-6

Suppose that we have reduced a complicated circuit to the Thevenin circuit

shown in Fig. 1-14a. How can we convert this to a Norton circuit?

Figure 1-14  Caleufating Norton current,
2K A

0V .=

w

{a) . (b) el

SOLUTION  Use Eq. (1-12) to get:

10V

=g

4

= 5 mA

Figure 1- 14c shows the Norton circuit.

Most engineers and technicians forget Eq. (1 12) soon after they leave
school. But they always remember how to solve the same problem using Ohm's
law. Here is what they do. Look at Fig. 1-14a. Visualize a shert across the AB
terininals, as shown in Fig. 1-145. The short-circuit current equals the Norton
current:

10V

Iy= k@ =S mA

This is the same result, but calculated with Ohm's law applied to the Theveénin

circuit, Figure 1-15 summarizes the idea. This memory atd will help you calcutate
the Norton current, given the Thevenin circuit.

19
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Figure T~15 A memcry aid for Norton current.
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PRACTICE PROBLEM 1-6 If the Thevenin resistance of Fig. -14a is
5 k), determine the Notton current value. '

1 -7 Troubleshooting

Troubleshooting means finding out why a circuit is not doing what it is supposed
1o do. The most corumon troubles are opens and shorts. Devices like transistors
can become open or shorted in'a number of ways. One way to destroy any tran-
sistor is by exceeding its maxnnum—power Tating. :

Resistors become open when their power dissipation is excessive. But
you can get a shorted resistor indirectly as follows. During the stuffing and sol-
dering of printed-circuit boards, an undesirable splash of solder may connect two

-nearby conducting lines, Known as a solder bridge, this effectively shorts any
. device between the two conducting lines. On the other hand, a poor solder con-

nection usvally medns no connection at all, This is known as a cold-solder joint
and means that the device is open.

_ Besidde tpens and shorts, anything is possible. For instance, temporarily
applying too much heat to a resistor may permanenily change the resistance by

* several percent. Tf the value of resistance is critical, the circuit may not work prop- -

erly after the heat shock.

And then there is the troubleshooter’s mghtmare the intermittent trou- -
ble. This kind of trouble is very difficult to isolate because it appears and disap-
pears. Tt may be a cold-solder joint that alternately makes and breaks a contact, or’
a loose cable connector, or any similar troubIe that causes on-again, off-again
operation. . -

An Open Device

‘Always remember these two facts about an open device:

The current through an open device is zero.
The voltage across it is unknown.

The first statement is true because an open device has infinite resistance. No
current can exist in an infinite resistance. The second staternent is true because of
Ohm’s laW' :

 y=mR= (0)(00)

A

Chapter



Figure 1- 16 Volage divider and 103d
used in troubleshootmg discuission.

+12V

Introductien

.:Rz Open

When.R; is open, what happens to thc voltages? Since no current can flow through )
the open Ry, the voltage at 4 is pulled up toward the supply voltage Since Ry is

In this equanon, zero times mﬁmty is mathemaucally indeterminate. You have to
figure out what the voitagc is by Iookmg at the rest of the czrcult

A Shorted Device

A shorted device is exactly the oppos:te Always remember these two statemnents
about a shorted device:

The voltage across a shorted device is zero,
The eurrent through it is unknown.

The first statement is true because a shorted device has zero resistance. No volt-

age can exist across. zero resistance. The second statement is true because of |
" Ohm’s law: o

ey
Il

R:l<
i

oS

N

. Zero dwxded by zero is mathematicaliy meanmgless You have to figure out what

the current 1s by lookmg at Lhe rest of the circuit.

Prbcedure

. Normally, you measure voltages with respect to ground. From these meastirements
* and your knowledge of basic electricity, you can usually deduce thie trouble. After

you have isolated a comiponent as the top suspect, you can unsolder or disconnect
the component and use an ohmmeter or other instrument for confirmation. . .- -

- Normal Values

In F1g 1-16, a stiff voltage divider.consisﬁng of R; and R, drives resistors Ry and_

R4 in series. Before you can troubleshoot this circuit, you have to know what the
normal veltages.are. The first thing to do, therefore, is to work-out the values of V4

and Vy. The first is the voltage hetwefm A and ground, The second is the voltage |
" between B and ground. Because R and Ry are much smaklerthan R and R, (10 ()
- versus 100 k(3), the stiff voltage at 4 1sapproxunately +6 V. Furthermorte, since Ry

and R, are equal, the voltage at B is approximately +3 V, When this cirenit is

- trouble-freg, you will measure 6 V between A and ground, and 3 ¥ between Band

ground. These two voltages are the first entry of Table I- 2

4

R Open T

When R; is open, what do you thmk happens to the voltages? Smce no current can

fiow through the open: Ry; no current ean flow through Ry Ohm’s law tells us the -
voliage across R; is zero. Therefore VA O and Vg = 0, as shown in Table 1- 2 for.‘

- Ry open,

_@uch smaller than Ry and Ry, the voltage at A is approximiately 12V, Since Ry and
. Rg:are equal, the voltage at B becomes 6 V. This is why VA =12VandVy=6V,

. as shown in Table 1-2 for an &, open.

21



2

. TrOinIE' ‘ Va Vs

Circuit OK ': 6V . - 3y
Ry ope.r; ‘ 0 ' 0
R, upen, . ' l.12V Y
Ry open o 6V ‘ 0
Ry open 6V 6V -
Copen v ev
-Dopen ' o BV . BV
" Ry shorted - l‘: .. 12V - . l Y
~ Ry'shorted * Lo : 0
Ry sharted o ‘ls.V S :5'\/ -
éq. shorted . " ' gy _ S

Remaining Troubles

If ground C is open, no current can pass through R,. This is equivalent to an open
R,. This is why the trouble C open has Vy = 12V and Vg = 6 Vin Table 1-2.

You should work out all of remaining entries in Table 1-2, making sure
that you understand why each voltage exists for the given trouble.

Example 1-7 |

In F1g 1-16, you measure V4 = 0 and ¥y = 0. What is the trouble? _
SOLUTION Look at Table 1-2. As you can see. two troubles are possible: Ry
open or R, shorted. Both of these prodice zero v&ltage at points A and B. To

isolate the trouble, you can disconnect Ry and measure it. If it measures open,
you have found the trouble. If it measures OK, then R; is the trouble.

PRACTICE PROBLEM 1-7 What could the possible troubles be if you
measure Vs = 12V and Vp = 6 V in Fig. 1-167 . "

Chapter 1.



Summary

SEC. i-1 THE THREE KINDS OF
FCRMULAS

A definition is.a formula invented for a
new concept. A law is & Tormula for 2
relation in nature, A derivation is a
formula produced with :
mathematics. :

SEC, 1-2 APPROXIMATIONS.

Approximations are widely used in
industry. The ideal approximation is useful
for troubleshooting. The secand
approximation is useful for preliminary
circuit cafeulations. Higher
Approximations are used with computers.

SEC. 1-3 VOLTAGE SOURCES

An ideal voltage source has no internal
resistance. The second approximation of a
voltage source hasan internal resistance in
series with the source. A stiff voltage source.
is defined as one whose internal resistance
is less than i of the load resistance.

_Definitians

(1-1)

Stiff voltage source:

A Rs < QO1R,

{1-3)  Stff current source:

Rt Re>100R,
{1-5)  Thevenin voltage:
)
LINEAR Voo
CIRCUIT 9 V= Vo
—0
Derivations

(1-2) Stiff voltage source:

R tmin

Introduction

Refminy = 100Rs

-SEC. 1-4 CURRENT SOURCES

Anideal current source has an infinite
internal resistance. The second
approximation of & current source has a
large internal resistance in paraliel with
the source. A stiff current source is defined
as one whose internal resistance is more
than 100 times the foad resistance.

SEC. 1-5 THEVENIN'S THECREM

The Thevenin voltage is defined as the
voltage across an open joad, The

Thevenin resistance is defined s the
resistance an ohmmeter would measure
with an open toad and all sources
reduced to zero. Thevenin proved that a
Thevenin equivalent circuit will produce
the same load current as any other cifcuit
with sources and linear resistances.

SEC. 1-6 NORTON'S THEOREM
The Norton resistance equals the

- Thevenin resistance. The Norton.current

equals the oad current when the load is
shorted. Norton proved that a Nortan
equivalent circuit produces the same load
valtage as any other circuit with sources
and linear resistances. Norton current
equals Thevenin voltage divided by
Thevenin resistance,

SEC. 1-7 TROUBLESHOOTING

The most common troubles are shorts,
opens, and intermittent troubles, A short
always has zero voltage across it; the

-eurrent through a short must be

caleulated by examining the rest of the
cireuit. An open always has zero current
through it; the voltage across an open
must be caleulated by examining the rest
of the circuit. An intermittént trouble is
an on-again, off-again trouble that
regquires patient and logicat
troubleshooting ta isolate it

{(1-8) Thevenin resistance:

LINEAR
CIRCUIT

(1-8)

_'_q
s T
0

LINEAR
CIRCUIT

(1-9j

LINEAR |
CIRCUIT

o
et
0

R = Roc

Norton current:
l Isc Iy=Ie

Norton resistarnce:

__RN=ROC

{i-4) SHFF current source:

Biimax

- Rifan) = 0.01R;s

23



Thevenin's thedrem:

LW

Arn
Vi —

{1-7)

{1-10} Norton resistance:

e ¥ ]
= Ry
0

LINEAR

CiRCUIT Ry=

MNarton's theorem;

(1=

Student Assignments

1. An ideal voltage source has
a. Zerc internal resistance
b. infinite internal resistance
¢ A load-dependent voltage
d. A load-dependent current

2. A real voltage source has
" a. Zero Internal resistance
b, Infinite internal resistance
c. Asmall internal resistance
d. A large internal resistance
3. If a load resistance is 100(}, &

stiff voltage source has a
resistance of

a. Less than 1 QY

b. At least 10 £}

c. More than 10 k{2
d. Less than 10 k{}

4. An ideal current source has
a. Zero internal resistance
b, Infinite interna! resistance
c A ﬁnad—dependént voltage
d. A load-dependent current

5. Areal current source has’
a. Zero internal resistance
b. Infinite internal resistance
. A smali internal resistance
d. Alarge internal resistance
6. 1f a toad resistance is 100 ),

a stff current source has a
resistance of

a, less than 102
b. Less than 1 £} -

24

{1-12)

Norton current:

;

. VI’H N ™ - VTH
L= "o Vg 2= I o ==L
L R?H +,RL o . “TH— ' ,N In Ryx
. (1-13) Thevenin voltage:
2 t
H Iny An : Vg

Vo= IniRy| Ra)

¢ Less thas 10 k2
. More than 10 k()

. The Thevenin voltage is the same - '

as the

a, Shorted-load voltage
b, Open-lcad voltage
c.-deal source voltage
d. Norton voltage

. The Thevenin resistance is equal in

value to the
a. Load resistance

- b. Half the load resistance

c. intérnal resnstance dfa Norton
cireuit

d. Open- ioad resistance

. To get the Thevenm\io!tage, you

have to i .
a.:Short the Ioad reslstor

b. Open the load resistor
¢. Short the voltage source

d Opan the voltage source’

. To get the Norfon current you

have to
a. Short'the foad resistor ™ -
b. Open the load resistor

- _é. Shert the voltage source

11.

d. Open the current source
The.Norton current is sometlmes
called the

a. Shorted-load current

b, Open-load current

‘¢. Thevenin current

d. Theverin voltage

|

Vo= IyRy

. A solder bridge
" a. May produce a short

b. May cause an open

. ¢ Is useful in some circuits

d. Always has high resistance

. A cold-solder joint

a. Always has low resistance

b. Shows good soldering technique -
c. Usually produces an open

d. Will cause a short circuit

. An open resistor has

a. Infinite current through it
b. Zero voliage across it ;
¢. Infinite voltage across it
d. Zero curréent through it

. A shorted resistor has

a. Irfinite current through it
b. Zerovoltage across it
¢ Infinite voltage across it

~.d. Zero current through it
. An ideal veltage source and an

interna! resistarice aré examples

" of the

a. ideal approximation
b. Sécond approximation
¢. Higher approximation

- d. Exact model

. Treating a connecting wire as a

conductor with zero resistance Is
an example of the

a. ldesal approximation
b. Second approximation
c. Higher approximation
d. Exact model

Chapter 1
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18.

Problems

The voltage out of an ideal

. 20. Thevenin's theorem replaces a

b. Idea! current source and parsllel

voltage source - complicated clrcunt facmg a load resistor
a, Is zero by-an ¢. ideal voitage source and serfes
Itage source and parallel resistor
b. Is constant a.. ldeal voitag ce.ant p . ‘ .
- resistor . d. Ideal current source and series
¢ Depends on the value of load - b. Idea! current source and para“el resistor
resistance -

- resistar
d. Depends on the internal resistance

¢ Ideal voltage source and series

22. One way to short a device is’
a. With a cold-solder joint

L resistor _ b. With a sofder bridge
:'zsr‘;g”‘e”t out of an ideal current d. Ideal eurrent source e and series o. By disconnecting it
. resistor . d. By opening it
a. Is zero op
21. ‘Norten's theorem replaces a 23. Derivations are

b. s constant

c. Depends on the value of load
resistance

by an

d. Depen'ds on the infernal resistance resistor

SEC. 1-3  VOLTAGE SOURCES

1-1

1-2

1~4

1-5

1-6

A given voltage source has an ideal voltage of 12V and an
internal resistance of 0.1 £, For what values of load resastamce
will the voltage source appear stiff?

A load resistance may vary from 270 £ to 100 k€0, For a stiff
weltage source to exist, what is the largest internal resistance
the source can have?

The Internal output resistance of a function genf:rator is 50 €.
For what values of load resistance does the generator appear
stiff?

A car battery has an internal resistance ofO 04 0. For what
values of load resistance does the car battery appear stiff?

The interral resistance of a voltage source eguals 0.05 (3. How .

much voltage is dropped across this interal resistance when
the current through Tt equals 2 A7

in Fig. 1-17, the ideal voltage is 9 V and the mtemal resmtance
15 0.4 £). If the load resistance is zero, what is the load current?

Figure 1-17

SEC. 1-4 CURRENT SCURCES

1-7

1-9

Suppose a current source has an ideal current of 10 mA and an
internal resistance of 10'ME For what values of inad res:stance
will the eurrent source appear stiff?

Aload resistance may vary fram 270 £ to 100 k(Y. If & st
eurrent soutce drives this foad resistance, what is the internal
resistance of the source?

A current sburce has an internal resistance of 100 kfL. What is
the largest load resistance if the current source must appear
stiff?

Introduction

complicated circuit facing a toad .

a. ldeal voltage source and parallel

1-10

SEC.
1412

SEC.

1-16

a. Discoveries

© b Inventions
¢. Produced by mathematics
d. Always called theoréms

I Fig. 1-18, the ideal current is 20 mA and the internal
resistance if 200 k€). If the [oad rgsistance equals zern, what
does the laad current equal? :

Figure 1-18

I Fig. 1-18, the ideai current is 5 mA and the internal ;
resistance is 250 k(0. If the foad resistance is 10 k), what is the
load current?'ls this a.stiff current source?

1-5 THEVENIN'S THEOREM-
What Is the Thevenin voltage in Fig. 1-197 The Thevenin resistance?

Figure 1-19

Use Thevenin's theorem to calculate the load current in
Fig. 1-19 for each of these load res»stances D 1k, 2 k03,
3 k€D, 4 k02, 5 KO, and 6k, ’

The voltage source of Fig. 1-19 is decreased to 18 V. What
happens o the Thevenin voltage? To the Thevenin resistance?

" Al resistances are doubled in Fig. 1-19. What happens to the

Thevenin voltage? To the Thevenin resistance?

-6 - NORTON'S THEQREM

A circuit has a Thevenin voltage of 12 V and a Thevenin
resistance of 3 k(). What is the Norton circyit?

25
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1-17 Acircuit has a Norton current of 10 mA and a Norton
resistance of 10 k). What is the Thevenin circuit?

1-18 What'is the Norton circuit for Fig. 1-187

SEC. 1-7 TROUBLESHOOTING

$-19 Suppose the load voltage of Fig. 1-19 is 36 V. What is wrong
©owithRs? : .

Critical Thinking

1-23 Suppose we temporarily short the load terminals of a voltage -
source. If the ideal voltage i 12V and the shorted load current
is 150 A, what is the internal resistance of the source?

1-24 In Fig. 1-17, the ideal voltage is 10V and the-load resistance is
75 (1. If the load voltage equals 9V, what does the internal
resistance egual? Is the voltage source stiff?

1-25 Somebody hands you a black box with a 2-k{} resistor
connected across the exposed load terminals. How can you
measure the Thevénin voltage?

1-26 The black box in Prob. 1-25 has a knob on it that allows you to
: reduce sl internal voltage and current sources to zero. How
can you measure the Thevenin resistance?

1-27 Solve Prob, 1-13, Then solve the same pioblem without ﬁsing
Thevenin's theorem. After you are finished, comment on what
you have learned about the Thevenin theorem.

1-28 You are in the laboratory looking at a ciruit Iike the one shown
in Fig. 1-20, Somebody chafienges you to find the Thevenin
circuit driving the load resistor, Describe an experimental
pracedure for measuring the Thevenin voltage and the
Thevenin resistance. '

1-29 Design a hypothetical current source using a battery and a
resistor. The current source must meet the following
specifications: It must supply a stiff 1 mA of current to any
load resistance between O and 1 k(3.

1-30 Design 3 voltage divider {similar to the one in Fig, 1-19) that
meels these specifications: Ideal source voltage is 30V, open-
load voltage is 15 V, and Thevehin resistance Is equal to or less
than 2 k(). :

Design a voltage divider like the one in Fig. 1-19 so that it
produces a stiff 10V to all load resistances greater than 1 MQ.
Use an ideal veltage of 30V,

1-31

Troubleshooting

. 1-35 INBMalESIEE Using Fig. 1-22 and its troubleshooting table,

find the circuit troubles for conditions 1 to 8. The troubles are
one of the resistors open, one of the resistors shoried, anpen
ground, or no supply voltage,

26

1220 The load voltage of Fig. 1-19 is zero. The battéry and the load

resistance are OK. Suggest two possible troubies. '
1-21 If the load voltage is 2ero in Fig. 1-19 and all resistorsare -
normal, where does the trouble lie?

1-22 In Fig. 1-19, R, is replaced with a voltmeter to measure the
. voltage acrass R What input resistance must the voltmeter
have to prevent meter loading?

Figure 1-20
- Rg . A
Ry R
Rs o8 R,
Az
A RE
il P B
Ay : Ry
- A2 Ay
AN
Ry ‘

1-32 Somebody hands you a D-cel! flashlight battery and a digital
multimeter [DMM). You have riothing else to work with.
Describe an experimental method for finding the Thevenin
equivalent circuit of the fiashlight battery.

1-33 You have a D-cell flashlight battery, 2 DMM, and a box of
different resistors. Describe a method that uses one of the
_ resistors to find the Thevenin resistance of the battery.

1-34 Calculate the foad current in Fig. 1-21 for each of these load
resistances: 0, 1 k€Y, 2 k€2, 3 k€Y, 4 k€Y, 5 k€D, and 6 kik

Figure 1-21
Gk

8
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Condition " . Va© vy v

* Normal ~ a4V o2V Co12v
Trouble 1 12V .6V _' 2V
Trouble 2 ov ov 12V
Trouble 3 6V ov 12V
Trouble 4 3V av 12v

Job Interview Questions_'

-A Job interviewer can quickly tell whether your learning is
skin-deep or whether you really understand electronics.
Interviewers do not always ask neat and tidy questions,
Sometimes, they leave out data-to see how you handle the

Trouble 5 gV | 3V .1 2V
' Trouble 6 LAY . BV 12V
Trouble 7 ov Cov ov
Trouble & 3\/ oV v
" 6. 'What would be an advantage of 2 50 ) voltage source .

compared to a 600 £} voltage source?

. How are the Thevenin resistance and “cold cra nkmg

amperes” of a car battery related?

question. When you interview for a job, the interviewer might 8. Someone tells you that a voitage source is heavily Ioaded
ask you questions like the followmg What do you think this means? o
1. What is the difference between a voltage source and a 9. Which approximation does the technician normal\y use 5
current source? when pgn‘ormmg initial traubleshooting procedures? Why?
2. When do you have to include the source resrstance in your 10. When troubleshooting an EIeCtm,mCS SYstem, you megsure
calculations for foad cysrent? a de voltage of 9.5 V at a test point where the sch_ema‘uc
3. If adevice is modeled as a current souree, what can you sdy dx?gram .Says it should be 10 V. What shoutd you infer from
: ; this reading? Why? ]
about the load resistance? , .
4. What does a stiff source mean to Yo'u? 11, What are some of the reasons for using a Thevenin ar
' A : : Norton circuit?

5. | have a circuit breactoarded fab b L Teli t . . .
measurement‘s | canﬁmake to ;:tThi '?Eevir:i: V;t:;: \ﬂ]da 12. What is the value of the Thevenin and Norton theorems in
Thevenin resistance, bench testing?

Self-Test Answers

. a 5 d 9 b 13, ¢ 17, a 21, b
2 C 6 d 10, a 14, d | 18 b 22, b
3 a 7 b 11 E 15, b . 19 b 23, ¢
4. b 8. c 12, . a 16. b 200 ¢

Practice Problem Answers

1-1 80k(2 1-4  3mAwhen R = 2kL 2 mA R, = 1«6 fy=2mA

g kﬂ 1 mA RL 18 k{2

-2 W=20V

Introduction

1-7  Either R; open, Copen, or R, shorted

27



To understand how diodes, transistors, and integrated circuits work,

you first-have o study semiconductors: materials that are neither
conductors nor i_nsulatoré. Semiconldu'ctérs contain some free‘ |
electroﬁs. but what makes them unusua‘_! is the presence of holes.
In this cha‘pter, you Wf_ll learn about s&h&icongucfo'rs, holes, andlother

refated topies.



Objectives :

_ } After studying this chapter, you should be
- able to:

®  Recognize, at the atomic level, the e
characteristics of good conductors 3
and semiconductors, _ &
& ® Describe the structure of a silicon f
: . crystal. o %
Chapter Qutline : ‘ B List the twa types of carriers and g
B e R e name the type of impurity that &
2-1 Conductors : " causes each to be a majority cartier. B
2-2 Semiconductors “ ®m Explain the conditions that exist at %
- a : * " the pnjunction of an unbiased
2-3  Silicon Crystals diode, a forward-biased diode, and a %
2-4  Intrinsic Semiconductors reverse-biased diode. £
2-5  Two Types of Flow ® Describe the types of breakdown £
2.6 D . Semi | d current caused by excessive reverse
- oping a semiconGuctor voltage across a diode. :
2-7  Two Types of Extrinsic
Semicanguctors
2-8  The Unbiased Diode
2-9  Forward Bias ‘
_2-10 R.verse Bias
2~-11 Breakdown
2-12  Energy Levels
© 2-13  The Energy Hill
2-14 Barrier Potential and Temperature
2-15 Reverse-Biased Diode
- Vocabulary
ambient temperature forward-bias o junction
avalanche effect’ . © free electron _ recombination
barrigrpotentiat - hole L reverse bias
 breakdown voltage intrinsic semiconductor saturation current:
conduction band junction dicde “semiconductor ’:
covalent bo_nd , junction temperature _ sificon. ¥
depletion layer ‘ majority carriers surface-leakage current i
digde .~ minority carriers thermal energy ) 2
doping ) n-type semiconductor
extrinsic semicenductor p-type semiconductor

20




30

2-1 Conductors

Copper is a good conductor. The reason is clear when we look at its atomic struc-
ture (Fig. 2-1). The nucleus of the atom contains 2% protons (pasitive charges).
When a copper atom has a neutral charge, 29 ¢lectrons (negative charges) circle
the nucleus like planets around the sun. The electrons travel in distinct orbits (also
called shells). There are 2 electrons in the first orbit, 8 electrons in the second,
18 in the fhird, and 1 in the outer orbit.

Stable Orbits

The positive nuclens of Fig, 2-1 attracts the planetary electrons. The reason why
these electrons are not pulled into the nucleus is the centrifugal (outward) force |
creared by their circular motion. This centrifugal force is exactly equal to the in-
ward pull of the nucleus, so that the orbit is stable. The idea is similar to a satel-
lite that orbits the earth.'At the right speed and height, a satellite can remain in a
stable orbit above the earth. .

The larger the orbit of an electron, the smaller the attraction of the nu-
clens. In a larger orbit, an electron travels more slowly, producing less centrifugal
force. The outermost electron in Fig. 2-1 travels very slowly and feels almost no
attraction to the nucleus. -

The Core

In electronics, all that matters is the outer orbit. It is called the valence orbif. This
orbit controls the electrical properties of the atom. To emphasize the importance
of the valence orbit, we define the core of an atom as the nucleus and all the
inner orbits. For a copper atom, the core is the nucleus {+25}, and the first three ~
orhits (—28).

The core of a copper atom has a net charge of +1 because it contains
26 protons and 28 inrer electrons, Figure 2-2 can help in visualizing the