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PREFACE

Inventors in the field of electronics are individuals who possess the knowledge, intu-
ition, creativity, and technical know-how to turn their ideas into real-life electrical 
gadgets. We hope that this book will provide you with an intuitive understanding of 
the theoretical and practical aspects of electronics in a way that fuels your creativity.

This book is designed to help beginning inventors invent. It assumes little to no 
prior knowledge of electronics. Therefore, educators, students, and aspiring hobby-
ists will find this book a good initial text. At the same time, technicians and more 
advanced hobbyists may find this book a useful resource.

Notes about the Fourth Edition

The main addition to the fourth edition is a new chapter on programmable logic. This 
chapter focuses on the use of FPGAs (field-programmable gate arrays) and shows 
you how to program an FPGA evaluation board using both a schematic editor and 
the Verilog hardware definition language.

The book has also undergone numerous minor updates and fixes to errors discov-
ered in the third edition. In addition, there has been some pruning of outdated mate-
rial that is no longer relevant to modern electronics.
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Perhaps the most common predicament newcomers face when learning electronics is 
figuring out exactly what it is they must learn. What topics are worth covering, and in 
which general order should they be covered? A good starting point for answering these 
questions is the flowchart presented in Fig. 1.1. This chart provides an overview of the 
basic elements that go into designing practical electrical gadgets and represents the 
information you will find in this book. This chapter introduces these basic elements.

At the top of the chart comes the theory. This involves learning about voltage, 
current, resistance, capacitance, inductance, and various laws and theorems that help 
predict the size and direction of voltages and currents within circuits. As you learn 
the basic theory, you will be introduced to basic passive components such as resis-
tors, capacitors, inductors, and transformers.

Next down the line are discrete passive circuits. Discrete passive circuits include 
current-limiting networks, voltage dividers, filter circuits, attenuators, and so on. 
These simple circuits, by themselves, are not very interesting, but they are vital ingre-
dients in more complex circuits.

After you have learned about passive components and circuits, you move on to 
discrete active devices, which are built from semiconductor materials. These devices 
consist mainly of diodes (one-way current-flow gates) and transistors (electrically 
controlled switches/amplifiers).

Once you have covered the discrete active devices, you get to discrete active/
passive circuits. Some of these circuits include rectifiers (ac-to-dc converters), ampli-
fiers, oscillators, modulators, mixers, and voltage regulators. This is where things 
start getting interesting.

Throughout your study of electronics, you will learn about various input/output 
(I/O) devices (transducers). Input devices (sensors) convert physical signals, such as 
sound, light, and pressure, into electrical signals that circuits can use. These devices 
include microphones, phototransistors, switches, keyboards, thermistors, strain 
gauges, generators, and antennas. Output devices convert electrical signals into 
physical signals. Output devices include lamps, LED and LCD displays, speakers, 
buzzers, motors (dc, servo, and stepper), solenoids, and antennas. These I/O devices 
allow humans and circuits to communicate with one another.

Introduction to Electronics
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FIGURE 1.1  
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To make things easier on the circuit designer, manufacturers have created inte-
grated circuits (ICs), which contain discrete circuits (like the ones mentioned in the 
previous paragraph) that are crammed onto a tiny chip of silicon. The chip is usually 
housed within a plastic package, where little internal wires link the chip to exter-
nal metal terminals. ICs such as amplifiers and voltage regulators are referred to 
as analog devices, which means that they respond to and produce signals of vary-
ing degrees of voltage. (This is unlike digital ICs, which work with only two voltage 
levels.) Becoming familiar with ICs is a necessity for any practical circuit designer.

Digital electronics comes next. Digital circuits work with only two voltage states: 
high (such as 5 V) or low (such as 0 V). The reason for having only two voltage states 
has to do with the ease of processing data (numbers, symbols, and control informa-
tion) and storage. The process of encoding information into signals that digital cir-
cuits can use involves combining bits (1s and 0s, equivalent to high and low voltages) 
into discrete-meaning “words.” The designer dictates what these words will mean to 
a specific circuit. Unlike analog electronics, digital electronics uses a whole new set of 
components, which at the heart are all integrated in form. 

A huge number of specialized ICs are used in digital electronics. Some of these ICs 
are designed to perform logical operations on input information; others are designed 
to count; while still others are designed to store information that can be retrieved 
later on. Digital ICs include logic gates, flip-flops, shift registers, counters, memo-
ries, processors, and so on. Digital circuits are what give electrical gadgets “brains.” 
In order for digital circuits to interact with analog circuits, special analog-to-digital 
(A/D) conversion circuits are needed to convert analog signals into strings of 1s and 
0s. Likewise, digital-to-analog conversion circuits are used to convert strings of 1s 
and 0s into analog signals.

With an understanding of the principals behind digital electronics, we are free to 
explore the world of microcontrollers. These are programmable digital electronics 
that can read values from sensors and control output devices using the I/O pins, all 
on a single IC controlled by a little program.

And mixed in among all this is the practical side of electronics. This involves 
learning to read schematic diagrams, constructing circuit prototypes using bread-
boards, testing prototypes (using multimeters, oscilloscopes, and logic probes), revis-
ing prototypes (if needed), and constructing final circuits using various tools and 
special circuit boards.

In the next chapter, we will start at the beginning by looking at the theory of 
electronics.
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2.1   Theory of Electronics

This chapter covers the basic concepts of electronics, such as current, voltage, resis-
tance, electrical power, capacitance, and inductance. After going through these 
concepts, this chapter illustrates how to mathematically model currents and volt-
age through and across basic electrical elements such as resistors, capacitors, and 
inductors. By using some fundamental laws and theorems, such as Ohm’s law, 
Kirchhoff’s laws, and Thevenin’s theorem, the chapter presents methods for analyz-
ing complex networks containing resistors, capacitors, and inductors that are driven 
by a power source. The kinds of power sources used to drive these networks, as we 
will see, include direct current (dc) sources, alternating current (ac) sources (includ-
ing sinusoidal and nonsinusoidal periodic sources), and nonsinusoidal nonperiodic 
sources. We will also discuss transient circuits, where sudden changes in state (such 
as flipping a switch within a circuit) are encountered. At the end of the chapter, the 
approach needed to analyze circuits that contain nonlinear elements (diodes, transis-
tors, integrated circuits, etc.) is discussed.

We recommend using a circuit simulator program if you’re just starting out in 
electronics. The web-based simulator CircuitLab (www.circuitlab.com) is extremely 
easy to use and has a nice graphical interface. There are also online calculators 
that can help you with many of the calculations in this chapter. Using a simulator 
program as you go through this chapter will help crystallize your knowledge, while 
providing an intuitive understanding of circuit behavior. Be careful—simulators can 
lie, or at least they can appear to lie when you don’t understand all the necessary 
parameters the simulator needs to make a realistic simulation. It is always important 
to get your hands dirty—get out the breadboards, wires, resistors, power supplies, 
and so on, and construct. It is during this stage that you gain the greatest practical 
knowledge that is necessary for an inventor.

It is important to realize that components mentioned in this chapter are only “theo-
retically” explained. For example, in regard to capacitors, you’ll learn how a capac-
itor works, what characteristic equations are used to describe a capacitor under 
certain conditions, and various other basic tricks related to predicting basic behavior. 
To get important practical insight into capacitors, however, such as real-life capacitor 

Theory
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applications (filtering, snubbing, oscillator design, etc.), what type of real capacitors 
exist, how these real capacitors differ in terms of nonideal characteristics, which capac-
itors work best for a particular application, and, more important, how to read a capaci-
tor label, requires that you jump to Chap. 3, Sec. 3.6, which is dedicated to these issues. 
This applies to other components mentioned in this theory portion of the book.

The theoretical and practical information regarding transformers and nonlinear 
devices, such as diodes, transistors, and analog and digital integrated circuits (ICs), is 
not treated within this chapter. Transformers are discussed in full in Chap. 3, Sec. 3.8, 
while the various nonlinear devices are treated separately in the remaining chapters 
of this book.

A word of advice: if the math in a particular section of this chapter starts looking 
scary, don’t worry. As it turns out, most of the nasty math in this chapter is used to 
prove, say, a theorem or law or to give you an idea of how hard things can get if you 
do not use some mathematical tricks. The actual amount of math you will need to 
know to design most circuits is surprisingly small; in fact, basic algebra may be all 
you need to know. Therefore, when the math in a particular section in this chapter 
starts looking ugly, skim through the section until you locate the useful, nonugly 
formulas, rules, and so on, that do not have weird mathematical expressions in them. 
You don’t have to be a mathematical whiz to be able to design decent circuits.

2.2    Electric Current

Electric current is the total charge that passes through some cross-sectional area A per 
unit time. This cross-sectional area could represent a disk placed in a gas, plasma, or 
liquid, but in electronics, this cross-sectional area is most frequently a slice through a 
solid material, such as a conductor.

If ∆Q is the amount of charge passing through an area in a time interval ∆t, then 
the average current Iave is defined as:

FIGURE 2.1  

aveI
Q
t

= ∆
∆

If the current changes with time, we define the instantaneous current I by taking the 
limit as ∆t → 0, so that the current is the instantaneous rate at which charge passes 
through an area:

	
Q
t

dQ
dtt

∆
∆

=
Λ →

I = lim
0

	 (2.1)

The unit of current is coulombs per second, but this unit is also called the ampere 
(A), named after Andre-Marie Ampere:

	 1 A = 1 C/s
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To sound less nerdy, the term amp can be used in place of ampere. Because the ampere 
is a rather large unit, current is also expressed in milliamps (1 mA = 1 × 10-3 A), micro-
amps (1 µA = 1 × 10-6 A), and nanoamps (1 nA = 1 × 10-9 A).

Within conductors such as copper, electrical current is made up of free electrons 
moving through a lattice of copper ions. Copper has one free electron per copper 
atom. The charge on a single electron is given by:

	 Qelectron = (- e) = -1.602 × 10-19 C	 (2.2.a)

This is equal to, but opposite in sign of, the charge of a single copper ion. (The posi-
tive charge is a result of the atom donating one electron to the “sea” of free electrons 
randomly moving about the lattice. The loss of the electron means there is one more 
proton per atom than electrons.) The charge of a proton is:

	 Qproton = (+ e) = +1.602 × 10-19 C	 (2.2.b)

The conductor, as a whole, is neutral, since there are equal numbers of electrons and 
protons. Using Eq. 2.2, we see that if a current of 1 A flows through a copper wire, the 
number of electrons flowing by a cross section of the wire in 1 s is equal to:

	 1 A
1 C
1 s

electron
1.602 10 C

6.24 10 electrons/s19
18=





 − ×







= − ×−

Now, there is a problem! How do we get a negative number of electrons flowing 
per second, as our result indicates? The only two possibilities for this would be to say 
that either electrons must be flowing in the opposite direction as the defined current, 
or positive charges must be moving in our wire instead of electrons to account for the 
sign. The last choice is an incorrect one, since experimental evidence exists to prove 
electrons are free to move, not positive charges, which are fixed in the lattice network 
of the conductor. (Note, however, there are media in which positive charge flow is 
possible, such as positive ion flow in liquids, gases, and plasmas.) It turns out that 
the first choice—namely, electrons flowing in the opposite direction as the defined 
current flow—is the correct answer.

Long ago, when Benjamin Franklin (often considered the father of electronics) 
was doing his pioneering work in early electronics, he had a convention of assigning 
positive charge signs to the mysterious (at that time) things that were moving and 
doing work. Sometime later, a physicist by the name of Joseph Thomson performed 
an experiment that isolated the mysterious moving charges. However, to measure 
and record his experiments, as well as to do his calculations, Thomson had to stick 
with using the only laws available to him—those formulated using Franklin’s posi-
tive currents. But these moving charges that Thomson found (which he called elec-
trons) were moving in the opposite direction of the conventional current I used in the 
equations, or moving against convention. See Fig. 2.2.

What does this mean to us, to those of us not so interested in the detailed phys-
ics and such? Well, not too much. We could pretend that there were positive charges 
moving in the wires and various electrical devices, and everything would work out 
fine: negative electrons going one way are equivalent to positive charges going in 
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the opposite direction. In fact, all the formulas used in electronics, such as Ohm’s 
law (V = IR), “pretend” that the current I is made up of positive charge carriers. We 
will always be stuck with this convention. In a nutshell, it’s convenient to pretend 
that positive charges are moving. So when you see the term electron flow, make sure 
you realize that the conventional current flow I is moving in the opposite direction. In 
a minute, we’ll discuss the microscopic goings-on within a conductor that will clarify 
things a bit better.

Example 1: How many electrons pass a given point in 3 s if a conductor is carrying a 
2-A current?

FIGURE 2.3 

Answer: The charge that passes a given point in 3 s is:

	 ∆Q = I × ∆t = (2 A)(3 s) = 6 C

One electron has a charge of 1.6 × 10-19 C, so 6 C worth of electrons is:

	 # Electrons = 6 C/1.602 × 10-19 C = 3.74 × 1019

FIGURE 2.2    Thomson changed the notion that positive charges were what were moving in con-
ductors, contrary to Franklin’s notion. However, negative electrons going one way is equivalent 
to positive charges going the opposite direction, so the old formulas still work. Since you deal 
with the old formulas, it’s practical to adopt Franklin’s conventional current—though realize that 
what’s actually moving in conductors is electrons.
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Example 2: Charge is changing in a circuit with time according to Q(t) = (0.001 C) sin 
[(1000/s) t]. Calculate the instantaneous current flow.

	
[(0.001C)sin(1000/s )] (0.001C)(1000/s)cos(1000/s )

(1A)cos(1000/s )

I
dQ
dt

d
dt

t t

t

= = ⋅ = ⋅

= ⋅

Answer: If we plug in a specific time within this equation, we get an instantaneous 
current for that time. For example, if t = 1, the current would be 0.174 A. At t = 3 s, 
the current would be - 0.5 A, the negative sign indicating that the current is in the 
opposite direction—a result of the sinusoidal nature.

Note: The last example involved using calculus—you can read about the basics of 
calculus in App. C if you’re unfamiliar with it. Fortunately, as we’ll see, rarely do you 
actually need to work in units of charge when doing electronics. Usually you worry 
only about current, which can be directly measured using an ammeter, or calculated 
by applying formulas that usually require no calculus whatsoever.

2.2.1    Currents in Perspective

What’s considered a lot or a little amount of current? It’s a good idea to have a gauge 
of comparison when you start tinkering with electronic devices. Here are some exam-
ples: a 100-W lightbulb draws about 1 A; a microwave draws 8 to 13 A; a laptop com-
puter, 2 to 3 A; an electric fan, 1 A; a television, 1 to 3 A; a toaster, 7 to 10 A; a fluorescent 
light, 1 to 2 A; a radio/stereo, 1 to 4 A; a typical LED, 20 mA; a mobile (smart) phone 
accessing the web uses around 200 mA; an advanced low-power microchip (indi-
vidual), a few µA to perhaps even several pA; an automobile starter, around 200 A; 
a lightning strike, around 1000 A; a sufficient amount of current to induce cardiac/ 
respiratory arrest, around 100 mA to 1 A.

2.3   Voltage

To get electrical current to flow from one point to another, a voltage must exist 
between the two points. A voltage placed across a conductor gives rise to an electro-
motive force (EMF) that is responsible for giving all free electrons within the conductor 
a push.

As a technical note, before we begin, voltage is also referred to as a potential dif-
ference or just potential—they all mean the same thing. We’ll avoid using these terms, 
however, because it is easy to confuse them with the term potential energy, which is 
not the same thing.

A simple flashlight circuit, consisting of a battery connected to a lamp, through 
two conductors and a switch, is shown in Fig. 2.4. When the switch is open (“off”), 
no current will flow. The moment the switch is closed, however, the resistance of the 
switch falls to almost zero, and current will flow. This voltage then drives all free 
electrons, everywhere within the circuit, in a direction that points from negative to 
positive; conventional current flow, of course, points in the opposite direction (see 
Benjamin Franklin).




