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Preface

This book was created for the reader who wants or needs to
understand electronics, but can’t devote years to the study. The
basic challenge was to explain engineering concepts without using
mathematics — so you won't find any math in this book beyond a
little fourth-grade arithmetic. A second challenge was to teach
technical concepts to non-technical people, some of whom would
have trouble wiring a doorbell — so you'll find that this book
begins at the beginning and explains every new idea and ex-
pression along the way.

Most such attempts to popularize science leave a rather
superficial knowledge of the field with the reader, no matter how
conscientious he is. But people who have completed this course
reassure us that it has equipped them to “hold their own,” even in
technical conversations with electronic engineers.

The course was originally developed as a 12-hour videotape
presentation. An adaptation has appeared as an 18-lesson series in
Electro-Procurement magazine, and in TI's internal publication,
DallaSite. Thus, thousands of people, spanning the spectrum from
clerk to mechanical engineer, have already completed the course.
Almost all of them report that they have profited from the course.
And the course has profited from the inclusion of many of their
constructive suggestions.

We will have achieved our objective in publishing this work if
it helps you to perform more effectively on the job, or helps you
enjoy your hobby more. But we will have achieved a still more
important objective if we succeed in heightening your awareness
of the technology which, more than any other, is shaping the
future of humankind.
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GLOSSARY FOR CHAPTER 1

Electrons Tiny particles making up electricity.

Voltage Electron pressure or density in an electrical wire or circuit.
Usually expressed in volts (V).

Current The flow of electrons. Usually expressed in amperes (amps or
A), milliamperes (mA) or microamperes (uA).

Resistance Difficulty in moving electrical current through a metal wire
when voltage is applied. Usually expressed in ohms (£2) or kilohms (k£2).

Direct Current  Flow of electrons which only goes in one direction.
Abbreviated dc.

Alternating Current Electrical current, the flow of which reverses (or
alternates) at regular intervals. Abbreviated ac.

Frequency How many times every second an alternating current goes
through a complete cycle (turning around backwards, and then going
forward again). Formerly expressed in cycles per second (cps) and
multiples. Now expressed in equivalent units of hertz (Hz), kilohertz
(kHz), megahertz (MHz) and gigahertz (GHz).

Digital Method of sending information through an electrical circuit by
switching the current on or off.

Analog Method of sending information through an electrical circuit by
regulating the current or voltage.

Amplitude Modulation Variety of analog whereby information is sent
through the circuit by changing (modulating) the amplitude or height of
electrical waves.

Frequency Modulation  Variety of analog whereby information is sent

through the circuit by changing (modulating) the frequency of the
electrical waves.




Chapter 1
What Electricity Does
In Every Electrical System

Let’s jump right into our study of semiconductors and
electrical systems, with two general statements that provide a
starting point in simplifying the concepts. The first statement is:
All electrical systems either manipulate information, or do work,
or do both. Regardless of the actual complexity of the system,
everything that the system does will fall into one of these two
categories — information or work.

The second statement is: All electrical systems are organized
in a similar fashion. We might term this "the Universal System
Organization.” Any system can be broken down into three basic
elements of organization: The elements of sense, decide, and act.

In Fig. 1.1, we have a block diagram of the “Universal
System.” The system must have inputs, as shown by the input
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Fig. 1.1

arrows. Typically, this input information is non-electrical — as,
for example, pushing the starter button in an automobile. Then,
between the boxes, we must have a flow of information, as shown
by the arrows. Finally, in the act stage, we have a conversion of
information into the desired action, as shown by the “action”
arrows. This action can be either work or information in a desired
form. Work, for example, might be the rapid turning of the bit by
the motor in an electric drill; information in a desired form might
be the numbers displayed as the answer on an electronic desk
calculator.

All that our Universal System does — and all that any elec-
trical system will do — is manipulate information or perform
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work. And in every system, we will find information being input,
we will find a flow of information internally, and we will find
resultant actions. There’s a familiar human analogy to this. You
touch a hot stove. Your fingers sense the heat; this is the input of
information. The information travels to your brain; this is the
decide portion of the system. A decision is made, and the
resultant information then travels to the act stage, your arm. At
this point, the information is converted into the desired action, the
quick removal of your hand; this removal of the hand is work.
Alternatively, suppose your hand is stuck to the stove. Being
unable to remove it, you call for help. This call may be considered
adesired form of information, as opposed to work. So we see that
our human system, like electrical systems, can be divided into the
stages of sense, decide, and act.

Now, let's move a little closer to electronics. Figure 1.2
presents a functional or block diagram of a simple yet typical
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Fig. 1.2

system, a thermostatic control system for a central heating unit.
This system must have a temperature-sensing device, and it must
have a control that can be set at the desired temperature. Both of
these devices convert external information into a form that can be
handled internally. The temperature-sensing device, a kind of
thermometer, tells the system when the room temperature has
fallen below, or risen above, the desired level. The control tells
the system what that desired level is. Thus, these devices convert
external information to internal information that can be handled

. S o
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by the system. Next, the system has to use these two streams of
information and arrive at a decision. In this case, it is a decision
that in essence tells the fuel valve either to turn-on or to turn-off.
If the decision is “turn-on,” the fuel valve actuator converts this
information into the action of moving the rather heavy valve parts.
So here again we see how our system is organized in the universal
manner: Sense, decide, act. And we dealt with either information
or work: Information at the input, work at the output.

Let's take still another example. Figure 1.3 shows a block
diagram of a phonograph or hi-fidelity system. First, we have

—>  NEEDLE |~  DECIDE

| CONTROLS [ | (PRE-AMP) SPKR
o

Fig. 1.3

input from the needle and cartridge; they perform a sensing
function as the groove in the record passes under the needle. We
also have input from the hand controls for volume and tone. The
internal electrical information from these input devices usually
goes to a preamplifier which, in effect, decides what the loud-
speaker should do — the decision being based on the input in-
formation signal to the power amplifier. The amplified signal
passes on to the loudspeaker, which finally acts to produce sound
in the air. So, once more, we can divide the entire system into
three segments: One that senses, one that decides, and one that
acts.
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You will hear other terms for these three system stages. We
use the terms “sense, decide, and act” because they are graphic
and easy to visualize, but the terms “input, process, and output”
are synonymous with them. You will also hear the terms “input
interface” and “output interface.” These are very appropriate
terms for the sense and act stages, since these stages do act as
interfaces or “go-betweens,” converting information and work
between the external world and the electrical system.

The furnace control and the phonograph are relatively simple
systems. But let’s look at a computer, and see how this same
Universal Organization exists in more complex systems. Figure 1.4
shows that the computer, too, is divided into the three typical

ORDERS
INPUT ouTPUT
UNIT STl uNiT [ OUTRUT
PROCESSING
UNIT
SENSE —={ DRIVE |
[} Y
1 i
1 ] 1 )
----- MEMORY  f-~—=-- i
[ J Fig. 1.4

segments. But here, we begin to indicate the added complexity of
the computer by showing that the sense or “input” block is divided
into two sections, accommodating two streams of information.
Similarly, the act or “output” block is divided into two parts. The
decide segment, in Universal Organization terms, is the central
processing unit of the computer.

HOW DO SYSTEMS USE ELECTRICITY TO MANIPULATE IN-
FORMATION AND DO WORK?

Now that you have a fair grasp of the basic way in which al
electrical and electronic systems are organized, the next question
is “How do systems do these things — manipulate information and
do work?” Electrical and electronic systems perform these
functions through the medium of electricity, by means of electrical
circuits, which typically employ semiconductors. Later, in this
book, we will be talking about circuits and semiconductors. But
right now, we need to develop some understanding of how
electricity can manipulate information and do work. What is it
about electricity — its voltage, current, and other characteristics
— that allows it to do these things?

L
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Electricity is really rather simple, because it behaves like a
liquid. It flows like water. And like water, it tends to fill every
space available to it. Electricity is made up of minute particles
called electrons, which exist in every kind of matter. In a metal
wire, electrons can be pumped like water by a generator or bat-
tery. Electrons repel each other, so they tend to reach the same
density throughout a circuit, like water seeking the same level
under the influence of gravity. Since there are so many basic
similarities between the behavior of water and that of electricity,
we can illustrate electrical characteristics by employing a water-
flow analogy.

Figure 1.5 shows an open-top sluice with water in it. We have
a little man at a water pump, the equivalent of an electrical

/ 4
Fig. 1.5 VOLTAGE RESISTANGE

generator. As the man pumps water from one end of the sluice
into the other, water piles up at a high level and pressure at the
input end of the sluice, and flows to seek the lower level at the
other end of the sluice. Electricity does precisely the same thing.
When electrons are pumped into one end of a wire, the electrons
are forced to pile up to a high density, and they tend to flow
toward the lower density at the other end of the wire. This
electron density can be thought of as pressure, and it is measured
in volts. Voltage is the measure of electron pressure.

In comparing water to electricity, we can see that the height
of water in the sluice is equivalent to the density of electrons. But
in electricity, we need also to be concerned with the flow of
electrons, which we call “current.” The flow of water is measured
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in gallons per minute; the flow of electrons or electrical current is
measured in amperes — “amps.”

The relationship between the voltage and current in
electrical circuits is just like the relationship between water level
and water flow in a sluice. Consider Fig. 1.6. Assume the upper
horizontal line to be the starting water level in the sluice. If we

~

'\

N

—

— - Fig. 1.6

increase the height of water at the left end by pumping it in at a
vigorous rate we also increase the water pressure at that end.
Consequently, the water will flow to the right end at an increased
rate — more gallons per minute. The same thing happens with
electricity. If we increase the voltage differential in the circuit, we
increase the amperage or rate of current flow.

There is another factor that can affect both the flow of water
and the flow of electricity. This factor is called resistance. In the
case of water flow, the resistance is chiefly created by the con-
stricting properties of the walls of the sluice. Electricity, like
water, is restricted in its flow by the nature of the conductor. In a
sluice, or in a wire, the resistance will be constant as long as
the characteristics of the conductor remain the same.

" However, resistance can be altered. Figure 1.7 shows the
sides of the sluice pulled in, constricting the passage, and

Fig. 1.7

thereby increasing resistance. We can do the same thing with the
flow of electrical current by using a variable resistor. What
happens when we pull in the sides of the sluice? If the man
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continues to pump at the same number of gallons per minute, the
water will rise higher at one end of the sluice. The same thing
happens with electricity; the voltage differential increases; it is
higher at one end than at the other. So we can see that voltage,
current, and resistance are all related. If you change one, this
changes one or both of the others.

Electricity, like water, must flow in order to carry information
or to perform work. To flow, it must come from somewhere and
go somewhere. It’s usually convenient to make it go in a circle to
take care of this problem, and that's where we get the term
“electrical circuit.”

Before we move on, return for a moment to Fig. 1.5, and look
at the schematic diagram of the electrical circuit represented by
our water analogy. In the schematic, the circle represents the
generator. The lines coming out of and going into the generator
represent the conductors (or wires). And the zig-zag section
indicates the resistance of the conductor; this zig-zag symbol also
stands for a resistor.

HOW DOES ELECTRICITY CARRY POWER?

The useful thing about the flow of electricity is that it carries
energy, or power, from one place to another. This energy can be
put in at one point and used at another point. Figure 1.8 is a water
analogy that illustrates this. Energy is put into electricity by

Fig. 1.8

pumping it from a low voltage to a high voltage. You get energy
out of electricity by letting it fall from a high voltage to a low
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voltage. In the water analogy, the energy is being converted to the
useful work of sawing wood, by a waterwheel. We can put more
power into the waterwheel by increasing the voltage difference
(the height of the waterfall), or by increasing the current (the
flow of water),

Electrically speaking, the pump we see here is representative
of any device that puts energy into electricity. We’ll continue to
call it a generator, which is a device that converts mechanical
energy into electrical energy. But the water pump equally well
represents a microphone, which converts sound energy into
electrical energy. The waterwheel represents any device that
converts electrical energy back into external energy — for
example, a motor, which produces mechanical energy, or a
loudspeaker, which produces sound energy. For the sake of
simplicity, we'll generally refer to the waterwheel as a motor.
Figure 1.8 also shows the schematic electrical diagram equivalent
to this simple circuit.

Now let’s see what happens if we remove the waterwheel from
the waterfall as in Fig. 1.9. As far as the rest of the circuit is
concerned, removing the wheel changes nothing. Water continues

sy

HEAT OUT Fig. 1.9

to flow across the voltage drop at the waterfall, and the only
change is that no work is coming out. The waterfall is now simply
the equivalent of a resistor. But what is happening to the energy
— the work — that is still being put into the water by the pump? It
is simply being wasted away by the friction, or resistance, in the
waterfall. And like any friction, it produces heat; that’s where the
energy is going — into heating up the water and sluice. The same
thing happens in our electrical circuit. Any working device, like a
motor, can be replaced in a circuit by a resistor, without having
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any effect on the circuit except that the work that might be done is
instead wasted as heat, and the resistor gets hot. This is the way
electrical heating elements and light bulb filaments work.

The point here is that any time electricity flows from a higher
to a lower voltage — whether it’s just from one end of a wire to the
other, or through a resistor, or through a motor, or any other
device — energy has to come out of it. If you don’t recover the
energy as some sort of work, it simply heats up the wire or the
device. In the schematic of Fig. 1.9, we see this heat, represented
by arrows, radiating from the resistor.

HOW DOES ALTERNATING CURRENT DIFFER FROM DIRECT
CURRENT?

In the circuits we have seen so far, the current flows in one
direction. This is called “direct current,” or “dc.” An alternating-
current circuit works just like a direct-current one, except that a
special generator is required to pump current first in one direction
through the circuit and motor, and then in the other direction.
And a special motor is used, to recover work from current going in
either direction.

Figure 1.10 shows an alternating-current circuit in hydraulic
terms. This circuit is equivalent to the direct-current motor and

Fig. 1.10

generator circuit we saw in Fig. 1.8. The special pump represents



.
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an a-c generator. The paddle or piston connected to the pumping
lever pushes water first in one direction and then the other. This
produces a higher voltage first on one side of the paddle and then
the other, so that the current around the circuit and through the
motor alternates in direction. This pump, like the d-c kind, simply
puts energy into electricity.

The a-c motor is represented by another piston-like paddle on
a lever, just like the generator. When the voltage is higher on the
left than on the right side of the paddle, it moves right, allowing
some current to flow to the right; then the generator makes the
voltage on the right side higher, and the paddle and current moves
left. The water does work during each stroke and the work in this
case goes into sawing wood.

WHAT IS ELECTRICAL FREQUENCY?

The frequency of alternating current is just the measure of
how often it changes direction. That is, how many times every
second a current goes through a complete “cycle,” turning around
backward and then going forward again. One cycle per second is
called one “hertz.” See Fig. 1.11. Of course, real electrical circuits
use much higher frequencies than would be possible with our

A A
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ONE CYCLE Fig. 1.11

water model. You'll hear of kilohertz, meaning thousands of
cycles per second, megahertz, meaning millions, and gigahertz,
meaning billions.

HOW IS POWER CONTROLLED?

By now, you should have a basic grasp of the way electricity
flows and carries power, so we can go a step further. This power
can be controlled to make the system perform in the desired
manner.

There are two ways to control power. The first way is simply
to control the amount of power you put into the circuit.  In our
hydraulic analogy of the pump and the waterwheel, the power
going into the saw is controlled by the power going into the pump.
If the little man pumps vigorously, more power comes out of the
waterwheel. If he slows down, less power comes out of the
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waterwheel. Typically, however, the power available to electrical
systems is uncontrolled at its source.

The second way to control power is at some point in the

circuits other than the power source, and this is more common.
Figure 1.12 illustrates how this can be done — note the little man
with tHe sliding dam, or “weir.” Suppose the man at the pump is

—GEN-

Fig. 1.12

working at a steady rate; how can we vary the cutting power of the
saw? By sliding the weir in or out, the control man can choke off
or open the flow of water through the channel. So the man at the
sliding weir controls the power driving the saw. He can make the
saw cut fast or slow; he can turn it on or turn it off.

The man at the dam is representative of all that can be done
to the flow of electricity within a circuit between the power source
and the point of use. It can be throttled, or it can be switched on
and off. This little concept is so important to remember when we
are considering ways in which electricity can be used, that it bears
repetition once more, in other words: We can only do two things
to electricity between the power source and the point of use. We
can switch it — as in an “‘on or off” function — or we can regulate
it, as when we vary the resistance.
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The schematic of Fig. 1.12 depicts what we have been talking
about in electrical terms. It shows the generator (pump) and the
motor (waterwheel). Between them in the circuit is the variable
resistor (weir); this variable resistor can also act as an on-off
switch.

So far, we haven’t said much about semiconductors, and you
may be asking the question — what does all of this have to do with
semiconductors? The answer is that some knowledge of the
simple basic concepts will provide you with the essential
framework — some ways of thinking, if you will — that will greatly
simplify your understanding semiconductors. For example, once
you realize that every system can be divided into sense, decide,
and act segments, it is easy to understand and remember where the
various types of semiconductors are likely to be used. You can
understand why light sensors are found chiefly in the sense portion
of a system. You can see why the decide segment contains mainly
small-signal diodes and transistors and integrated circuits, And it
is easy to see why power semiconductors are found chiefly in the
act segments, as well as in circuits that supply power to the whole
system. And given this necessary framework, you can see for
example why information in a system is generally manipulated by
small-signal devices, and why work is most often controlled by
power semiconductors. But right now, we need to lay more of our
foundation.

INFORMATION AND WORK IN ELECTRICAL SYSTEMS

We can cover work quickly, because we saw examples of
work as we discussed basic electricity. Converting our hydraulic
analogy into electrical terms, we can say that in electrical systems,
work is the performance of a discernible task — an electric motor
lifting something, an electric heater providing warmth, a light bulb
illuminating a room. The boundary between work and information
is not always sharply defined — after all, the same light bulb
illuminating a digit on the display panel of an instrument would be
dealing with information —but we can usually make the distinc-
tion by asking “what’s the chief end-purpose of the action? Work
or information?”

Work, as performed by an electrical system, involves
relatively large amounts of power. A common light bulb in the
home, for example, typically requires more than a hundred watts
of power. Information segments of a system, on the other hand,
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typically require only a few milliwatts — a few thousandths of a
watt. But even though manipulating information requires much
less power than work does, it is still achieved in one of the two
ways we mentioned earlier; electricity can be switched, or it can
be regulated. Let’s see how these two methods can be used to send
information.

HOW IS INFORMATION SENT BY THE DIGITAL METHOD?

The method that involves sending information by switching is
called the “digital method.” All modern digital computers use this
method of transmitting information. In contrast, the method of
sending information by regulating is called the “analog method.”
Radios, phonographs, and analog computers provide examples of
information carried by the analog method.

Since the digital method is somewhat simpler to understand,
we’ll consider it first. Digital computers use the same basic
transmission method as a simple telegraph circuit.

Let’s look at the logical basis of telegraph code, to see how we
might use such a technique in a computer. Figure 1.13 is a
schematic of a simple, old-fashioned telegraph circuit. The power

‘/,L[\ELECTRON FLOW
_
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supply is a battery, which pumps electrons to a higher voltage on
one side of the circuit than the other. The simple switch in the
schematic is the telegrapher’s transmitter key. And we've used a
simple buzzer as the receiver. In the schematic, the switch is in the
off (or open) position. Since the voltage on both sides of the
buzzer is the same, the receiver is silent. When we press the key,
turning the switch on, the voltage on the switch side of the receiver
goes high, increasing the current flow and causing the buzzer to
operate. When the switch returns to the off position, the current
flow stops and the buzzer becomes silent.

We can say, then, that it is a change in voltage in the wire that
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carries the information. We can visualize it as shown in Fig. 1.14.
The level of the bottom horizontal lines represents zero voltage,

T L Fig. 114

meaning the switch is off. When the switch is turned on, the
voltage rises to the higher level indicated by the upper horizontal
lines. If the switch is closed for a short time, we get a dot in Morse
code. If it’s held closed for a longer period, we get a dash. The
curve shown gives us a dot-dash, which is an “A” in Morse code.
That’s all there is to it — switch on, switch off.

Now let’s see how this digital method works in a computer.
Digital computers are designed to handle numbers, not letters,

But Morse code numbers are cumbersome, with (in International
Code) five characters for each digit, so computers use a more
efficient code called the “binary number code.”

Here’s how it works. We usually let a low voltage represent a
zero; the higher voltage then represents a one. Figure 1.15 shows

1

LI—— Fig. 1.15

the voltage curve. Since all we can transmit in the binary number
code is zeros and ones, how can we extract any intelligence from
the code? Figure 1.16 shows a five-bit word; each zero or one is
called a “bit,” and a given number of bits makes up a word. This

16 8 4 2 1
101 01

16+4+1=21 Fig. 1.16

five-bit word will serve well as our example, even though typical
computers use 32-bit words. Let’s read this word as a number in
= binary code. The first bit reading from the right stands for one;
the second bit for two; the third for four; the fourth for eight;
and the fifth for sixteen. Now, think of the zeros as standing for
“no” and the ones for “yes.” So we can read the word from right to
left, this way: Yes, we have a one. No, we don’t have a two. Yes,

b .
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we have a four. No, we don’t have an eight. Yes, we have a six-
teen. Add up the values we do have, as we have done on the
bottom line of the figure, and you get twenty-one. So twenty-one
is the number represented by this word: 10101 in binary code.

It’s easy to see how we can add more bits to the left. The next
bit would represent thirty-two, the one beyond it sixty-four,
beyond that one hundred twenty-eight, etc. In this way, we can
send numbers as big as we want. And, of course, we can also
encode decimal fractions. Digital computers use many other
codes, such as binary-coded decimal, Gray code, and for letters,
the Hollerith code. But all of these codes use just zeros and ones,
so they're all binary codes. “Binary” means “two-state,” on or off.

This simple principle of transmitting digital information has
remained the same from the old-fashioned telegraph system
through today’s most modern and powerful digital computer.
You've probably heard of Boolean algebra — it’s an entire system
of complex mathematics based on binary counting, that enables
computers to perform highly sophisticated computations.

HOW IS INFORMATION SENT BY THE ANALOG METHOD?

Since the only two ways we can control the flow of electricity
are by switching it or regulating it, and the digital method uses
switching, it follows that the only other method available must
employ regulation. It does, and we call this the “analog method.”
To explain the analog method, we can use essentially the same
circuit we employed in discussing the digital method. However, in
Fig. 1.17, we have replaced the simple switch of the digital method
with a variable resistor to regulate voltage. And instead of a

)/,!”\ELECTRON FLOW
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Fig. 1.17 *

buzzer, we use a meter to measure voltage. (This is a special
meter, a galvanometer whose dial is calibrated in volts.) So now,
the variable resistor regulates the voltage in the line to the meter.
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In this analog method, we will let some measurement of the
electricity in the line stand directly for the number we want to
transmit. If, for example, we let a voltage-level measurement
stand for the number, we have a voltage analog system. Suppose
that we regulate the voltage to 10.5 volts, by using the variable
resistor. Then, when we read the voltmeter, we would read the
actual number 10.5. Or, by arranging the code with the receiver, it
could mean double 10.5, or the square of 10.5, etc. If we changed
the voltage by regulating the variable resistor, say to 2.36, we then
transmit a different number.

A tremendous variety of electrical systems use voltage analog
to transmit information. Most old-fashioned automobile fuel
gauges work this way. A float in the gas tank controls the variable
resistor. As the level of gas changes, the voltage going to the gas
gauge changes. Such a gauge is really a voltmeter whose dial is
marked from empty to full, instead of in volts. Other examples of
voltage analog devices include analog computers, where voltage
stands for numbers or mathematical functions of numbers. And in
telephones, the voltage stands for fluctuating air pressure, which
the ear interprets as sound.

Measurements other than voltage can be used to transmit
information. Current analog systems, for example, operate the
same way as voltage analog systems, except that they depend on
measurements of current, or “amps,” instead of voltage.

An interesting variety of voltage analog is called “amplitude

analog” — or more commonly, “amplitude modulation.” In Fig.
1.18, we have replaced the battery of Fig. 1.17 with an alternating-
-

¢ @
L AAA- Fig. 1.18

current generator. Now, the voltmeter will oscillate constantly, as
the generator produces alternating voltage, first high with current
going in one direction, then low as the current goes in the other
direction. Obviously, we can’t establish a constant voltage level in
this case, but we can measure the height, or amplitude, of the
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waves. By varving the resistance, we can change the height of the
waves, as in Fig. 1.19. Thus, we can let the amplitudes stand for the

Fig. 1.19

numbers we want to transmit. AM radios get their name from the
fact that they operate on the principle of amplitude modulation.

Still another analog method is frequency modulation. This
technique is employed in FM radios. It depends on waves just like
AM. But instead of measuring the height of the waves, we
measure their frequency. FM waves are shown in Fig. 1.20.
Assume that the waves at the left end, which are close together,

represent ten cycles per second (ten hertz). And assume that the
waves near the right end, where they are farther apart, change to
half that frequency, or five hertz. Now we have represented the
numbers ten and five.

There are still other analog methods, of course, but the ones
we’ve described are by far the most popular. In summary, we can
say that all analog methods are based on regulating various
properties of electricity. On the other hand, all digital methods
are based on switching electricity on and off.

In the next chapter, we will see what goes on inside the three
boxes of sense, decide, and act. Before going on, however, why
not take the quiz for Chapter 1? You'll find the answers on the last
pages of this book. By taking the quizzes that appear at the end of
each chapter, you can assure yourself that you've mastered the
information you need to know, to profit fully from later
discussions.
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QUIZ FOR CHAPTER 1

1. All electrical and electronic systems are designed and built to:

a. Manipulate information

b. Do work

c. Either or both of the above
d. None of the above

N OrROO0O

. The three basic elements of all electrical systems are:

a. Sense, detail, act
b. Sense, decide, act
¢. Input, act, output
d. Sense, decode, act
e. None of the above

For electricity to do work the electrons must:

Be switched

Alternate in direction

Be of very good quality

Flow from a higher to a lower electron voltage
None of the above

OW0OO0O0O ® 000®mO
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Three of the most important factors controlling the flow of
electrons in a circuit are:

. Voltage, current, and resistance

. Resistance, reactance, and current

. Voltage, current, and wattage

. Voltage, electromotive force, and current
. None of the above

o 0O0ooO0o®
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Between the source of power and the point of use, all that can
happen to electricity is:

. It can alternate in direction

. Its voltage can change

. It can manipulate information

. It can be switched and regulated
. None of the above
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Analog and digital refer to the two ways electricity can:

a. Be switched

b. Be regulated

c. Carry information
d. Flow like water
e. None of the above

In binary code, a “bit” means:

a. 10
b. 1
c. lor0
d. 2
e. None of the above

. Wasted electrical energy is dissipated as:

Vibration

Heat

Excessive current flow
Resistance

None of the above

. Increasing the resistance in a circuit causes the flow of
electrons to:

Be decreased

Be stopped

Be speeded up
Remain constant
None of the above

. Frequency of alternating current is the rapidity with which the
electrical current changes direction, and is measured in:

Amperes

Watts

Hertz

Ohms

None of the above



GLOSSARY FOR CHAPTER 2

Emitter (N-region) The region in an NPN transistor that emits a
relatively large number of electrons as a relatively small number of
electrons is extracted from the P-region base.

Base (P-region) Area in an NPN transistor from which electrons are
withdrawn to make current flow in a circuit.

Collector (N-region)  The N-region of an NPN transistor that collects the
emitted electrons and then passes them on through a conductor,
completing the electric circuit.

Control Circuit A low-power circuit used to control the switching or
regulating element in a higher-power working circuit.

Working Circult A circuit that provides electrical power to a device that
does work or transmits information.

Amplifier Basically, a name given a transistor or circuit that regulates
the flow of electrons, as opposed to switching the flow.

Modulator An amplifying-type circuit function whose output is a copy
of oscillating electrical waves at its input, except that the amplitude
(height) of the output waves is modulated (controlied) by a second input.
(This is an amplitude modulator, and is the most important circuit
function in an AM radio transmitter.)

Oscillator An amplifying-type circuit function whose output is a
regularly fluctuating (oscillating) current or voltage.




Chapter 2
Basic Circuit Functions
In the System

Now that we have analyzed the common characteristics of all
systems, we're ready to talk about circuits. Since we’ll have to
bounce back and forth a bit between various levels of organization
within a system, let’s get these levels clearly in mind. The highest
level is the system (a radar system, a TV set, a clock, a radio);
within each system are three stages (sense, decide, act); within
each stage are one or more circuits (tuning circuit, counting
circuit, light-sensing circuit); within each circuit are one or more
components (transistors, diodes, rectifiers, integrated circuits,
resistors, capacitors). So a single system has only three stages, but
may have thousands of circuits and millions of components.

Much of what we will discuss in this chapter is based on a
single fact we learned in the last chapter: There are only two
things that can be done to electricity between a power source and
a point of use — it can be switched or it can be regulated.

In the first chapter, we discussed some elementary methods of
switching and regulating. We saw that electrical power can be
regulated by a variable resistor. One common type of variable
resistor is the rheostat. By physically turning the knob on the
rheostat, we can change the amount of resistance, and thus
decrease or increase the brightness of a light, or control the
volume of a radio. And we saw how we can use a hand-operated
switch to send telegraph messages.

But it’s quite obvious that manual switching and regulating
are totally unsuitable for modern electronics. How could we
possibly build a workable system if we required manual switching
and regulating in thousands of different circuits? The answer, of
course, is that we could not build a system of any sophistication,
The great breakthrough that made modern electronics possible
was the invention of the vacuum tube. It provided a method for
controlling electrical power by electrical means, rather than by
mechanical or manual methods. The great benefit of the vacuum
tube was that it could perform these switching and regulating
functions at high speed — millions of times per second.
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Invention of the transistor, in turn, provided major im-
provements over the vacuum tube. Today, it is the very heart of
modern electronics. The transistor does the same things that a
vacuum tube does: it switches and regulates by electrical means.
Compared to the vacuum tube, however, the transistor has many
outstanding advantages: It requires no heater current, it is very
small and light, it is mechanically sturdy and long-lasting, it
operates at desirably low voltages but can carry relatively high
current, and it is thousands of times more reliable than the vacuum

; tube. We'll be examining the transistor and its applications in
detail later in this book. But for now, we must consider the

f‘ transistor’s functions of switching and regulating as our jumping-
off point.

WHAT MAKES EACH SYSTEM STAGE WORK?

Each system stage is made up of one or more circuits —
circuits in varying types and numbers depending on the purpose
and complexity of the system. These circuits, operating in-
dividually and collectively, enable the system to operate in the
desired manner. And it is by virtue of switching and regulating
that we make the circuits perform as required. To comprehend
the circuits themselves, we must first find out how their basic
component, the transistor, behaves and what it does in the circuit.
The most general and basic circuit arrangement is shown in Fig.
2.1. You'll recognize it as the same circuit we used in Chapter 1.

POWER
SOURCE
—i[i}
S
& N\

ELECTRON
FLOW

CONTROL WORKING
DEVICE

Fig. 2.1

It has a power source, a working device, and a control. The
control, as we saw before, is a device that switches or regulates.
Let’s see now how a transistor can be used as a regulator in this

L n
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same circuit. Since electronic engineers call regulating-type
transitors “amplifiers,” from this point on, we'll use the term
“amplifier.”

Before we put an amplifying transistor into this circuit, let’s
see how a transistor is constructed. The heart of every transistor is
a small piece of semiconductor material, most often germanium or
silicon. As the cross-section of a transistor in Fig. 2.2 shows, the

ARROWS N
INDICATE
ELECTRON
FLOW

Fig. 2.2

transistor is processed so it has three distinct sections, or regions,
designated as either “P type” or “N type.” Later on, we will cover
what is meant by P and N.

This transistor is an NPN type. Later on, we'll also explain
another type, the PNP. This piece of semiconductor material can
be made to act as a variable resistor, or as a switch. It can be made
to conduct current, to throttle it partially, or to block it entirely.

Let’s see how this works by putting our transistor cross-
section into our basic circuit schematic, as shown in Fig. 2.3. Our
power source is still a battery, and for our point of use, we'll use a
loudspeaker. We’ve connected a microphone to the P region of
the transistor.

Before the microphone is connected in the circuit, nothing
will happen. The transistor will merely block the flow of elec-
tricity from the battery to the loudspeaker. To make current flow,
we must withdraw electrons from this central region, called the
“base,” to permit the current to flow from one N region to
the other. The more electrons we withdraw, the more current will
flow. One N region is called the “emitter,” because as we extract
electrons from the base, this region will emit electrons across the
base region. The other N region is called the “collector,” because
it’s the region where the flowing electrons will be collected and
then pass on down the wire to the loudspeaker.
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You'll notice that in Fig. 2.3 we have also hooked a wire from
the microphone back to the emitter of the transistor. We had to

- +

N | COLLECTOR

Fig. 2.3

do this to give the electrons withdrawn from the base a place to go,
by returning them to the emitter; you’ll recall that in Chapter 1, we
said electricity would flow in a circuit only if it had somewhere to
come from and somewhere to go. This additional wire has
completed what is called the “control circuit.”

Now that you have the circuit concept firmly in mind, we
might as well get professional and replace the cross-section
drawing of the transistor with the proper symbol for a transistor, as
in Fig. 2.4. In the symbol, the vertical line represents the base.

(0-500 mw)
.||L
=] L
MICROPHONE (ELECTRON
(-5 miw) GLECTRON [ﬂ
CONTROL FLOW
CIRCUIT
WORKING
CIRCUIT
Fig. 2.4

The plain diagonal represents the collector, and the diagonal with
the arrow represents the emitter. The emitter arrow always points
in a direction that is opposite to that of electron flow. The symbol
is properly completed by drawing a circle around it, but the same
symbol without a circle has the identical meaning.
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HOW DOES A TRANSISTOR ACT AS AN AMPLIFIER?

We'll use Fig. 2.4 to demonstrate how an amplifier transistor
works. We said that one of the marvelous qualities of a transistor
is its ability to control electrical power by electrical means. In this
example, the electrical control will be initiated by a microphone, a
device that can produce fluctuating electric current corresponding
to fluctuating sound waves. But the microphone can produce only
a tiny trickle of power. If we attached it directly to a loudspeaker,
you probably wquldn’t hear any sound even with your ear pressed
against the speaker. But with the simple circuit concept you see
here, you can produce enough sound to keep the neighbors awake.

Just for sake of illustration, we’ve assigned the microphone a
power output ranging from zero to five mW (“mW” equals
milliwatt, which is one thousandth of a watt). But the power
produced by the battery in the main circuit can range from zero to
500 milliwatts.

Now let's assume that a single sound wave hits the
microphone and creates a power output of three milliwatts. The
microphone pumps a surge of electrons from a lower voltage (the
base region) to a higher voltage (the emitter). Now, as a result of
the base current, a relatively large current will flow across the base
region from emitter to collector and on down the line, through the
coil of the loudspeaker. In this way, the current flow through the
loudspeaker will be controlled, or amplified, in exact proportion
to the much smaller microphone signal. The signal through the
loudspeaker might be typically 300 milliwatts; this means that the
three milliwatts of power produced by the microphone have been
amplified one hundred times.

Now suppose a second sound wave hits the microphone. This
is a softer sound, and produces a power output of two milliwatts.
Fewer electrons flow in the control circuit, so fewer are drawn
from the base region, and this time the amount of power flowing
through the transistor and the loudspeaker is only 200 milliwatts.
Nevertheless, it has also been amplified one hundred times.

At all times, fairly precise proportions are maintained be-
tween the control circuit and the working circuit.

In other words, the power in the working circuit will always
be an essential duplicate of the power in the control circuit — but
much amplified. We can visualize the process as the voltage traces
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shown in Fig. 2.5. If the trace produced by the microphone looks
like the tiny squiggle on the left, then the trace going to the

VAR

loudspeaker will look like the big squiggle on the right — a close
copy of the little one but greatly amplified.

This is a good time to point out one of the characteristics of
the transistor that makes it so useful in modern electronics. Sound
waves fluctuate very rapidly, up to frequencies of about 30,000
cycles per second (30 kilohertz). The transistor has the capability
of reacting to each of these fast fluctuations. In fact, high-
frequency transistors can react billions of times per second.

HOW DOES A TRANSISTOR ACT AS A SWITCH?

Now that we’ve seen the transistor in a regulating or am-
plifying function, let’s look at it in a switching function. We'll use
a telegraph circuit again as shown in Fig. 2.6. Once again, we have
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Fig. 2.6

a battery as the power source, a buzzer as a point of use, and a
transistor in the working circuit. Now, in the control circuit, we
have a switch in place of the microphone. Since the switch cannot
generate any power, we have a battery in the control circuit. The
zig-zag resistors in the control circuit represent the resistance to
the sound in sixty miles of wire. This resistance diminishes the
control circuit power so much that not enough is left after sixty
miles to actuate the buzzer. But the surviving power does provide
enough energy to operate a transistor.

So when the transmitter key is pressed, a small current of
electrons is withdrawn from the transistor base, a much greater
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current flows in the working circuit, and the buzzer sounds. This
transistor is acting as a switch in the working circuit.

This is a good time to point out an important fact about
transistors: Every transistor has the capability of either switching
the working-circuit current on and off, or throttling (“regulating”)
this current part-way between on and off. In other words, tran-
sistors are much like ordinary water faucets. You can turn them
all the way off, all the way on, or only partly on. The only way an
NPN transistor resembles an ideal switch more than an ideal
amplifier is that it has a sort of “threshold voltage” of electron
pressure that must be produced at the base by the control circuit
before an appreciable amount of current will flow. (We will
discuss this in Chapter 7.)

This brings up the question as to what determines whether a
transistor in a particular circuit acts as a switch or as an amplifier.
The answer is, “the control circuit mainly determines this.” For
example, compare the “control” portions of the amplifier circuit in
Fig. 2.1 and the switching circuit in Fig. 2.6. In the amplifier
circuit, the microphone (provided it achieves the “threshold”
voltage) generates current fluctuating anywhere between zero and
full power. But in the switching circuit, we have instead a battery
and a switch. When the switch is off, the transistor is “off.” And
when the switch is on (provided the battery achieves the
“threshold” voltage), the transistor is “on.” This allows working
current to flow in proportion to the steady, unvarying control
current. (Ideally, we select a transistor that will be “all the way
on” — called “saturated” — when this amount of current is
flowing.) In other words, the microphone makes one transistor
“regulate,” and the transmitter key and battery make the other
transistor “switch.”

Although a transistor can either switch or regulate, normally
it is manufactured to do one of these jobs better than the other.
Consequently, you will hear some transistors referred to as
“switches” and others as “amplifiers.” For example, good am-
plifier transistors have a stable, moderate current gain (degree of
amplification). But most switching applications require fast turn-
on and turn-off speeds and low leakage. (These concepts will be
discussed in Chapter 8.)

Since digital computer systems rely heavily on switching
transistors, you should be able to envision the great value of the
transistor in electronics.
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HOW CAN | UNDERSTAND MORE COMPLICATED CIRCUITS?

Our discussion of the amplifier circuit and the switching
circuit dealt with two very simple and crude circuits. If you were
to build them, you'd find their performance disappointing. A
single transistor was the only semiconductor component in each
circuit, and you're aware that even such a simple system as a
transistor radio involves at least six or seven transistors.
Moreover, you know that a typical system includes not only
transistors, but other components such as diodes, capacitors,
resistors, inductors, and many more.

Our next step then, is to go back to the basic circuit and build
it up to make it more complex and sophisticated — in other words,
more typical. This time, we won’t stop to explain any of the
components other than the transistors. But don’t worry if you
can’t understand all the circuitry as we go along. The chief object
at this point is to gain an appreciation for some of the many ways
semiconductors can work together in circuits to produce desired
results.

The circuit of Fig. 2.7 is a little more complex than any we’ve
seen. Yet you can recognize the working circuit on the right, and
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©

Fig. 2.7

the control circuit on the left. We have labeled the power source
“G” for generator. Actually, the power might be coming from a
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wall plug, or from solar cells in a satellite. A power source can be
anything that pumps electrons. We also need a power source in
the control circuit, and we have labeled that “G” also; but as you
saw in an earlier example, it could be a microphone. We have
labeled our working device at the point of use, “M” for motor.

Suppose we want to regulate the speed of the motor — not
from stop to full power, but from half power to full power. In
other words, we want the motor to run at least at half power all the
time, even if we are not pumping any electrons out of the base by
using the generator in the control circuit. To accomplish this, we
can add to the control circuit, and put in a resistor of a certain
value; in this way, we create a “biasing circuit,” and sufficient
electrons will always be withdrawn from the base to keep the
motor at half speed. Then when we pump from the control
generator, we will be withdrawing even more electrons, so the
motor speed will increase above half power.

Now, let’s add an accessory component in the working circuit.
Suppose the generator produces more current than the motor can
handle without overheating. A resistor placed in the working
circuit between the transistor and the motor — or anywhere in the
working circuit — will limit current and prevent overheating in the
motor. Let’s further assume the generator to be an ac generator,
but our motor is dc. So we've put a diode (rectifier) into the
working circuit near the generator. This device allows electrons to
flow in one direction only, changing the alternating current from
the generator into direct current for the motor. The arrow in the
rectifier symbol, incidentally, points opposite to the flow of
electrons.

And finally, suppose that our motor is very large. Our
controlling transistor must then be a large, high-power type to
handle the large current flow. But suppose that our control
generator does not have the capacity to withdraw enough elec-
trons from the base to operate the transistor. We simply use a
smaller, low-power transistor that can be operated by the control
generator first, and let this transistor, in turn, control the high-
power transistor. Now you can see how the biasing resistor keeps
the smaller transistor at half power, and how the smaller transistor
keeps the high-power transistor in the working circuit at half
power, to keep the motor running at half power even when the
control generator is not withdrawing electrons.

Again, you may not have been able to understand completely
this build-up of circuitry, but don’t worry. This is just an
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illustration of how semiconductor components can be employed in
a variety of ways to cope with a variety of conditions. We still
have the basic function we started with; all of the additional
circuitry makes up an amplifier circuit which will vary the speed of
the motor from half power to full power.

Warning: Don't build this or any of the circuits in this book
for actual use. They have been simplified for teaching purposes,
and lack the refinements necessary to make them perform well.

Naturally, there are many devices we haven’t mentioned yet,
which can add to the complexity of circuit design. As we come to
them later in this book, we will explain how they, too, can be
considered in terms of either switching or regulating. For
example, we will show how thyristors can be considered simply as
combinations of transistors. And we'll show how semiconductor
light sensors can be made either to switch or regulate in response
to light.

CAN WE SIMPLIFY OUR ANALYSES OF SYSTEMS?

There’s a simple way of analyzing systems, which we’ll call the
“building block” method. So many circuits are found within each
of the system stages of sense, decide, and act that it’s sometimes
difficult to conclude anything from a complete circuit diagram
that shows how all the components of a system are connected to
work together. In practical systems analysis, it's usually enough to
think of the circuits in terms of simple building blocks.

In the case of our motor-control circuit, for example, we
would think of the entire circuitry within the large triangle simply
as an amplifier, without worrying about the components that make
it up. Indeed, the building-block symbol for an amplifier is a
triangle, as we have shown in Fig, 2.8. This circuit is identical to

Fig. 2.8
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the motor-control circuit shown in Fig. 2.7. This triangle symbol in
a system diagram tells us that we have an amplifier, that the wire
entering at the left is the control input, that the wire leaving at the
right is the output, and that the lines at the top and bottom are the
power supply. That's all we really need to know, provided we have
the performance specifications for the amplifier. We don’t have to
be concerned with the internal circuitry; in practice, block
diagrams don't even show it.

Schematic and system diagrams are simplified in other ways,
too. We'll take the circuit of Fig. 2.8 to show how schematics are
simplified; although applying these conventions to the simple
circuit may appear to complicate it, these same conventions
greatly simplify diagrams that may consist of hundreds of lead
wires and components. The top and bottom horizontal lines in
Fig. 2.8 simply represent the two wires to the power supply, G. In
most systems, the power supply produces a constant voltage, say
12 volts. This provides a 12-volt difference between the two
connections. This might mean 24 volts on one side and 12 volts on
the other, or 18 and 6. But typically, the arrangement is 12 volts on
one side and 0 volt on the other.

Zero voltage means electrically neutral, and this neutrality
can be obtained by connecting the circuit to the earth — that is, to
ground. On the other hand, in trucks and aircraft and other
mobile systems where earth ground is not available, the 0-volt side
is typically connected to the chassis or frame of the system.
Symbols for these ground connections are shown in Fig. 2.9. The

EARTH | CHASSIS
GROUND = GROUND  Fig. 2.9

task of the bottom horizontal conductor in Fig. 2.8 is simply to
return electrons, at virtually O volts, to the power supply. This
function can be performed equally well by a wire, the earth, or a
chassis.

Similarly, the upper horizontal line is a power-supply line that
is also ordinarily represented by symbols. We use a small circle
and the symbol “Vcc " which stands for power supply voltage.
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Figure 2.10 shows how Fig. 2.8 would look after these conventions
have been applied. In many cases, you may not even see the

Vee ~Vee ~Vee

Fig. 2.10 = = =

power-supply and ground connections to building-block symbols,
because they are frequently just understood to be there.

This, then, is the typical building-block form of the motor-
control circuit we started with. It still tells us everything we need
to know for purposes of system analysis;: We have a signal
generator controlling a motor by means of an amplifier.

WHAT ARE SOME VARIATIONS OF THE BASIC AMPLIFYING
FUNCTIONS?

In addition to the triangle symbol for a typical amplifier with
one input and one output, you may see variations on this basic
symbol. Amplifiers can be designed to amplify in many special
ways. For example, the amplifier of Fig. 2.11a is called a “dif-
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Fig. 2.11
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ferential amplifier.” It has two inputs, and the output is an am-
plification of the difference between the voltages of the two in-
puts. Some amplifiers have differential outputs, as shown in Fig.
2.11b; in this case, one output goes high in voltage when the other
goes low.

Figure 2.11c shows still another wire to the amplifier, in
addition to the power-supply and ground connections. It’s labeled
“gain control.” Since gain control is common to so many am-
plifiers, we need to discuss it right here. “Gain” is the ratio of
output quantity to input quantity of an amplifier. For example,
let’s say the voltage gain of this amplifier is at 100, as a result of the
gain control voltage being at 1 volt. This means that the input
voltage will be amplified by a factor of 100. Think back to our
loudspeaker system, with the microphone providing the input
signal and the output going to the loudspeaker. Suppose a voice
signal averages 3 millivolts. Then, the average output voltage
would be 200 millivolts, producing a certain loudness of sound.
But suppose we want to increase or decrease the loudness. That’s
where gain control comes in. You can adjust a gain control so that
it changes the gain and thereby changes the output. In a loud-
speaker system, think of gain control as being adjusted by the
volume-control knob. We turn the knob to achieve a signal of 2
volts. The gain goes up to 200. Our output now becomes 200
times 3 millivolts, a much louder sound.

WHAT ARE SOME VARIATIONS OF THE BASIC SWITCHING
FUNCTIONS?

There are so many different kinds of switching circuits that
there is no schematic outline for them, like the triangle we use for
an amplifier. We will just use a rectangular box for our purpose.

Consider Fig. 2.12. Like an amplifier, a switching circuit
typically has a power supply and a ground connection. And it has
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an output connection leading to a load — a motor, “M,” in this
example — with its other connection going to ground. And we

have an input connection at the left, where voltage and current are
controlled by some external signal source. In this case, our signal
source is a switch and a battery, with the circuit completed
through the power-supply voltage. Incidentally, we have followed
standard practice in drawing our circuit with input on the left,
output on the right, power-supply voltage at the top, and ground
connections at the bottom.

Now, what is the function of the building block in Fig. 2.12?
Well, the fact is that without being able to see the internal circuit
diagram or a list of circuit performance specifications, no one can
tell. You would run into the same problem with most building
blocks in real systems — except with the simplest amplifiers that
are adequately represented by a triangle. A plain box is not
sufficient in itself to signify what a circuit does.

To clarify the mystery with respect to Fig. 2.12, let’s identify
the box as a “current-operated inverting switch.” To someone
familiar with this terminology, this would mean that when current
is withdrawn from the input by the control circuit, current is
supplied from the output to power the working device. This
function could be performed in a rather crude, limited fashion
simply by an NPN transistor, as in the telegraph circuit of Fig. 2.6.
But for some other applications of current-operated inverting
switches, much more sophisticated circuitry is required.

Switching circuits lend themselves to a great many variations,
and we will talk about these variations in the next chapter, because
switching plays such an important part in digital applications. For
the moment, let’s examine just one of these variations to suggest
how switching circuits can perform additional functions. Suppose
we take th