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Pretace

This book is for people who want to learn basic electricity, electronics, and com-
munications concepts without taking a formal course. It can also serve as a class-
room text. This third edition contains new material covering acoustics, audio,
high-fidelity, robotics, and artificial intelligence.

I recommend you start at the beginning of this book and go straight through.
There are hundreds of quiz and test questions to fortify your knowledge and help
you check your progress as you work your way along.

There is a short multiple-choice quiz at the end of every chapter. You may (and
should) refer to the chapter texts when taking these quizzes. When you think you're
ready, take the quiz, write down your answers, and then give your list of answers to
a friend. Have the friend tell you your score, but not which questions you got wrong.
The answers are listed in the back of the book. Stick with a chapter until you get
most of the answers correct. Because you're allowed to look at the text during
quizzes, the questions are written so that you really have to think before you write
down an answer. Some are rather difficult, but there are no trick questions.

This book is divided into four major sections: Direct Current, Alternating Cur-
rent, Basic Electronics, and Advanced Electronics and Related Technology. At the
end of each section is a multiple-choice test. Take these tests when you're done with
the respective sections and have taken all the chapter quizzes. Don’t look back at the
text when taking these tests. A satisfactory score is 37 answers correct. Again, an-
swers are in the back of the book.

There is a final exam at the end of the book. The questions are practical, mostly
nonmathematical, and somewhat easier than those in the quizzes. The final exam
contains questions drawn from all the chapters. Take this exam when you have fin-
ished all four sections, all four section tests, and all of the chapter quizzes. A satis-
factory score is at least 75 percent correct answers.

With the section tests and final exam, as with the quizzes, have a friend tell you
your score without letting you know which questions you missed. That way, you will
not subconsciously memorize the answers. You might want to take a test two or

Xix
Copyright © 2002, 1997, 1993 by The McGraw-Hill Companies.
Click here for terms of use.
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xx Preface

three times. When you have gotten a score that makes you happy, you can check to
see where your knowledge is strong and where it can use some bolstering.

It is not necessary to have a mathematical or scientific background to use this
do-it-yourself course. Junior-high-school algebra, geometry, and physical science
will suffice. I've tried to gradually introduce standard symbols and notations so it will
be evident what they mean as you go. By the time you get near the end of this book,
assuming you've followed it all along, you should be familiar with most of the symbols
used in schematic diagrams.

[ recommend that you complete one chapter a week. An hour daily ought to be
more than enough time for this. That way, in less than nine months, you'll complete
the course. You can then use this book, with its comprehensive index, as a perma-
nent reference.

Suggestions for future editions are welcome.

Stan Gibilisco

Team-Fly®
https://engineersreferencebookspdf.com
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1

CHAPTER

Basic physical concepts

IT IS IMPORTANT TO UNDERSTAND SOME SIMPLE, GENERAL PHYSICS PRINCIPLES
in order to have a full grasp of electricity and electronics. It is not necessary to know
high-level mathematics.

In science, you can talk about qualitative things or about quantitative things, the
“what” versus the “how much.” For now, you need only be concerned about the “what.”
The “how much” will come later.

Atoms

All matter is made up of countless tiny particles whizzing around. These particles are
extremely dense; matter is mostly empty space. Matter seems continuous because the
particles are so small, and they move incredibly fast.

Even people of ancient times suspected that matter is made of invisible particles.
They deduced this from observing things like water, rocks, and metals. These sub-
stances are much different from each other. But any given material—copper, for
example—is the same wherever it is found. Even without doing any complicated
experiments, early physicists felt that substances could only have these consistent
behaviors if they were made of unique types, or arrangements, of particles. It took
centuries before people knew just how this complicated business works. And even today,
there are certain things that scientists don’t really know. For example, is there a smallest
possible material particle?

There were some scientists who refused to believe the atomic theory, even around
the year of 1900. Today, practically everyone accepts the theory. It explains the behavior
of matter better than any other scheme.

Eventually, scientists identified 92 different kinds of fundamental substances in
nature, and called them elements. Later, a few more elements were artificially made.

Copyright © 2002, 1997, 1993 by The McGraw-Hill Companies.
Click here for terms of use.
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4 Basic physical concepts

Each element has its own unique type of particle, known as its atom. Atoms of differ-
ent elements are always different.

The slightest change in an atom can make a tremendous difference in its behavior.
You can live by breathing pure oxygen, but you can't live off of pure nitrogen. Oxygen
will cause metal to corrode, but nitrogen will not. Wood will burn furiously in an atmos-
phere of pure oxygen, but will not even ignite in pure nitrogen. Yet both are gases at
room temperature and pressure; both are colorless, both are odorless, and both are just
about of equal weight. These substances are so different because oxygen has eight pro-
tons, while nitrogen has only seven.

There are many other examples in nature where a tiny change in atomic structure
makes a major difference in the way a substance behaves.

Protons, neutrons, and the
atomic number

The part of an atom that gives an element its identity is the nucleus. It is made up of
two kinds of particles, the proton and the neutron. These are extremely dense. A tea-
spoonful of either of these particles, packed tightly together, would weigh tons. Protons
and neutrons have just about the same mass, but the proton has an electric charge
while the neutron does not.

The simplest element, hydrogen, has a nucleus made up of only one proton; there
are usually no neutrons. This is the most common element in the universe. Sometimes
a nucleus of hydrogen has a neutron or two along with the proton, but this does not
occur very often. These “mutant” forms of hydrogen do, nonetheless, play significant
roles in atomic physics.

The second most abundant element is helium. Usually, this atom has a nucleus with
two protons and two neutrons. Hydrogen is changed into helium inside the sun, and
in the process, energy is given off. This makes the sun shine. The process, called fusion,
is also responsible for the terrific explosive force of a hydrogen bomb.

Every proton in the universe is just like every other. Neutrons are all alike, too. The
number of protons in an element’s nucleus, the atomic number, gives that element its
identity. The element with three protons is lithium, a light metal that reacts easily with
gases such as oxygen or chlorine. The element with four protons is beryllium, also a
metal. In general, as the number of protons in an element’s nucleus increases, the num-
ber of neutrons also increases. Elements with high atomic numbers, like lead, are there-
fore much denser than elements with low atomic numbers, like carbon. Perhaps you've
compared a lead sinker with a piece of coal of similar size, and noticed this difference.

Isotopes and atomic weights

For a given element, such as oxygen, the number of neutrons can vary. But no matter
what the number of neutrons, the element keeps its identity, based on the atomic num-
ber. Differing numbers of neutrons result in various isotopes for a given element.

Each element has one particular isotope that is most often found in nature. But all
elements have numerous isotopes. Changing the number of neutrons in an element’s

https://engineersreferencebookspdf.com



Ions 5

nucleus results in a difference in the weight, and also a difference in the density, of the
element. Thus, hydrogen containing a neutron or two in the nucleus, along with the pro-
ton, is called heavy hydrogen.

The atomic weight of an element is approximately equal to the sum of the num-
ber of protons and the number of neutrons in the nucleus. Common carbon has an
atomic weight of about 12, and is called carbon 12 or C12. But sometimes it has
an atomic weight of about 14, and is known as carbon 14 or C14.

Table 1-1 lists all the known elements in alphabetical order, with atomic numbers in
one column, and atomic weights of the most common isotopes in another column. The
standard abbreviations are also shown.

Electrons

Surrounding the nucleus of an atom are particles having opposite electric charge
from the protons. These are the electrons. Physicists arbitrarily call the electrons’
charge negative, and the protons’ charge positive. An electron has exactly the same
charge quantity as a proton, but with opposite polarity. The charge on a single elec-
tron or proton is the smallest possible electric charge. All charges, no matter how
great, are multiples of this unit charge.

One of the earliest ideas about the atom pictured the electrons embedded in the nu-
cleus, like raisins in a cake. Later, the electrons were seen as orbiting the nucleus, mak-
ing the atom like a miniature solar system with the electrons as the planets (Fig. 1-1).
Still later, this view was modified further. Today, the electrons are seen as so fast-
moving, with patterns so complex, that it is not even possible to pinpoint them at any
given instant of time. All that can be done is to say that an electron will just as likely be
inside a certain sphere as outside. These spheres are known as electron shells. Their
centers correspond to the position of the atomic nucleus. The farther away from the
nucleus the shell, the more energy the electron has (Fig. 1-2).

Electrons can move rather easily from one atom to another in some materials. In
other substances, it is difficult to get electrons to move. But in any case, it is far easier
to move electrons than it is to move protons. Electricity almost always results, in some
way, from the motion of electrons in a material.

Electrons are much lighter than protons or neutrons. In fact, compared to the nu-
cleus of an atom, the electrons weigh practically nothing.

Generally, the number of electrons in an atom is the same as the number of protons.
The negative charges therefore exactly cancel out the positive ones, and the atom is
electrically neutral. But under some conditions, there can be an excess or shortage of
electrons. High levels of radiant energy, extreme heat, or the presence of an electric field
(discussed later) can “knock” or “throw” electrons loose from atoms, upsetting the balance.

Ions

If an atom has more or less electrons than neutrons, that atom acquires an electrical
charge. A shortage of electrons results in positive charge; an excess of electrons gives a
negative charge. The element’s identity remains the same, no matter how great the ex-
cess or shortage of electrons. In the extreme case, all the electrons might be removed

https://engineersreferencebookspdf.com



6 Basic physical concepts

Table 1-1. Atomic numbers and weights.

Element name Abbreviation Atomic number Atomic weight*
Actinium Ac 89 227
Aluminum Al 13 27
Americium** Am 95 243
Antimony Sb 51 121
Argon Ar 18 40
Arsenic As 33 75
Astatine At 85 210
Barium Ba 56 138
Berkelium** Bk 97 247
Beryllium Be 4 9
Bismuth Bi 83 209
Boron B 5 11
Bromine Br 35 79
Cadmium Cd 48 114
Calcium Ca 20 40
Californium** Cf 98 251
Carbon C 6 12
Cerium Ce 58 140
Cesium Cs 55 133
Chlorine Cl 17 35
Chromium Cr 24 52
Cobalt Co 27 59
Copper Cu 29 63
Curium** Cm 96 247
Dysprosium Dy 66 164
Einsteinium** Es 99 264
Erbium Er 68 166
Europium Eu 63 153
Fermium Fm 100 257
Fluorine F 9 19
Francium Fr 87 223
Gadolinium Gd 64 158
Gallium Ga 31 69
Germanium Ge 32 74
Gold Au 79 197
Hafnium Hf 72 180
Helium He 2 4
Holmium Ho 67 165
Hydrogen H 1 1
Indium In 49 115
Iodine I 53 127
Iridium Ir 7 193
Iron Fe 26 56
Krypton Kr 36 84
Lanthanum La 57 139
Lawrencium®* Lr or Lw 103 267
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Element name
Lead
Lithium
Lutetium
Magnesium
Manganese
Mendelevium**
Mercury
Molybdenum
Neodymium
Neon
Neptunium**
Nickel
Niobium
Nitrogen
Nobelium**
Osmium
Oxygen
Palladium
Phosphorus
Platinum
Plutonium**
Polonium
Potassium
Praseodymium
Promethium
Protactinium
Radium
Radon
Rhenium
Rhodium
Rubidium
Ruthenium
Samarium
Scandium
Selenium
Silicon

Silver
Sodium
Strontium
Sulfur
Tantalum
Technetium
Tellurium
Terbium
Thallium
Thorium
Thulium

Table 1-1. Continued
Abbreviation Atomic number
Pb 82
Li 3
Lu 71
Mg 12
Mn 25
Md 101
Hg 80
Mo 42
Nd 60
Ne 10
Np 93
Ni 28
Nb 41
N 7
No 102
Os 76
0 8
Pd 46
P 15
Pt 78
Pu 94
Po 84
K 19
Pr 59
Pm 61
Pa 91
Ra 88
Rn 86
Re 75
Rh 45
Rb 37
Ru 44
Sm 62
Sc 21
Se 34
Si 14
Ag 47
Na 11
Sr 38
S 16
Ta 73
Te 43
Te 52
Tb 65
Tl 81
Th 90
Tm 69

Atomic weight*

208
7
175
24
55
256
202
98
142
20
237
58
93
14
254
192
16
108
31
195
242
209
39
141
145
231
226
222
187
103
85
102
152
45
80
28
107
23
88
32
181
99
130
159
205
232
169
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8 Basic physical concepts

Table 1-1. Continued

Element name Abbreviation Atomic number Atomic weight*
Tin Sn 50 120
Titanium Ti 22 48
Tungsten W 74 184
Unnilhexium** Unh 106 —
Unnilpentium** Unp 105 —
Unnilquadium®* Unq 104 —
Uranium U 92 238
Vanadium \Y 23 51
Xenon Xe 54 132
Ytterbium Yb 70 174
Yttrium Y 39 89
Zinc 7n 30 64
Zirconium 7r 40 90

*Most common isotope. The sum of the number of protons and the number of neutrons in the nucleus. Most elements
have other isotopes with different atomic weights.

**These elements (atomic numbers 93 or larger) are not found in nature, but are human-made.

Nucleus

1-1 An early model of the
atom, developed about the
year 1900, rendered
electrons like planets and
the nucleus like the sun in a
miniature solar system.
Electric charge attraction
kept the electrons from
flying away.

Electron

from an atom, leaving only the nucleus. However it would still represent the same
element as it would if it had all its electrons.

A charged atom is called an zo7. When a substance contains many ions, the mater-
ial is said to be zonized.
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Nucleus

1-2 Electrons move around the nucleus of an atom at defined levels corresponding
to different energy states. This is a simplified drawing, depicting an electron
gaining energy.

A good example of an ionized substance is the atmosphere of the earth at high
altitudes. The ultraviolet radiation from the sun, as well as high-speed subatomic par-
ticles from space, result in the gases’ atoms being stripped of electrons. The ionized
gases tend to be found in layers at certain altitudes. These layers are responsible for
long-distance radio communications at some frequencies.

Tonized materials generally conduct electricity quite well, even if the substance is
normally not a good conductor. Ionized air makes it possible for a lightning stroke to
take place, for example. The ionization, caused by a powerful electric field, occurs along
a jagged, narrow channel, as you have surely seen. After the lightning flash, the nuclei
of the atoms quickly attract stray electrons back, and the air becomes electrically neu-
tral again.

An element might be both an ion and an isotope different from the usual isotope.
For example, an atom of carbon might have eight neutrons rather than the usual six,
thus being the isotope C14, and it might have been stripped of an electron, giving it a
positive unit electric charge and making it an ion.

Compounds

Different elements can join together to share electrons. When this happens, the result
is a chemical compound. One of the most common compounds is water, the result of
two hydrogen atoms joining with an atom of oxygen. There are literally thousands of dif-
ferent chemical compounds that occur in nature.
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10 Basic physical concepts

A compound is different than a simple mixture of elements. If hydrogen and oxy-
gen are mixed, the result is a colorless, odorless gas, just like either element is a gas
separately. A spark, however, will cause the molecules to join together; this will liber-
ate energy in the form of light and heat. Under the right conditions, there will be a vi-
olent explosion, because the two elements join eagerly. Water is chemically illustrated
in Fig. 1-3.

Electron

shells ‘ ‘ Electrons

nucleus

Hydrogen
nuclei

1-3 Simplified diagram of a water molecule.

Compounds often, but not always, appear greatly different from any of the ele-
ments that make them up. At room temperature and pressure, both hydrogen and oxy-
gen are gases. But water under the same conditions is a liquid. If it gets a few tens of
degrees colder, water turns solid at standard pressure. If it gets hot enough, water be-
comes a gas, odorless and colorless, just like hydrogen or oxygen.

Another common example of a compound is rust. This forms when iron joins with
oxygen. While iron is a dull gray solid and oxygen is a gas, rust is a maroon-red or
brownish powder, completely unlike either of the elements from which it is formed.

Molecules

When atoms of elements join together to form a compound, the resulting particles
are molecules. Figure 1-3 is an example of a molecule of water, consisting of three
atoms put together.

The natural form of an element is also known as its molecule. Oxygen tends to occur
in pairs most of the time in the earth’s atmosphere. Thus, an oxygen molecule is some-
times denoted by the symbol Os2. The “O” represents oxygen, and the subscript 2 indi-
cates that there are two atoms per molecule. The water molecule is symbolized Ho0,
because there are two atoms of hydrogen and one atom of oxygen in each molecule.
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Sometimes oxygen atoms are by themselves; then we denote the molecule simply as O.
Sometimes there are three atoms of oxygen grouped together. This is the gas called
ozomne, that has received much attention lately in environmental news. It is written Os.

All matter, whether it is solid, liquid, or gas, is made of molecules. These particles
are always moving. The speed with which they move depends on the temperature. The
hotter the temperature, the more rapidly the molecules move around. In a solid, the
molecules are interlocked in a sort of rigid pattern, although they vibrate continuously
(Fig. 1-4A). In a liquid, they slither and slide around (Fig. 1-4B). In a gas, they are lit-
erally whizzing all over the place, bumping into each other and into solids and liquids
adjacent to the gas (Fig. 1-4C).

Conductors

In some materials, electrons move easily from atom to atom. In others, the electrons
move with difficulty. And in some materials, it is almost impossible to get them to move.
An electrical conductor is a substance in which the electrons are mobile.

The best conductor at room temperature is pure elemental silver. Copper and alu-
minum are also excellent electrical conductors. Iron, steel, and various other metals are
fair to good conductors of electricity.

In most electrical circuits and systems, copper or aluminum wire is used. Silver is
impractical because of its high cost.

Some liquids are good electrical conductors. Mercury is one example. Salt water is
a fair conductor.

Gases are, in general, poor conductors of electricity. This is because the atoms or
molecules are usually too far apart to allow a free exchange of electrons. But if a gas be-
comes ionized, it is a fair conductor of electricity.

Electrons in a conductor do not move in a steady stream, like molecules of water
through a garden hose. Instead, they are passed from one atom to another right next to
it (Fiig. 1-5). This happens to countless atoms all the time. As a result, literally trillions
of electrons pass a given point each second in a typical electrical circuit.

You might imagine a long line of people, each one constantly passing a ball to the
neighbor on the right. If there are plenty of balls all along the line, and if everyone keeps
passing balls along as they come, the result will be a steady stream of balls moving along
the line. This represents a good conductor.

If the people become tired or lazy, and do not feel much like passing the balls along,
the rate of flow will decrease. The conductor is no longer very good.

Insulators

If the people refuse to pass balls along the line in the previous example, the line repre-
sents an electrical insulator. Such substances prevent electrical currents from flowing,
except possibly in very small amounts.

Most gases are good electrical insulators. Glass, dry wood, paper, and plastics are
other examples. Pure water is a good electrical insulator, although it conducts some
current with even the slightest impurity. Metal oxides can be good insulators, even
though the metal in pure form is a good conductor.
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1-4 At A, simplified rendition
of molecules in a solid; at
B, in a liquid; at C, in a
gas. The molecules don’t
shrink in the gas. They
are shown smaller
because of the much

larger spaces between
Q O them.
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Path of electron

Outer

electron
shells

1-5 In a conductor, electrons are passed from atom to atom.

Electrical insulators can be forced to carry current. Ionization can take place; when
electrons are stripped away from their atoms, they have no choice but to move along.
Sometimes an insulating material gets charred, or melts down, or gets perforated by a
spark. Then its insulating properties are lost, and some electrons flow.

An insulating material is sometimes called a dzelectric. This term arises from the
fact that it keeps electrical charges apart, preventing the flow of electrons that would
equalize a charge difference between two places. Excellent insulating materials can be
used to advantage in certain electrical components such as capacitors, where it is im-
portant that electrons not flow.

Porcelain or glass can be used in electrical systems to keep short circuits from oc-
curring. These devices, called insulators, come in various shapes and sizes for different
applications. You can see them on high-voltage utility poles and towers. They hold the
wire up without running the risk of a short circuit with the tower or a slow discharge
through a wet wooden pole.

Resistors

Some substances, such as carbon, conduct electricity fairly well but not really well. The
conductivity can be changed by adding impurities like clay to a carbon paste, or by wind-
ing a thin wire into a coil. Electrical components made in this way are called resistors. They
are important in electronic circuits because they allow for the control of current flow.

Resistors can be manufactured to have exact characteristics. Imagine telling each
person in the line that they must pass a certain number of balls per minute. This is anal-
ogous to creating a resistor with a certain value of electrical resistance.

The better a resistor conducts, the lower its resistance; the worse it conducts, the
higher the resistance.
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Electrical resistance is measured in units called ohms. The higher the value in
ohms, the greater the resistance, and the more difficult it becomes for current to flow.
For wires, the resistance is sometimes specified in terms of ohms per foot or ohms per
kilometer. In an electrical system, it is usually desirable to have as low a resistance, or
ohmic value, as possible. This is because resistance converts electrical energy into heat.
Thick wires and high voltages reduce this resistance loss in long-distance electrical
lines. This is why such gigantic towers, with dangerous voltages, are necessary in large
utility systems.

Semiconductors

In a semiconductor, electrons flow, but not as well as they do in a conductor. You might
imagine the people in the line being lazy and not too eager to pass the balls along. Some
semiconductors carry electrons almost as well as good electrical conductors like copper
or aluminum,; others are almost as bad as insulating materials. The people might be just
a little sluggish, or they might be almost asleep.

Semiconductors are not exactly the same as resistors. In a semiconductor, the ma-
terial is treated so that it has very special properties.

The semiconductors include certain substances, such as silicon, selenium, or gal-
lium, that have been “doped” by the addition of impurities like indium or antimony.
Perhaps you have heard of such things as gallium arsenide, metal oxides, or silicon
rectifiers. Electrical conduction in these materials is always a result of the motion
of electrons. However, this can be a quite peculiar movement, and sometimes engi-
neers speak of the movement of Zoles rather than electrons. A hole is a shortage of an
electron—you might think of it as a positive ion—and it moves along in a direction
opposite to the flow of electrons (Fig. 1-6).

« Electron
0 Hole

X Nucleus

< Electron motion

___________ » Hole motion

1-6 Holes move in the opposite direction from electrons in a semiconducting material.
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When most of the charge carriers are electrons, the semiconductor is called
N-type, because electrons are negatively charged. When most of the charge carriers are
holes, the semiconducting material is known as P-type because holes have a positive
electric charge. But P-type material does pass some electrons, and N-type material car-
ries some holes. In a semiconductor, the more abundant type of charge carrier is called
the magjority carrier. The less abundant kind is known as the minority carrier.

Semiconductors are used in diodes, transistors, and integrated circuits in almost
limitless variety. These substances are what make it possible for you to have a computer
in a briefcase. That notebook computer, if it used vacuum tubes, would occupy a sky-
scraper, because it has billions of electronic components. It would also need its own
power plant, and would cost thousands of dollars in electric bills every day. But the cir-
cuits are etched microscopically onto semiconducting wafers, greatly reducing the size
and power requirements.

Current

Whenever there is movement of charge carriers in a substance, there is an electric
current. Current is measured in terms of the number of electrons or holes passing a
single point in one second.

Usually, a great many charge carriers go past any given point in one second, even if
the current is small. In a household electric circuit, a 100-watt light bulb draws a cur-
rent of about six quintillizon (6 followed by 18 zeroes) charge carriers per second.
Even the smallest mini-bulb carries quadril