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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 gad-
gets. It is my 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.

What Makes This Book Unique

Balancing the Theory with the Practical (Chapter Format)

A number of electronics books seem to throw a lot of technical formulas and theory at
the reader from the start before ever giving the reader an idea of what a particular elec-
trical device does, what the device actually looks like, how it compares with other
devices similar to it, and how it is used in applications. If practical information is
present, it is often toward the end of the chapter, and by this time, the reader may have
totally lost interest in the subject or may have missed the “big picture,” confused by
details and formulas. Practical Electronics for Inventors does not have this effect on the
reader. Each chapter is broken up into sections with the essential practical information
listed first. A typical chapterone on junction field-effect transistors (JFETs)is outlined
below.

= Basic Introduction and Typical Applications (three-lead device; voltage applied to
one lead controls current flow through the other two leads. Control lead draws
practically no current. Used in switching and amplifier applications.)

= Favors (n-channel and p-channel; n-channel JFET’s resistance between its conduct-
ing lead increases with a negative voltage applied to control lead; p-channel uses a
positive voltage instead.)

= How the JFETs Work (describes the semiconductor physics with simple drawings
and captions)

= JFET Water Analogies (uses pipe/plunger/according contraption that responds to
water pressure)

XV
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= Technical Stuff (graphs and formulas showing how the three leads of a JFET
respond to applied voltages and currents. Important terms are defined.)

= Example Problems (a few example problems that show how to use the theory)

= Basic Circuits (current driver and amplifier circuits used to demonstrate how the
two flavors of JFETs are used.)

= Practical Consideration (types of JFETs: small-signal, high-frequency, dual JFETS;
voltage, current, and other important ratings and specifications, along with a sam-
ple specification table)

= Applications (complete circuits: relay driver, audio mixer, and electric field-
strength meter)

By receiving the practical information at the beginning of a chapter, readers can
quickly discover whether the device they are reading about is what the doctor
ordered. If not, no great amount of time will have been spent and no brain cells will
have been burned in the process.

Clearing up Misconceptions

Practical Electronics for Inventors aims at answering many of the often misconceived or
rarely mentioned concepts in electronics such as displacement currents through
capacitors, how to approach op amps, how photons are created, what impedance
matching is all about, and so on. Much of the current electronics literature tends to
miss many of these subtle points that are essential for a better understanding of elec-
trical phenomena.

Worked-out Example Problems

Water Analogies

Many electronics books list a number of circuit problems that tend to be overly sim-
plistic or impractical. Some books provide interesting problems, but often they do not
explain how to solve them. Such problems tend to be like exam problems or home-
work problems, and unfortunately, you have to learn the hard waysolving them your-
self. Even when you finish solving such problems, you may not be able to check to see
if you are correct because no answers are provided. Frustration! Practical Electronics for
Inventors will not leave you guessing. It provides the answers, along with a detailed
description showing how the problem was solved.

Analogies can provide insight into unfamiliar territory. When good analogies are used
to get a point across, learning can be fun, and an individual can build a unique form
of intuition. Practical Electronics for Inventors provides the reader with numerous
mechanical water analogies for electrical devices. These analogies incorporate springs,
trapdoors, balloons, et cetera, all of which are fun to look at and easy to understand.
Some of the notable water analogies in this book include a capacitor water analogy,
various transistor water analogies, and an operational amplifier water analogy.
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Practical Information

Built Circuits

Practical Electronics for Inventors attempts to show the reader the subtle tricks not
taught in many conventional electronics books. For example, you will learn the differ-
ence between the various kinds of batteries, capacitors, transistors, and logic families.
You will also learn how to use test equipment such as an oscilloscope and multimeter
and logic probes. Other practical things covered in this book include deciphering tran-
sistor and integrated circuit (IC) labels, figuring out where to buy electrical compo-
nents, how to avoid getting shocked, and places to go for more in-depth information
about each subject.

A reader’s enthusiasm for electronics often dies out when he or she reads a book that
lacks practical real-life circuits. To keep your motivation going, Practical Electronics for
Inventors provides a number of built circuits, along with detailed explanations of how
they work. A few of the circuits that are presented in this book include power supplies,
radio transmitter and receiver circuits, audio amplifiers, microphone preamp circuits,
infrared sensing circuits, dc motors/RC servo/stepper motor driver circuits, and
light-emitting diode (LED) display driver circuits. By supplying already-built circuits,
this book allows readers to build, experiment, and begin thinking up new ways to
improve these circuits and ways to use them in their inventions.

How to Build Circuits

Notes on Safety

Practical Electronics for Inventors provides hands-on instruction for designing and con-
struction circuits. There are tips on drawing schematics, using circuit simulator pro-
grams, soldering, rules on safety, using breadboards, making printed circuit boards,
heat sinking, enclosure design, and what useful tools to keep handy. This book also
discusses in detail how to use oscilloscopes, multimeters, and logic probes to test your
circuits. Troubleshooting tips are also provided.

Practical Electronics for Inventors provides insight into how and why electricity can
cause bodily harm. The book shows readers what to avoid and how to avoid it. The
book also discusses sensitive components that are subject to destruction form electro-
static discharge and suggests ways to avoid harming these devices.

Interesting Side Topics

In this book | have included a few side topics within the text and within the Appendix.
These side topics were created to give you a more in-depth understanding of the
physics, history, or some practical aspect of electronics that rarely is presented in a
conventional electronics book. For example, you will find a section on power distrib-
ution and home wiring, a section on the physics of semiconductors, and a section on
the physics of photons. Other side topics include computer simulation programs,
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where to order electronics components, patents, injection molding, and a historical
timeline of inventions and discoveries in electronics.

Who Would Find This Book Useful

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



CHAPTER 1

Introduction to Electronics

Perhaps the most common predicament a newcomer faces when learning electron-
ics is figuring out exactly what it is he or she must learn. What topics are worth
covering, and in which general order should they be covered? A good starting
point to get a sense of what is important to learn and in what general order is pre-
sented in the flowchart in Fig. 1.1. This chart provides an overview of the basic ele-
ments that go into designing practical electrical gadgets and represents the
information you will find in this book. The following paragraphs describe these
basic elements in detail.

At the top of the chart comes the theory. This involves learning about voltage, cur-
rent, 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 comes 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
ingredients 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), transistors (electrically con-
trolled switches/amplifiers), and thyristors (electrically controlled switches only).

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

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

Digital electronics comes next. Digital circuits work with only two voltage states,
high (e.g., 5 V) or low (e.g., 0 V). The reason for having only two voltage states has to
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do with the ease of data (humbers, symbols, control information) processing and stor-
age. The process of encoding information into signals that digital circuits can use
involves combining bits (1's and 0’s, 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 special-
ized ICs are used in digital electronics. Some of these ICs are designed to perform log-
ical 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, memories, processors, and the like. Dig-
ital 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 special strings of 1's and 0’s. Likewise, digital-
to-analog conversion circuits are used to convert strings of 1’s and 0’s into analog sig-
nals.

Throughout your study of electronics, you will learn about various input-output
(170) devices (transducers). Input devices 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, gen-
erators, and antennas. Output devices convert electrical signals into physical signals.
Output devices include lamps, LED and LCD displays, speakers, buzzers, motors
(dc, servo, stepper), solenoids, and antennas. It is these I/0O devices that allow
humans and circuits to communicate with one another.

And finally comes the construction/testing phase. This involves learning to read
schematic diagrams, constructing circuit prototypes using breadboards, testing pro-
totypes (using multimeters, oscilloscopes, and logic probes), revising prototypes (if
needed), and constructing final circuits using various tools and special circuit boards.
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CHAPTER 2

2.1 Current

Theory

This chapter covers the basic concepts of electronics, such as current, voltage, resis-
tance, electrical power, capacitance, and inductance. After going through these con-
cepts, this chapter illustrates how to mathematically model currents and voltages
through and across basic electrical elements such as resistors, capacitors, and induc-
tors. By using some fundamental laws and theorems, such as Ohm’s law, Kirchoff’s
laws, and Thevenin’s theorem, the chapter presents methods for analyzing 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 (including sinu-
soidal and nonsinusoidal periodic sources), and nonsinusoidal, nonperiodic sources.
At the end of the chapter, the approach needed to analyze circuits that contain non-
linear elements (e.g., diodes, transistors, integrated circuits, etc.) is discussed.

As a note, 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 is used 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, 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, etc. that do not have weird mathematical expressions in them.

Current (symbolized with an 1) represents the amount of electrical charge AQ (or dQ)
crossing a cross-sectional area per unit time, which is given by

,_AQ _do

At dt
The unit of current is called the ampere (abbreviated amp or A) and is equal to one
coulomb per second:

Copyright 2000 The McGraw-Hill Companies, Inc. Click Here for Terms of Use.
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1A=1C/s

Electric currents typically are carried by electrons. Each electron carries a charge of
—e, which equals

-e=-16x10"C

Benjamin Franklin’s Positive Charges

Now, there is a tricky, if not crude, subtlety with regard to the direction of current
flow that can cause headaches and confusion later on if you do not realize a histori-
cal convention initiated by Benjamin Franklin (often considered the father of elec-
tronics). Anytime someone says “current | flows from point A to point B,” you would
undoubtedly assume, from what | just told you about current, that electrons would
flow from point A to point B, since they are the things moving. It seems obvious.
Unfortunately, the conventional use of the term current, along with the symbol | used
in the equations, assumes that positive charges are flowing from point A to B! This
means that the electron flow is, in fact, pointing in the opposite direction as the cur-
rent flow. What'’s going on? Why do we do this?

The answer is convention, or more specifically, Benjamin Franklin’s convention of
assigning positive charge signs to the mysterious things (at that time) that were mov-
ing and doing work. Sometime later a physicist by the name of Joseph Thomson per-
formed 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
positive currents. However, these moving charges that Thomson found (which he
called electrons) were moving in the opposite direction of the conventional current |
used in the equations, or moving against convention.

Magnified {= Conventional current-flow (/)
view of wire ~~_ .

\‘:{@_) (({——>’(”©_> A
,’I’ :((@ - ”(('_>

Electron flow

02417 877 FE00T00 re P10 0Tty

+
AR
FIGURE 2.1 Battery

What does this mean to us, to those of us not so interested in the detailed physics
and such? Well, not too much. | mean that we could pretend that there were positive
charges moving in the wires, and electrical devices and things would work out fine. In
fact, all the formulas used in electronics, such as Ohm’s law (V = IR), “pretend” that the
current | is made up of positive charge carriers. We will always be stuck with this con-
vention. In a nutshell, whenever you see the term current or the symbol I, pretend that
positive charges are moving. However, when you see the term electron flow, make sure
you realize that the conventional current flow | is moving in the opposite direction.
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2.2 \oltage

When two charge distributions are separated by a distance, there exists an electrical
force between the two. If the distributions are similar in charge (both positive or both
negative), the force is opposing. If the charge distributions are of opposite charge
(one positive and the other negative), the force is attractive. If the two charge distri-
butions are fixed in place and a small positive unit of charge is placed within the sys-
tem, the positive unit of charge will be influenced by both charge distributions. The
unit of charge will move toward the negatively charged distribution (“pulled” by the
negatively charged object and “pushed” by the positively charged object). An electri-
cal field is used to describe the magnitude and direction of the force placed on the pos-
itive unit of charge due to the charge distributions. When the positive unit of charge
moves from one point to another within this configuration, it will change in potential
energy. This change in potential energy is equivalent to the work done by the positive
unit of charge over a distance. Now, if we divide the potential energy by the positive
unit of charge, we get what is called a voltage (or electrical potential—not to be con-
fused with electrical potential energy). Often the terms potential and electromotive force
(emf) are used instead of voltage.

Voltage (symbolized V) is defined as the amount of energy required to move a unit
of electrical charge from one place to another (potential energy/unit of charge). The
unit for voltage is the volt (abbreviated with a V, which is the same as the symbol, so
watch out). One volt is equal to one joule per coulomb:

1v=1J)/C

In terms of electronics, it is often helpful to treat voltage as a kind of “electrical
pressure” similar to that of water pressure. An analogy for this (shown in Fig. 2.2) can
be made between a tank filled with water and two sets of charged parallel plates.

Electrical System

<« v

—O+
A
Water System
__—Holes - v

SN

\

‘ Y

FIGURE 2.2

In the tank system, water pressure is greatest toward the bottom of the tank
because of the weight from the water above. If a number of holes are drilled in the
side of the tank, water will shoot out to escape the higher pressure inside. The further
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2.3 Resistance

down the hole is drilled in the tank, the further out the water will shoot from it. The
exiting beam of water will bend toward the ground due to gravity.

Nowy, if we take the water to be analogous to a supply of positively charged particles
and take the water pressure to be analogous to the voltage across the plates in the elec-
trical system, the positively charged particles will be drawn away from the positive plate
(a) and move toward the negatively charged plate (b). The charges will be “escaping
from the higher voltage to the lower voltage (analogous to the water escaping from the
tank). As the charges move toward plate (b), the wvoltage across plates
(c) and (d) will bend the beam of positive charges toward plate (d)—positive charges
again are moving to a lower voltage. (This is analogous to the water beam bending as
a result of the force of gravity as it escapes the tank.) The higher the voltage between
plates (a) and (b), the less the beam of charge will be bent toward plate (d).

Understanding voltages becomes a relativity game. For example, to say a pointin
acircuit has a voltage of 10 V is meaningless unless you have another point in the cir-
cuit with which to compare it. Typically, the earth, with its infinite charge-absorbing
ability and net zero charge, acts as a good point for comparison. It is considered the
0-V reference point or ground point. The symbol used for the ground is shown here:

FIGURE 2.3

There are times when voltages are specified in circuits without reference to
ground. For example, in Fig. 2.4, the first two battery systems to the left simply spec-
ify one battery terminal voltage with respect to another, while the third system to the
right uses ground as a reference point.

.-L_OSV .-L_o 3V
+ +

i—o 3V ov
+ +

i—o ov I—o -3V

+

i—OOV

FIGURE 2.4

Resistance is the term used to describe a reduction in current flow. All conductors
intrinsically have some resistance built in. (The actual cause for the resistance can be
a number of things: electron-conducting nature of the material, external heating,
impurities in the conducting medium, etc.). In electronics, devices called resistors are
specifically designed to resist current. The symbol of a resistor used in electronics is
shown next:
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FIGURE 2.5

If a voltage is placed between the two ends of a resistor, a current will flow
through the resistor that is proportional to the magnitude of the voltage applied
across it. A man by the name of Ohm came up with the following relation (called
Ohm’s law) to describe this behavior:

V=IR

R is called the resistance and is given in units of volts per ampere, or onms (abbrevi-
ated Q):

1Q=1V/A

Electrical Power

Some of the kinetic energy within the electron current that runs through a resistor is
converted into thermal energy (vibration of lattice atoms/ions in the resistor). The
power lost to these collisions is equal to the current times the voltage. By substituting
Ohm’s law into the power expression, the power lost to heating can be expressed in
two additional forms. All three forms are expressed in the following way:

P=IV=1?R=V%/R

2.4 DC Power Sources

Power sources provide the voltage and current needed to run circuits. Theoretically,
power sources can be classified as ideal voltage sources or ideal current sources.

An ideal voltage source is a two-terminal device that maintains a fixed voltage
drop across its terminals. If a variable resistive load is connected to an ideal voltage
source, the source will maintain its voltage even if the resistance of the load changes.
This means that the current will change according to the change in resistance, but the
voltage will stay the same (in | = V/R, | changes with R, but V is fixed).

Now a fishy thing with an ideal voltage source is that if the resistance goes to zero,
the current must go to infinity. Well, in the real world, there is no device that can sup-
ply an infinite amount of current. Instead, we define a real voltage source (e.g., a bat-
tery) that can only supply a maximum finite amount of current. It resembles a perfect
voltage source with a small resistor in series.

Ideal voltage Real voltage Battery
source source
FIGURE 2.6

An ideal current source is a two-terminal idealization of a device that maintains a con-
stant current through an external circuit regardless of the load resistance or applied volt-
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age. It must be able to supply any necessary voltage across its terminals. Real current
sources have a limit to the voltage they can provide, and they do not provide constant out-
put current. There is no simple device that can be associated with an ideal current source.

2.5 Two Simple Battery Sources

The two battery networks shown in Fig. 2.7 will provide the same power to a load con-
nected to its terminals. However, the network to the left will provide three times the volt-
age of a single battery across the load, whereas the network to the right will provide only
one times the voltage of a single battery but is capable of providing three times the cur-
rent to the load.

VB
| +
— |1 o
+ + +
v, — <« 2R 3, Vy VTV, — « 2R

e 1

FIGURE 2.7

2.6 Electric Circuits

An electric circuit is any arrangement of resistors, wires, or other electrical compo-
nents that permits an electric current to flow. Typically, a circuit consists of a voltage
source and a number of components connected together by means of wires or other
conductive means. Electric circuits can be categorized as series circuits, parallel circuits,
or series and parallel combination circuits.

v Basic Circuit

+__ /m' A simple light bulb acts as a load (the part of
Vg=3v — :@ the circuit on which work must be done to
move current through it). Attaching the bulb to
the battery’s terminals as shown to the right,
oV will initiate current flow from the positive ter-
minal to the negative terminal. In the process,
the current will power the filament of the bulb,
and light will be emitted. (Note that the term
current here refers to conventional positive cur-
rent—electrons are actually flowing in the

opposite direction.)

Series Circuit

Connecting load elements (light bulbs) one after
the other forms a series circuit. The current
through all loads in a series circuit will be the
same. In this series circuit, the voltage drops by a
third each time current passes through one of
the bulbs. With the same battery used in the
basic circuit, each light will be one-third as bright
asthe bulb in the basic circuit. The effective resis-
tance of this combination will be three times that
FIGURE 2.8 of a single resistive element (one bulb).
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2.7 Ohm’s Law

ﬂﬂ . Parallel Circuit

+ A parallel circuit contains load elements that

have their leads attached in such a way that the

voltage across each element is the same. If all

- three bulbs have the same resistance values,

current from the battery will be divided

ov equally into each of the three branches. In this
arrangement, light bulbs will not have the
dimming effect as was seen in the series cir-
cuit, but three times the amount of current will
flow from the battery, hence draining it three
times as fast. The effective resistance of this
combination will be one-third that of a single
resistive element (one bulb).

=<
1l
2
wlk
<+—
wlk
<;
Wl
4;

Combination of Series and Parallel

—>
] %
p— 2 A circuit with load elements placed both in
Vo=3v lll@ P

series and parallel will have the effects of
both lowering the voltage and dividing the
current. The effective resistance of this combi-

o nation will be three-halves that of a single
FIGURE 2.8 (Continued) resistive element (one bulb).

Circuit Analysis

Following are some important laws, theorems, and techniques used to help predict
what the voltages and currents will be within a purely resistive circuit powered by a
direct current (dc) source such as a battery.

Ohm'’s law says that a voltage difference V across a resistor will cause a current | =
VIR to flow through it. For example, if you know R and V, you plug these into
Ohm'’s law to find I. Likewise, if you know R and I, you can rearrange the Ohm’s
law equation to find V. If you know V and I, you can again rearrange the equation
to find R.

+
V=IR

v _— R gb | =VIR
— R= VI

FIGURE 2.9

2.8 Circuit Reduction

Circuits with a number of resistors usually can be broken down into a number of
series and parallel combinations. By recognizing which portions of the circuit
have resistors in series and which portions have resistors in parallel, these por-
tions can be reduced to a single equivalent resistor. Here’s how the reduction
works.
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Resistors in Series

Req=R1+ R,

FIGURE 2.10

When two resistors R; and R, are connected in series, the sum of the voltage drops
across each one (V; and V,) will equal the applied voltage across the combination (V;,).

Vin =V1 +V2

Since the same current | flows through both resistors, we can substitute IR, for V; and
IR, for V, (using Ohm’s law). The result is

Vin = IR1+ IRZZ I(R1+ RZ) = IReq

The sum R; + R; is called the equivalent resistance for two resistors in series. This means
that series resistors can be simplified or reduced to a single resistor with an equiva-
lent resistance R, equal to R; + R,.

To find the current I, we simply rearrange the preceding equation or, in other
words, apply Ohm’s law, taking the voltage to be V;, and the resistance to be R,
Vin
Req

To figure out the individual voltage drops across each resistor in series, Ohm’s law is
applied:

Vin Rl

Vl = |R1 = Rl = Vm
Req Ri+R,
Vin RZ

Vz = IRZ = R2 = Vin
Req Ri+R,

These two equations are called the voltage divider relations—incredibly useful formu-
las to know. You’ll encounter them frequently.

For a number of resistors in series, the equivalent resistance is the sum of the indi-
vidual resistances:

R=Ri+R;+ - +R,

Resistors in Parallel

RR l= lin
_ =2 TRHR,
Vv, = R+R
Ry
|2= I\n
R+R

FIGURE 2.11
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When two resistors R; and R, are connected in parallel, the current I;, divides
between the two resistors in such a way that

Iin: |1+ |2

Using Ohm’s law, and realizing that voltage across each resistor is the same (both V;,),
we can substitute V;,/R; for I, and V;,/R, for |, into the preceding equation to get

Vin Vin 1 1
I= + =V, | —+—
Ri R, Ri R,

The equivalent resistance for these two resistors in series becomes

1 1 1 RiR,
Reg=——
Rq R:i R, R, +R,

These two equations represent what are called current divider relations. Like the volt-

age divider relations, they are incredibly useful formulas to know.
To find the equivalent resistance for a larger number of resistors in parallel, the
following expression is used:
gexp 1 1 1 1

—:_+—+..-+—
Req Rl RZ Rn

Reducing a Complex Resistor Network

To find the equivalent resistance for a complex network of resistors, the network is bro-
ken down into series and parallel combinations. A single equivalent resistance for these
combinations is then found, and a new and simpler network is formed. This new net-
work is then broken down and simplified. The process continues over and over again
until asingle equivalent resistance is found. Here’s an example of how reduction works:

By applying circuit reduction techniques, the
equivalent resistance between points A and B
in this complex circuit can be found.

R R
R
A O—+# AAY »—0 B
R R First, we redraw the circuit so that it looks a bit
more familiar.
A O—e +—OB
R

AN

FIGURE 2.12
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R R
A O—¢ +—OB
R
A%
2R
MV
2R
AO A% O B
R
A%

R2
A O—WWA—OB

FIGURE 2.12 (Continued)

2.9 Kirchhoff’s Laws

Notice that the vertical resistor can be elimi-
nated by symmetry (there is no voltage differ-
ence across the resistor in the particular case).
If the resistances were not equal, we could not
apply the symmetry argument, and in that
case, we would be stuck—at least with the
knowledge built up to now.

Next, we can reduce the two upper branches
by adding resistors in series. The equivalent
resistance for both these branches of resistors
in series is 2R.

Finally, to find the equivalent resistance for the
entire network, we use the formula for resistor
in parallel:

1 1 1 1 2

e S .
Rg 2R 2R R R
The final equivalent resistance becomes

R
Req="

Often, you will run across a circuit that cannot be analyzed with the previous circuit
reduction techniques alone. Even if you could find the equivalent resistance by using
circuit reduction, it might not be possible for you to find the individual currents and
voltages through and across the components within the network. For example, when
circuits get complex, using the current and voltage divider equations does not work.
For this reason, other laws or theorems are needed. One set of important laws is

Kirchhoff’s laws.

Kirchhoff’s laws provide the most general method for analyzing circuits. These
laws work for either linear or nonlinear elements, no matter how complex the circuit
gets. Kirchhoff’s two laws are stated as follows:

AV=0 B Kirchhoff @ voltage law: The sum of the voltage
B - changes around a closed path is zero
Kirchhoff @ current law: The sum of the currents that
lin = lou - enter ajunction equal the sum of the currents that leave
the junction
FIGURE 2.13

In essence, Kirchhoff’s voltage law is a statement about the conservation of energy.
If an electric charge starts anywhere in a circuit and is made to go through any loop
in a circuit and back to its starting point, the net change in its potential is zero.
Kirchhoff’s current law, on the other hand, is a statement about the conservation of
charge flow through a circuit. Here is a simple example of how these laws work.

Say you have the following circuit:
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FIGURE 2.14

The knowns

R, =2Q The unknowns

I, 12, 13, 1o s, 1

Vi, Vy, V3, Vg, Vs, Vs

By applying Kirchhoff’s laws to this circuit, you can find all the unknown currents Iy, I,,
I3, 14, Is, and lg, assuming that Ry, R,, Rs, Ry, Rs, Rg, and V, are known. After that, the volt-
age drops across the resistors, and V4, V,, Vs, V4, Vs, and Vg can be found using V, = I,R,.
To solve this problem, you apply Kirchhoff’s voltage law to enough closed loops
and apply Kirchhoff’s current law to enough junctions so that you end up with enough
equations to counterbalance the unknowns. After that, it is simply a matter of doing
some algebra. Here is how to apply the laws in order to set up the final equations:

loop trace

—» R
|
AV, =-IR
loop trace

a°—||||}—+‘b a-—||||}—+¢b
\Y \Y

AV ==V, =+,

FIGURE 2.15

AV, = +IR

loop trace

AV =V Vo ==V,

Equations resulting after applying Kirchhoff’s current
law:
lLhi=l+1; (at junction @)
lo=l5+ 14 (at junction b)
le=1l4+13 (at junction c)
Equations resulting after applying Kirchhoff’s voltage
law:
Vo— iR — LR~ 1sRs =0
—IsRs+ 1R+ 1,R, =0
—l6Rs + 1sRs — [,R, =0

(around loop 1)

(around loop 2)

(around loop 3)

To determine the sign of the voltage drop
across the resistors and battery used in setting
up Kirchhoff’s voltage equations, the conven-
tion to the left was used.
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Here, there are six equations and six unknowns. According to the rules of algebra,
as long as you have an equal number of equations and unknowns, you can usually
figure out what the unknowns will be. There are three ways | can think of to solve for
the unknowns in this case. First, you could apply the old “plug and chug” method,
better known as the substitution method, where you combine all the equations together
and try to find a single unknown and then substitute it back into another equation,
and so forth. A second method, which is a lot cleaner and perhaps easier, involves
using matrices. A book on linear algebra will tell you all you need to know about
using matrices to solve for unknowns.

A third method that | think is useful—practically speaking—involves using a
trick with determinants and Cramer’s rule. The neat thing about this trick is that you
do not have to know any math—that is, if you have a mathematical computer pro-
gram or calculator that can do determinants. The only requirement is that you are
able to plug numbers into a grid (determinant) and press “equals.” | do not want to
spend too much time on this technique, so | will simply provide you with the equa-
tions and use the equations to find one of the solutions to the resistor circuit problem.

A system of eguationsis
represented by:
The solutions for the variable are

ApXe + Ao + o+ X =Dy in the system are:

AyXy + BxpXo + *** BnXa = b,

poda M A
AT A T oA
8Xa + AnXe + *** B X = by @
where
Q@ Q1 -+ Qi by a, - an ay by - a, andy -+ O
Ae az.l Ay - az.n  Ax= b.2 Ay - az.n  Ax= az.1 b, .. az.n  Ax= az.1azz~' d‘2
8 8w -+ 8m by @ -+ am 8 by - am 8 -+ G
FIGURE 2.16

For example, you can find A for the system of equations from the resistor problem
by plugging all the coefficients into the determinant and pressing the “evaluate” but-
ton on the calculator or computer:

l,-1,-13=0 1-1-10 0 0

lL—1l5-1,=0 01 0 -1-10
ls—1,—13=0 _ 0 0 -1-10 1 — _587

I, +2l,+5l;=10 1 2 0 0 5 0

=3l;+4l,+21,=0 0 2 -3 4 0 O

—6lg+5l5—41,=0 0 0 0 45 -6

Now, to find, say, the current through Rs and the voltage across it, you find Al; and
then use Is = Als/A to find the current. Then you use Ohm'’s law to find the voltage.
Here is how it is done:
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l —1 _1 0 0 O I_A_I5__660_112A
01 0 -1 0 O 5T, T gg7 v
0 0 -1 -1 0 1

Alg = ——

11 2 0 0 10 0 660
0 2 =3 4 00 Vs=lRs = (L.12A)(5Q)=5.6V
0 0 0 -4 0 -6 s=1sRs = (1.12 A)(5 Q) =5.

To solve for the other currents, simply find the other Al's and divide by A.

However, before you get too gung-ho about playing around with systems of
equations, you should look at a special theorem known as Thevenin’s theorem. Theve-
nin’s theorem uses some very interesting tricks to analyze circuits, and it may help
you avoid dealing with systems of equations.

2.10 Thevenin’s Theorem

Say that you are given a complex circuit such as that shown in Fig. 2.17. Pretend that
you are only interested in figuring out what the voltage will be across terminals A
and F (or any other set of terminals, for that matter) and what amount of current will
flow through a load resistor attached between these terminals. If you were to apply
Kirchhoff’s laws to this problem, you would be in trouble—the amount of work
required to set up the equations would be a nightmare, and then after that, you
would be left with a nasty system of equations to solve.

Complex linear network
Thevenin
equivalent circuit

"black box" = Vv, —

—ofF -

"any two
terminals’

FIGURE 2.17 B C

Luckily, a man by the name of Thevenin came up with a theorem, or trick, to sim-
plify the problem and produce an answer—one that does not involve “hairy” mathe-
matics. Using what Thevenin discovered, if only two terminals are of interest, these
two terminals can be extracted from the complex circuit, and the rest of the circuit can
be considered a “black box.” Now the only things left to work with are these two ter-
minals. By applying Thevenin’s tricks (which you will see in a second), you will dis-
cover that this black box, or any linear two-terminal dc network, can be represented by
avoltage source in series with a resistor. (This statement is referred to as Thevenin’s the-
orem.) The voltage source is called the Thevenin voltage (Vy,), and the resistance of the
resistor is called the Thevenin resistance (Ry,); the two together form what is called the
Thevenin equivalent circuit. From this simple equivalent circuit you can easily calculate
the current flow through a load placed across its terminals by using | = Vi/ (Ri, + Rioad)-

Now it should be noted that circuit terminals (black box terminals) actually may
not be present in a circuit. For example, instead, you may want to find the current and
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voltage across a resistor (Rj.aq) that is already within a complex network. In this case,
you must remove the resistor and create two terminals (making a black box) and then
find the Thevenin equivalent circuit. After the Thevenin equivalent circuit is found,
you simply replace the resistor (or place it across the terminals of the Thevenin equiv-
alent circuit), calculate the voltage across it, and calculate the current through it by
applying Ohm’s law [ = Vu/(Ru + Risad)] @gain.

However, two important questions remain: What are the tricks? and What are V,
and Ry? Vy, is simply the voltage across the terminals of the black box, which can be
either measured or calculated. Ry, is the resistance across the terminals of the black
box when all the batteries within it are shorted (the sources are removed and replaced
with wires), and it too can be measured or calculated.

Perhaps the best way to illustrate how Thevenin’s theorem works is to go through
a couple of examples.

EXAMPLE 1

Say you are interested in the voltage across the
10kQ resistor and the current that will run

|
|

12v— 9V— xi2V— V— through this circuit.
- - § 10K < First, you remove the resistor to free up a set
| g : of terminals, making the black box.
3K 5K §

Finding Vi,
:|T0_+_ CASE 1. Calculate the voltage across the ter-
:l minals. This is accomplished by finding the loop
12V — o9v— Vc| . L
@ current |, taking the sources to be opposing:
Yo — 12V -9V
— = ﬁ =0.375 mA
3K 5K Q+5kQ
Then, to find V4, you can used either of these
expressions:
Finding Vi,

12V - (0.375 mA)(3 kQ) = 10.875V
or
9V — (0.375 mA)(5 kQ) = 10.875V

CASE 2: Simply measure the V, across termi-
nals using a voltmeter.

Finding Ry,

CASE 1: Short the internal voltage supplies

(batteries) with a wire, and calculate the equiv-

alent resistance of the shorted circuit. Ry

becomes equivalent to two resistors in parallel:
1 1 1

—=——_4—=—2 R,=1875Q
Re 3kQ 5kQ

Finding Ry, CASE 2: Simply measure Ry, across the ter-
minals using an ohmmeter. (Note: Do not short
a real battery—this will kill it. Remove the bat-
FIGURE 2.18 tery, and replace it with a wire instead.)
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Rn Now that Vy, and Ry, are known, the equiva-
. lent Thevenin circuit can be made. Using the
Thevenin equivalent circuit, reattach the 10-kQ
Vo — «—3 10K 10K resistor and find the voltage across it (V). To
- find the current through the resistor (lg), use
Ohm’s law:
Thevenin
equivalent __R
circuit Vo= R+Ry, Vin
10 kQ
r=——————(12.875V) = 10.842V
10 kQ + 1.875 kQ
V 10.842V
) lg=—=—""""-=1084 mA
FIGURE 2.18 (Continued) R 10 kQ
EXAMPLE 2

First, find the Thevenin equivalent circuit for
everything to the left of points (a) and (b).
Remove the“load,” or everything to the right of
R points (a) and (b), and then find Vg, and Ry,

across points (a) and (b). Here you use the volt-
0 age divider to find Vy,:

oo

R a 8 Vp=—y,=
R+R 2
To find Ry, short the battery, and find the
equivalent resistance for two resistors in
parallel:
b RXR_R' R
Finding Vi, Finding Ry, Thevenin Ro= e T R"R 2
equivalent circuit
Vo Now let’s find the Thevenin equivalent cir-
R/2 §L| | | L A ARA OC cuit of everything to the left of (c) and (d).
+ ' Here, you can use the Thevenin equivalent cir-
/2 — Finding Vi, Vi cuit for everything to the left of (a) and (b) and
_"|' 32R C insert it into the circuit. To calculate the new Vy,
° :C>| JI'W\'—O and Ry, you apply Kirchhoff’s law:
b :> Vo2 = A
a+ - R c _ 2 2
d (Note that since no current will flow through a
Finding Ry, R _Thevem_n _ resistor in this S|tuat|or_1, there YVI|| be no volt-
equivalent circuit  age drop across the resistor, so in essence, you
o g do not have to worry about the resistors.)

To find Ry, you short the batteries and cal-
culate the equivalent resistance, which in this
case is simply two resistors in series:

Rin = R +R= 3 R
"2 2

Now let’s find the voltage across points (e)
and (f). Simply take the preceding Thevenin
equivalent circuit for everything to the left of
(c) and (d) and insert it into the remaining cir-
cuit. To find the voltage across (e) and (f), you
use the voltage divider:

RO
FIGURE 2.19 ““\R+%R )\ 2 5
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2.11 Sinusoidal Power Sources

A sinusoidal power source is a device that provides a voltage across its terminals that
alternates sinusoidally with time. If a resistive load is connected between the termi-
nals of a sinusoidal power source, a sinusoidal current will flow through the load
with the same frequency as that of the source voltage (the current and voltage
through and across the resistor will be in phase). Currents that alternate sinusoidally
with time are called alternating currents or ac currents.

v Vo cos (ot)

Sinusoidal

power source m
&

Vo cos (ot)

FIGURE 2.20

The voltage produced by the sinusoidal source can be expressed as V, cos(mt),
where V, is the peak voltage [voltage when cos(wt) = 1], and o is the angular fre-
quency (the rate at which the waveform progresses with time, given in radians or
degrees per second). You could use V, sin(wt) to express the source voltage too—
there is no practical difference between the two, except for where t =0 is defined. For
now, stick to using V, cos(mt)—it happens to work out better in the calculations that
follow.

The current through the resistor can be found by substituting the source voltage
V, cos(mt) into V in Ohm’s law:

V. V,cos(ot)
R R

The period (time it takes for the wave pattern to repeat itself) is given by T =2n/w =
1/f, where f is the cycling frequency [number of cycles (360 degrees or 2r radians) per
second].

By plugging V, cos(wt) into the power expression P = IV = I?R, the instantaneous
power at any time can be found. Practically speaking, knowing the exact power at an
instant in time is not very useful. It is more useful to figure out what the average
power will be over one period. You can figure this out by summing up the instanta-
neous powers over one period (the summing is done by integrating):

dt=

— 1 (7 1 (™ Vg2 cos¥ (ot V2
P:_f |2Rdt=_f07((0) _O
T % o R 2R

2.12 Root Mean Square (rms) Voltage

In electronics, ac voltages typically are specified with a value equal to a dc voltage
that is capable of doing the same amount of work. For sinusoidal voltages, this value
is 1/\/2 times the peak voltage (V,) and is called the root mean square or rms voltage
(Vims), given by



Theory 21

VAL (0.707)V.
rms — \/5 - . 0

Household line voltages are specified according to rms values. This means that a
120-V ac line would actually have a peak voltage that is V2 (or 1.414) times greater
than the rms voltage. The true expression for the voltage would be 120V2 cos(wt), or
170 cos(mt).

Using the power law (P = IV = V¥/R), you can express the average power dissi-
pated by a resistor connected to a sinusoidal source in terms of rms voltage:

Vrmsz
R

P-

2.13 Capacitors

If you take two oppositely charged parallel plates (one set to +Q and the other set to
—Q) that are fixed some distance apart, a potential forms between the two. If the two
plates are electrically joined by means of a wire, current will flow from the positive
plate through the wire to the negative plate until the two plates reach equilibrium
(both become neutral in charge). The amount of charge separation that accumulates
on the plates is referred to as the capacitance. Devices especially designed to separate
charges are called capacitors. The symbol for a capacitor is shown below.

FIGURE 2.21

By convention, a capacitor is said to be charged when a separation of charge exists
between the two plates, and it is said to be charged to Q—the charge on the positive
plate. (Note that, in reality, a capacitor will always have a net zero charge overall—
the positive charges on one plate will cancel the negative charges on the other.)

The charge Q on a capacitor is proportional to the potential difference or voltage V
that exists between the two plates. The proportionality constant used to relate Q and
V is called the capacitance (symbolized C) and is determined by the following relation:

Q
Q=CvVv C= v
C is always taken to be positive. The unit of capacitance is the farad (abbreviated F),
and one farad is equal to one coulomb per volt:

1F=1C/V

Typical capacitance values range from about 1 pF (10™* F) to about 1000 uF (102 F).
If a capacitor is attached across a battery, one plate will go to —Q and the other to
+Q, and no current will flow through the capacitor (assuming that the battery has
been attached to the capacitor for some time). This seems to make sense, since there
is a physical separation between the two plates. However, if an accelerating or alter-
nating voltage is applied across the capacitor’s leads, something called a displacement
current will flow. This displacement current is not conventional current, so to speak,
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but is created when one plate is charging or discharging with time. As charges move
into place on one of the capacitor’s plates, a changing magnetic field is produced,
which, in turn, induces an electric current to flow out the other plate.

To find the displacement current, you plug Q = CV into the expression for the def-
inition of current (I = dQ/dt):

(L4 _dey) . dv
Codt dt dt

By rearranging this equation, you can calculate the voltage across the capacitor as a
function of the displacement current:

V:%flm

Unlike a resistor, a capacitor does not dissipate energy. Instead, a capacitor stores
energy in the form of electrical fields between its plates, which can be recovered later
when it discharges. To find the energy W stored in a capacitor, you take both the
expression for electrical power P = IV and the expression for the definition of power
P = dW/dt and combine them; then you do some math to get W:

dv 1
vv:fvnn:fvc—dt—zfcv(jvzzcv2

Capacitors in Parallel

Cl
||
| I C,+C,
—> |, —»
N ——
|2
||
I
C

2

FIGURE 2.22

To find the equivalent capacitance for two capacitors in parallel, you apply Kirch-
hoff’s current law to the junction to the left in the circuit in this figure, which gives
I =1, + I, Making use of the fact that the voltage V is the same across C, and C,, you
can substitute the displacement currents for each capacitor into Kirchhoff’s current
expression as follows:

av _dv av
|I=C,—+C,—=(C,+C)) —
1 PO g (€ Z)dt

C, + C, is called the equivalent capacitance for two capacitors in parallel and is given by
Ceq = Cl + C2

When a larger number of capacitors are placed in parallel, the equivalent capacitance
is found by the following expression:

Ceq=C1+Co+--+C,
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2.14 Reactance

Capacitors in Series
CICZ
C,+ C,

HCHF ——

|
FIGURE 2.23

To find the equivalent capacitance of two capacitors in series, you apply Kirchhoff’s
voltage law. Since the current | must flow through each capacitor, Kirchhoff’s voltage
expression becomes

1 1 1
v=—11dt+—| |dt=<—+—>f | dt

C, C, C C,

1
1/C,+1/C,is called the equivalent capacitance for two capacitors in series and is given by

1 1 1 C.C,

—— =+ or Ceq=
Cq C G C,+GC,

The equivalent capacitance for a larger number of capacitors in series is

1 1 1 1
_— + _— + cee + —
Ceq Cl CZ Cn

of a Capacitor

A capacitor connected to a sinusoidal voltage source will allow displacement current to
flow through it because the voltage across it is changing (recall that 1 =C dV/dt for a capac-
itor). For example, if the voltage of the source is given by V, cos(wt), you can plug this
voltage into V in the expression for the displacement current for a capacitor, which gives

dv
I=C E =-0CV, sin(mt)

Vo cos (ot) @ ﬂ _—cC

FIGURE 2.24

Maximum current or peak current I, occurs when sin(wt) = -1, at which point I, =
oCV,. The ratio of peak voltage V, to peak current resembles a resistance and is given
in ohms. However, because the physical phenomenon for “resisting” is different (a
balance between physical plate separation and induced displacement currents) from
that of a traditional resistor (heating), the effect is given the name capacitive reactance
(abbreviated X¢) and is expressed as

Vo Vo 1

XC= =
lh, oCV, ®C
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2.15

Inductors

As o goes to infinity, Xc goes to 0, and the capacitor acts like a short (wire) at high fre-
guencies (capacitors like to pass current at high frequencies). As o goes to 0, Xc goes
to infinity, and the capacitor acts like an open circuit (capacitors do not like to pass
low frequencies).

By applying a trigonometric identity to the current expression, you can express
the current in terms of cosines for the purpose of comparing its behavior with that of
the voltage source:

| =—l, sin(wt) = 1, cos(wt + 90°)

When compared with the voltage, the current is out of phase by +90°, or +n/2 radi-
ans. The displacement current through a capacitor therefore leads the voltage across
it by 90° (see Fig. 2.24).

An inductor is an electrical component whose behavior is opposite to that of a capac-
itor (it “resists” changes in current while passing steady-state or dc current). An
inductor resembles a springlike coil or solenoid, shown below.

N turns

'i Magnetic field

FIGURE 2.25

The inductor coil has a loop area A and a constant number of turns per unit length
(N/1). If a current | flows through the inductor, by Ampere’s law, a magnetic flux ® =
BA = uNIA/I will form, and it will point in the opposite direction as the current flow.
Here p is the permeability of the material on which the coil is wound (typically an
iron or air core). In free space, u =, =41 x 107 N/AZ% According to Faraday’s law, the
voltage induced across the terminals of the coil as a result of the magnetic fields is

2
yon O _uNAd dl
dt I dt dt

The constant uN?A/l is called the inductance, which is simplified into the single con-
stant L.

Inductance has units of henrys (abbreviated H) and is equal to one weber per
ampere. Typical values for inductors range from 1 uH (10~° H) to about 1 H.

To find the expression for the current through an inductor, you can rearrange the
preceding equation to get the following:

=%f V dt

Similar to capacitors, inductors do not dissipate energy like resistors; instead, they
store electrical energy in the form of magnetic fields about their coils. The energy W
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stored in an inductor can be determined by using the electrical power expression P =1V
and the expression for the definition of power P = dW/dt and then doing some math:

w=[ vdt=| IL%dt:f let:%le

Inductors in Series
L.+L

L, L, ) )
— B0 — D000~ %
—

|
FIGURE 2.26

The equivalent inductance of two inductors in series can be found by applying Kirch-
hoff’s voltage law. Taking the voltage drop across L, to be to be L, dI/dt and the volt-
age drop across L, to be L,dl/dt, you get the following expression:

dl dl dl
V=L —+L—=(L+L)—
1dt Zdt (1 2) dt

L, + L, is called the equivalent inductance for two inductors in series and is given by
Leq = L1 + Lz

To find the equivalent inductance for a larger number of inductors in series, the fol-
lowing equation is used:

Legg=Li+ Lo+ +L,

Inductors in Parallel

Ll
0000 Lib,
L1+ L2
S o > e[
|
0000
L

FIGURE 2.27

To find the equivalent inductance for two capacitors in parallel, you apply Kirchhoff’s
current law to the junction to the left in the circuit in the figure, which gives I =1, + I,.
Making use of the fact that the voltage V is the same across L, and L,, current I, becomes
1/L1fV dt, and current I, becomes 1/L2jV dt. The final expression for | becomes

|=Li1j th+Li2j th=<Lil+Li2>f Vdt

1/, + 1/L, is called the equivalent inductance for two inductors in parallel and is given by

1 1 1 LiL,
— =4 or Leg=—""

I—eq I—l I—2 L1 + Lz
To find the equivalent inductance for a larger number of inductors in parallel, the fol-
lowing equation is used:

1 1 1 1

_:—+—+--- +—
Lg Li L L,
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2.16 Reactance of an Inductor

An inductor connected to a sinusoidal voltage source will allow a current | = 1/LjV dt
to flow through it.

|
Vo cos (wt) f\) ﬂ L l|
|

FIGURE 2.28

For example, if the source voltage is given by V, cos(mt), the current through the
inductor becomes

1 Vo .
=—| Vdt=—sin(ot
Lj oL C

The maximum current or peak current | through an inductor occurs when sin(wt) =1,
at which point it is equal to
Vo
° oL

The ratio of peak voltage to peak current resembles a resistance and has units of
ohms. However, because the physical phenomenon doing the “resisting” (self-
induced backward current working against the forward current) is different from
that of a traditional resistor (heating), the effect is given a new name, the inductive
reactance (symbolized X,), and is stated as

Mo __ Vo

X= = - =
T, Vo/ol

oL
As o goes to infinity, X, goes to infinity, and the inductor acts like an open circuit
(inductors do not like to pass high-frequency signals). However, if o goes to 0, X,
goes to zero, and the inductor acts like a short circuit (inductors like to pass low fre-
guencies, especially dc).

By applying a trigonometric identity, you can express the current in terms of
cosines for the purpose of comparing its behavior with that of the voltage source:

I = Iy sin(wt) = I, cos(mt — 90°)

When compared with the voltage of the source, the current is out of phase by —90°, or
—-n/2 radians. The current through an inductor therefore lags behind the voltage
across it by 90° (see Fig. 2.28)

2.17 Fundamental Potentials and Circuits

In electronics, the four basic kinds of voltage sources include dc, sinusoidal, periodic
nonsinusoidal, and nonperiodic nonsinusoidal.
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Periodic/non-
sinusoidal sources

AV
N

Nonperiodic/non-
sinusoidal sources

il
A

DC sources Sinusoidal sources

VWYL
N
t oYU

TABLE 2.1

TYPE OF CIRCUIT

FIGURE 2.29

And the fundamental components in electronics are the resistor, capacitor, and induc-
tor, which are characterized by the voltage and current relations shown below:

\

=~ V=IR
AYAYAY R’

| | =cV ljldt

| | w V" c

1 dl
FIGURE 2.29 (Continued) 6666 = v v=Lg

Now, in theory, any complex circuit containing these components, and which is pow-
ered by any one of these potentials, can be analyzed by using Kirchhoff’s laws; the volt-
age and current expression above and the mathematical expression for the source are
plugged into Kirchhoff’s voltage and current equations. However, in reality, taking this
approach when modeling a circuit can become a nightmare—mathematically speaking.
When the circuits get complex and the voltage and current sources start looking weird
(e.g., a square wave), setting up the Kirchhoff equations and solving them can require
fairly sophisticated mathematics. There are a number of tricks used in electronic analysis
that prevent the math from getting out of hand, but there are situations where avoiding
the nasty math is impossible. Table 2.1 should give you a feeling for the difficulties ahead.

Math Needed to Analyze Circuits

DIFFICULTY

WHAT IT ENTAILS

STATUS

Dc source + resistor
network

Easy to analyze

Requires simple algebra and
knowing a few laws and theorems.

Already covered

Dc source +
RLC network

Not so easy to analyze

Requires a familiarity

with calculus and differential
equations to truly understand
what is going on.

Will be covered

Sinusoidal source +
RLC network

Fairly easy to analyze

Is surprisingly easy and requires
essentially no knowledge of calculus
or differential equations; however,
does require working with complex
numbers.

Will be covered

Nonsinusoidal periodic
source + RLC circuit

Hard to analyze

Requires advanced math such as
calculus and Fourier series.

Will be discussed
only briefly

Nonsinusoidal
nonperiodic source
+ RLC circuit

Hard to analyze

Requires advanced math such as
calculus, Fourier analysis, and Laplace
transformations.

Will be discussed
only briefly
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2.18 DC Sources and RC/RL/RLC Circuits

Since dc sources connected to purely resistive networks have already been covered,
let’s now take a look at dc sources connected to circuits that also contain capacitors
and inductors.

RC Circuits

In the following RC circuit, assume that the switch is initially open until time t =0, at
which time it is closed and left closed thereafter.
t=0

FIGURE 2.30 t=1=RC t

By applying Kirchhoff’s voltage law to the circuit, you can set up the following
expression to figure out how the current will behave after the switch is closed:

1
VO:|R+Ef|dt

To get rid of the integral, differentiate each term:

O:Rﬂ+ll or ﬂ+LI:0
dt C dt RC

This expression is a linear, first-order, homogeneous differential equation that has the
following solution:

| = Ioe_t/RC

The RC term in the equation is called the RC time constant (t = RC).

With the solution for the current now known, the voltage across both the re-
sistor and the capacitor can be found by substituting it into Ohm’s law to find Vg
and likewise substituting it into the general voltage expression of a capacitor to
find V¢:

VR = IR = VoeithC
_ 1 ' _ —t/RC
VC_EL' dt = V(1 — 70
The graph of Vi and V. versus time is shown above. Note that when t = 1 = RC, V¢

reaches 0.632 V,, or 63.2% the maximum voltage.

RL Circuit

In the following RL circuit, assume that the switch is open until time t = 0, at which
time it is closed and is left closed thereafter.
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FIGURE 2.31

At the moment the switch is closed and thereafter you can use Kirchhoff’s voltage
law to come up with an expression for how the current will behave:

dl di R
Vo=IR+L— or —+—I=ﬁ
dt dt L L

This expression is a linear, first-order, nonhomogeneous differential equation that has
the following solution:

Vy
l=—(1—gR"
R( )

The L/R term is called the RL time constant (t = L/R).

With the solution for the current now known, the voltage across both the resistor
and inductor can be found by substituting it into Ohm’s law to find V and likewise
substituting it into the general voltage expression of an inductor to find V:

VR = IR = Vo(l - e_Rth)

di
Vi=L-——= Vet
L dt 0

The graph of Vg and V| versus time is shown above. Note that whent =t = L/R, V,
reaches 0.37 V, or 37% maximum voltage.

RLC Circuit

In the following RLC circuit, assume that the capacitor is initially charged and that the
switch is initially open. Then, at time t =0, the switch is closed and left closed thereafter.

Overdamped
|

R Critically damped
|
q

| h Underdamped

N~
UUU t

FIGURE 2.32
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At the moment the switch is closed and thereafter you can apply Kirchhoff’s voltage
law to come up with an expression for how the current will behave:
1 I 1 Rdl 1
—Idt+IR+Ld—=O or —+—d—+—I=O
C dt d® L dt LC
This expression is a linear, second-order, homogeneous differential equation that has
the following solution:
Vo

| - (eC1t _ eCzt)
(C,-CyL

LA R 1 o R 1
T 42 LC 2T oL 42 LC

Unlike with RC and RL circuits, understanding what the solution means or “visual-
izing the solution” is a bit more difficult. This circuit has a unique set of characteris-
tics that are categorized as follows:

When R? > 4L/C, we get a condition within the circuit known as overdamping.
Taking R? to be much greater than 4L/C, the approximate solution for the current
is

| = ﬁ(e—URC _ e—Rt/L)

However, when R? = 4L/C, you get a condition within the circuit called critical damp-

ing, which has the solution

Vot
L

e—Rt/ 2L

I =
And finally, if R? < 4L/C, you get what is called underdamping, which has the solution
V
| = —2eRV2 sin(wt)
oL

Note that the solution for the underdamped case is oscillatory, where the angu-
lar frequency w of oscillation can be related to the cycling frequency f by o = 2xf.
The period of oscillation can be found using T = 1/f = 2n/®. In the underdamped
case, electrical energy is switching between being stored in the electrical fields
within the capacitor and being stored in the magnetic fields about the inductor.
However, because of the resistor, energy is gradually lost to heating, so there is an
exponential decay. The underdamped RLC circuit is called a resonant circuit because
of its oscillatory behavior. A simple LC circuit, without the resistor, is also a reso-
nant circuit. Figure 2.32 shows the overdamping, critical damping, and under-
damping conditions.

2.19 Complex Numbers

Before | touch on the techniques used to analyze sinusoidally driven circuits, a quick
review of complex numbers is helpful. As you will see in a moment, a sinusoidal cir-
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cuit shares a unique trait with a complex number. By applying some tricks, you will
be able to model and solve sinusoidal circuit problems using complex numbers and
complex number arithmetic, and—this is the important point—you will be able to
avoid differential equations in the process.

A complex number consists of two parts: a real part and an imaginary part.

Real part
Complex number Imaginary part
z=a+ib
FIGURE 2.33 z =a + jb (Used in electronics)

Both a and b are real numbers, whereas i = V-1 is an imaginary unit, thereby making
ib an imaginary number or the imaginary part of a complex number. In practice, to
avoid confusing the i (imaginary unit) with the symbol i (current). The imaginary
unit i is replaced with j.

A complex number can be expressed graphically on what is called an Argand dia-
gram or Gaussian plane, with the horizontal axis representing the real axis and the ver-
tical axis representing the imaginary axis.

Cartesian form of complex number

Imaginary axis

P(-32), z=-3 +,2

Horizontal position
P(33), z=3+;3 on real axis Vertical position on
imaginary axis

Pab), z=a +jb Point in the imaginary \ /

plane which represents P (a,b)

P(-2,-4), z =-2-j4

. lex number
Real axis the complex number z

Complex number = /
PR-2), z=2-2 z=a+jb

FIGURE 2.34

In terms of the drawing, a complex number can be interpreted as the vector from 0 to
P having a magnitude or length of

r=Va*+h?

and that makes an angle relative to the positive real axis of
b

0=tan?—
a

Now let’s go a bit further—for the complex number to be useful in circuit analysis, it
must be altered slightly. If you replace a with r cos 6 and replace b with r sin 6, the com-
plex number takes on what is called the trigonometric (or polar) form of a complex number.
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. . Trigonometric form of complex number
Imaginary axis

- . Point in the complex plane
a=rcosg P(a, b), z = rcos&+ jrsing representing the complex P(a’b)
number z
¥ .
b=rsing
4 . —A
real axis Complex number - — 9+ jrsin@
in polar form
r=vVa’+b’
af b
6 = tan '(—
a
FIGURE 2.35

OK, now you are getting there, just one more thing to cover. Long ago, a man by
the name of Euler noticed that the cos 6 + j sin 6 part of the trigonometric form of the
complex number was related to ¢ by the following expression:

e¥=cos0+jsin®
(You can prove this by taking the individual power series for ¢®, cos 8, and j sin 6.

When the power series for cos 6 and j sin 6 are added, the result equals the power
series for e®.) This means that the complex number can be expressed as follows:

Z=rek
Now there are three ways to express a complex number: z =a + jb, z =r(cos 6 +
j sin 8), and z = re®®. Each form is useful in its own way; that is, sometimes it is easier

to use z=a+ jb, and sometimes it is easier to use either z=r(cos 6 +j sin 0) or z = rel®—
it all depends on the situation.

Trigonometric form

z=rcosO + jrsin®

A

r:wlaerb2

Cartesian form 0= tan"'(t/a)

z=a+jb

a=rcosh Y

b=rsinb 19

z=re

Exponential form

Example

Trigonometric form

z=5¢08(53%) + j5sin(53°%)

Cartesian form 4

z=3+j4

a=5co0s(53°
b=5sin(53°

Y
z =559

)=3
)=4

FIGURE 2.36 Exponential form
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The model shown in Fig. 2.36 is designed to help you get a feeling for how the var-
ious forms of a complex number are related. For what follows, you will need to know
the arithmetic rules for complex numbers too, which are summarized in Table 2.2.

TABLE 2.2 Arithmetic with Complex Numbers

FORM OF COMPLEX

NUMBER ADDITION/SUBTRACTION MULTIPLICATION DIVISION
. . z; ac+bd [bc—ad
Z+z,=(@*c)+jb = d) 2,2, = (ac — bd) + j(ad — bc) = ( . 2)
z, Cc*+d c+d
Zi=a+jb Example: Example: Example:
Z,=c+jd 2,=3+4,2,=5-]7 2,=5+2,2,=-4+3 Zi=1+j,2,=3+2]

21+2,=03+5+j4-7)

Cartesian form =8-j3

2,2, =[5(-4) - 2(3)] +
i[5(3) + 2(-4)] = —26 + 7

7z 13)+1(2) N < 1(3) - l(2)>

Z, 32422 32422
5 1

=—+4j—
13 15

Can be done but involves
using trigonometric identities;
it is easier to convert this form

Z;=C0S 0; +jsin 6,
Z, =C0S 0, + ) sin 6,

Can be done but involves
using trigonometric identities;
it is easier to convert this form

Can be done but involves
using trigonometric identities;
it is easier to convert this form

Polar form into the Cartesian form and into the exponential form and into the exponential form and
(trigonometric) then add or subtract. then multiply. then divide.
7, =re" Does not make much sense to 2,2, = r,r,e/®+%) 4 _Dgie-o

add or subtract complex N
Z, = 1% numbers in this form because Example:

the result will not be in a z, = 5el" 7, = 2e™? Example:
Polar form simplified form, except if r, 7, = 8el*, z, = 2ei™®
(exponential) and r, are equal; it is better to » 7. 8 »

first convert to the Cartesian 2,2, = 5(2)el=+72 Lo —el-n3) — geiend)

form and then add or subtract. = 10e/¢2 Z

Here are some useful relationships to know:

— 1
j= _11 j2=_1r Tz_j
ejn/Z — j’ ejrc =-1 ej31(/2 — _J ejZn =1
1 a—jb

atjb  a+b?

2.20 Circuits with Sinusoidal Sources

Suppose that you are given the following two circuits that contain linear elements
(resistors, capacitors, inductors) driven by a sinusoidal voltage source.

1

R
4YAYAY;
ﬂ ]
| ]
| ]

C
FIGURE 2.37

Q
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To analyze the simpler of the two circuits, you could apply Kirchhoff’s voltage law
and get the following:

dl 1
V,cos(wt) =IR+L —+—]|1dt
» cos(ot) |

which reduces to

d?l d 1 .
L—+R—+—l=-w0V,;sin(wt)
dt? dt C

This expression is a linear second-order nonhomogeneous differential equation.
To find the solution to this equation, you could apply, say, the technique of variation
of parameters or the method of underdetermined coefficients. After the solution for
the current is found, finding the voltages across the resistor, capacitor, and inductor
is a simple matter of plugging the current into the characteristic voltage/current
equation for that particular component. However, coming up with the solution for
the current in this case is not easy because it requires advanced math.

Now, if things were not bad enough, let’s consider the more complex circuit in
Fig. 2.39. To analyze this mess, you could again apply Kirchhoff’s voltage and current
laws to a number of loops and junctions within the circuit and then come up with a
system of differential equations. The math becomes even more advanced, and find-
ing a solution becomes ridiculously difficult.

Before | scare you too much with these differential equations, let me tell you about
an alternative approach, one that does away with differential equations completely.
This alternative approach makes use of what are called complex impedances.

2.21 Analyzing Sinusoidal Circuits with Complex Impedances

To make solving sinusoidal circuits easier, it is possible to use a technique that enables
you to treat capacitors and inductors like special kinds of resistors. After that, you can
analyze any circuit containing resistors, capacitors, and inductors as a “resistor” cir-
cuit. By doing so, you can apply to them all the dc circuit laws and theorems that | pre-
sented earlier. The theory behind how the technique works is a bit technical, even
though the act of applying it is not hard at all. For this reason, if you do not have the
time to learn the theory, | suggest simply breezing through this section and pulling out
the important results. Here’s a look at the theory behind complex impedances.

In a complex, linear, sinusoidally driven circuit, all currents and voltages within
the circuit will be sinusoidal in nature. These currents and voltages will be changing
with the same frequency as the source voltage (the physics makes this so), and their
magnitudes will be proportional to the magnitude of the source voltage at any par-
ticular moment in time. The phase of the current and voltage patterns throughout the
circuit, however, most likely will be shifted relative to the source voltage pattern. This
behavior is a result of the capacitive and inductive effects brought on by the capaci-
tors and inductors.

As you can see, there is a pattern within the circuit. By using the fact that the volt-
ages and currents will be sinusoidal everywhere, and considering that the frequen-
cies of these voltages and current will all be the same, you can come up with a
mathematical trick to analyze the circuit—one that avoids differential equations. The
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trick involves using what is called the superposition theorem. The superposition theo-
rem says that the current that exists in a branch of a linear circuit that contains several
sinusoidal sources is equal to the sum of the currents produced by each source inde-
pendently. The proof of the superposition theorem follows directly from the fact that
Kirchhoff’s laws applied to linear circuits always result in a set of linear equations
that can be reduced to a single linear equation with a single unknown. The unknown
branch current thus can be written as a linear superposition of each of the source
terms with an appropriate coefficient.

What this all means is that you do not have to go to the trouble of calculating the
time dependence of the unknown current or voltage within the circuit because you
know that it will always be of the form cos(wt + ¢). Instead, all you need to do is cal-
culate the peak value and phase and apply the superposition theorem. To represent
currents and voltages and apply the superposition theorem, it would seem obvious
to use sine or cosine functions to account for magnitude, phase, and frequency. How-
ever, in the mathematical process of superimposing (adding, multiplying, etc.), you
would get messy sinusoidal expressions in terms of sines and cosines that would
require difficult trigonometric rules and identities to convert the answers into some-
thing you could understand. Instead, what you can do to represent the magnitudes
and phases of voltages and currents in a circuit is to use complex numbers.

Recall from the section on complex numbers that a complex number exhibits sinu-
soidal behavior—at least in the complex plane. For example, the trigonometry form of
acomplex number z=r cos 0+ jr sin® will trace out a circular path in the complex plane
when 6 runs from 0 to 360°, or from 0 to 2x radians. If you graph the real part of z ver-
sus 6, you get a sinusoidal wave pattern. To change the amplitude of the wave pattern,
you simply change the value of r. To set the frequency, you simply multiply 6 by some
number. To induce a phase shift relative to another wave pattern of the same frequency;,
you simply add some number (in degrees or radians) to 6. Now, if you replace 6 with
ot, replace the r with V,, and leave a place for a term to be added to 6 (place for phase
shifts), you come up with an expression for the voltage source in terms of complex
numbers. You could do the same sort of thing for currents, too.

Now the nice thing about complex numbers, as compared with sinusoidal func-
tions, is that you can represent a complex number three different ways, either in
Cartesian, trigonometric, or exponential form. Having three different options makes
the mathematics involved in the superimposing process easier. For example, by con-
verting the number, say, into Cartesian form, you can easily add or subtract terms. By
converting the number into exponential form, you can easily multiply and divide
terms (terms in the exponent will simply add or subtract).

It should be noted that, in reality, currents and voltages are always real; there is no
such thing as an imaginary current or voltage. But then, why are there imaginary
parts? The answer is that when you start expressing currents and voltages with real
and imaginary parts, you are simply introducing a mechanism for keeping track of
the phase. (The complex part is like a hidden part within a machine; its function does
not show up externally but does indeed affect the external output—the “real” or
important, part as it were.) What this means is that the final answer (the result of the
superimposing) always must be converted back into a real quantity. This means that
after all the calculations are done, you must convert the complex result into either
trigonometric or Cartesian form and then delete the imaginary part.
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You may be scratching your head now and saying, “How do | really do the super-
imposing and such? This all seems too abstract or wishy-washy. How do | actually
account for the resistors, capacitors, and inductors in the grand scheme of things?”
Perhaps the best way to avoid this wishy-washiness is to begin by taking a sinusoidal
voltage and converting it into a complex number representation. After that, you can
apply it individually across a resistor, capacitor, and then an inductor and see what
you get. Important new ideas and concrete analysis techniques will surface in the
process.

Let’s start by taking the following expression for a sinusoidal voltage

V, cos (mt)
and converting it into a complex expression:
V, cos (ot) + jV,ysin (ot)

What about the jV¢sin(ot) term? It is imaginary and does not have any physical
meaning, so it does not affect the real voltage expression (you need it, however, for
the superimposing process). To help with the calculations that follow, the trigono-
metric form is converted into the exponential form using Euler’s relation r cos 6 +
jrsin @ =rek:

V = Vgejmt

Graphically, you can represent this voltage as a vector rotating counterclockwise
with angular frequency o in the complex plane (recall that o = d6/dt, where o = 2rf).
The length of the vector represents the maximum value of V, or V,, while the projec-
tion of the vector onto the real axis represents the real part, or the instantaneous value
of V, and the projection of the vector onto the imaginary axis represents the imaginary
part of V.

Imaginary Imaginary

,
1

r cos (8)
¢ j

Jox
Kye

4 ot

Wy cos (wr)

FIGURE 2.38

Now that you have an expression for the voltage in complex form, you can place,
say, a resistor, a capacitor, or an inductor across the source and come up with a com-
plex expression for the current through each device. To find the current through a
resistor in complex form, you simply plug V = V& into V in | = V/R. To find the cur-
rent through a capacitor, you plug V = V& into | = CdV/dt. Finally, to find the current
through an inductor, you plug V = V* into | = 1/LfV dt. The results are shown
below:
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V=V @ ﬂ §R Resistor:IR:%:%e“"‘

V =V @ /D, _—cC

FIGURE 2.39

Vo

V =V et @ /D' L Inductor: I, = % | Vvdt= o

) (o \V
Capacitor: Ic=C Y =jCV,e™

e] ot

Comparing the phase difference between the current and voltage through and
across each component, notice the following: For a resistor, there is no phase differ-
ence; for a capacitor, there is a +90° phase difference (because of the +j term); and for
an inductor, there is a —90° phase difference (because 1/j = —j). This agrees with what
you learned earlier about reactances. The relationship between the phase differences
of the currents and voltages can be shown graphically by using what is called a pha-
sor diagram. The phasor diagram is simply a graph in the complex plane that repre-
sents a “snapshot” of the current and voltage vectors in the circuit when the time is
held fixed. For example, if you set t = 0 in the current expression, you get the follow-
ing phasor diagrams for the three circuits:

Resistor + Source
FIGURE 2.40

 J

Vsource

Capacitor + Source

Y

Vsource

Resistor + Source

The phase difference between the current and voltage is represented by the angle

between the | and V vectors.

If you now divide the voltage across each component by the current through it,
the e/ terms will cancel, and you get three expressions. The expression you get after
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2.22

FIGURE 2.42

dividing the complex current through a resistor by the complex source voltage is sim-
ply equal to the resistance R. The expression you get by dividing the current through
a capacitor by the source voltage resembles capacitive reactance, but it is imaginary
in form. The expression you get by dividing the current through an inductor by the
source voltage resembles inductive reactance, but it is also imaginary in form. Since
you are using complex numbers to express things, resistances and impedances are
collectively referred to as complex impedance (symbolized with a Z).

R

Vejm(
— W [y e = =R
ﬁejfm
R
C z

—b— > T = jaover e

L Z

L Vv jot
T Ly L 2=, =" =i
I Vo g
joL
FIGURE 2.41

(An important point to note with impedances is that during the voltage/current divi-
sion, the & terms cancel. The resulting expression is simply a complex number, and
it will be a function of only frequency, but not time. This is part of the trick to avoid-
ing the differential equations.)

The nifty thing, now that you have a way to express I, V, and Z in complex form,
is that you can plug these terms into all the old laws and theorems that were pre-
sented earlier. You do not have to worry about setting up time-dependent equa-
tions—the complex numbers will retain all the necessary magnitude, frequency, and
phase information needed. The “looks” of the old laws, relations, and theorems will
be different, however, because you will have to substitute all R’s with Z’s and replace
dc sources with sinusoidal sources expressed in complex form.

For example, the revised form of Ohm’s law (now called the ac Ohm’s law) looks
like this:

V(t) = 1(t)Z

This type of revising can be applied to the other dc laws and theorems, too. Here’s a
look at the other laws and theorems in revised ac form.

Impedances in Series and the Voltage Divider

_T_ Represents either aresistor,
o capacitor, or an inductor Vi)
Z| vy 1(®) —Zeq
1(t)
Vi, () 4 z =7+2 4
in eq 17 42 Viy(t) = Z+2, Vin(t)
Voltage dividers
ZZ VZ(t) Zz
Equivalent Valt) = ( Zi+2Z, )V'“(t)
T impedance
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To find the equivalent impedance for a number of components in series, use

Zeg=2Z1+Zy+Z3+ - + 2, (series)

2.23 Impedances in Parallel and the Current Divider

(V) L) < Vin(t)
: 0=,
Z, )
I t = Iin
22, (D (Zl+Zz
ACEENG) Z Z| | 1,0 Zoy= . Current dividers
1 2 Z
IZ(t)z(z +1z )I‘”
1 2

FIGURE 2.43

To find the equivalent impedance for a larger number of components in parallel, use

Y/Z2,=1/2,+1/2,+1/2Z;3+--- +1/2Z, (parallel)

2.24 Applying Kirchhoff’s Laws in AC Form

1, Applying Kirchhoff’s current law, you get the
following set of equations:

11(1) = (1) + 15(t)

() = 1s(t) + 14(t)

ls(t) = La(t) + 15(t)

Applying Kirchhoff’s voltage law, you get the
following set of equations:

Vin(t) = i(Y)Zy = 1(1)Z; - 15(t)Zs = 0

—13()Zs + L()Zs + 1,(H)Z, =0

—l6()Zs + 1s(1)Zs — 1,()Z4 =0

v, 0 @

FIGURE 2.44

Sample Problems

Modeling sinusoidal circuits that contain resistors, capacitors, and inductors is
easy. However, solving the resulting equations may be a bit confusing if you are not
familiar with the technical tricks needed to do arithmetic with complex numbers.
The following examples are designed to show you the subtleties involved in doing
the math.

EXAMPLE 1 (RESISTOR AND CAPACITOR IN SERIES)

Here you will find the equivalent impedance (Z.) for a resistor and capacitor in series
and express the result in Cartesian, trigonometric, and exponential forms.
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The equivalent impedance for a resistor and capacitor in series is

Zeq=Za+Zc
1 ' 1

zeq=R+_—=R—L=R—j(—>
joC oC oC

To find the exponential form (re’®) of Z,,, you find the magnitude r and
the phase 6.

The magnitude is

r=(a%+b?)2= [Rz + (i)z]m

R oC
1 The phase is
> || =R
JoC 6= tan*1(2> = tan*l(—l/wc> = —tan*l(—1 )
a oRC

C

—([ Hence the exponential form becomes
2172 N 1
e T e

FIGURE 2.45 oC ®RC

If R =150 Q, C =0.1 uF, and o = 10* rad/s (the angular frequency of a
source connected across the pair), the numerical value of Z., becomes

Zeoq=(150-j2500) Q  (Cartesian form)
Zeq = (2504 Q)ei®5)  (polar exponential form)

Zeq = (2504 ) cos(—86.5°) + j(2504 Q) sin(—86.5°)  (trigonometric form)

If a voltage source Vet is attached across an RC series network, the current
flow through the combination can be found using ac Ohm’s law, substituting Z.,
for Z:

Vel Velot
Zo (120 Q)ei®6)

I(t) =

To find the individual voltages across R and C, the voltage divider can be used:

Z ) R )
VR“):(ﬁ)v°e‘"":(z—)v°e““‘
R + C eq

Z . 1/joC :
Vc(t) — (—C>Voe1wt — (L)Voemt
Zp+2Zc Zeg

After finding Vi(t) and V¢(t), the imaginary part of the complex result must be removed
simply by deleting it from the final expressions.

EXAMPLE 2 (RESISTOR AND INDUCTOR IN PARALLEL)

Here, find the equivalent impedance for a resistor and inductor in parallel and
express the result in Cartesian, trigonometric, and exponential forms.
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*3

FIGURE 2.46

The equivalent impedances for a resistor and an inductor
in parallel are

1 1 1
=+ —
Zq Zn 4L

Z:Z:  R(ol) R(oL)+jRol

T Ze+Ze R+joL | Ri+ (0l)

R(joL) R(wL)> . R%wL
Zq= ; Zea=13 PR A 2
R+joL R* + (oL) R? + (wL)
To find the exponential form (re®) of Z.,, we find the mag-
nitude (r) and the phase (6):

eq

= [+ b = { R%(wL)* + R{(wL)? }1’2 _ RoL
[R? + (0L)? [R2 + (0L)7*2
71< RZwL > 71< R )
0 =tan =tan™—
R(wL)? oL

RoL
Zeq= 2 27172
[R* + (wL)?]
If R = 150Q, and L = 50 mH, and o = 4 x 10%/s (angular

frequency of a source connected across the pair), Z
becomes:

jtan™(R/wL)

Zeq = (96 +j72)Q (Cartesian form)
Zeq = (120Q)ei®5) (polar exponential form)
Zeq = (120Q)c0s(36.9°) + jsin(36.9°) (trigonometric form)

If a voltage source Ve is connected across the RL parallel network, the individual
current Iz(t) and I (t) can be found by using the current divider relation:

(D) = (ﬁ)lmm

Zg
I,() = | =——— |lin(t
) (ZR+ZL) ®
where
Voejmt
lin(t) =——
Zeq

Again, as before, the imaginary part of the complex result must be deleted for the cur-
rent to make sense in the real world.

EXAMPLE 3

The aim of this example is to find the current I(t) and the individual voltages Vk(t),
V(t), and V(1) in an RLC sinusoidally driven circuit. To do this, you find the equiva-
lent impedance for the circuit and then find I(t) using Ohm’s law [I = V(t)/Z,,]. After
finding I(t), you can plug it into Ohm’s law again to find the voltage across each
device. When going through this example, note the mathematical techniques used—
there are a few tricky parts that require adding two complex numbers of different
forms.
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R

A2
V,c0s (wt) @ ﬂ

c
I nitial circuit

VOe jot

R=10
C=1yF
/N' L=25mH
@ Za  ©=628x10°radls
Vo=10V
Simplified
circuit

To find the equivalent impedance for this circuit, you add impedances in series and subtitue in the known values:

1
Zeq:ZR+ZC+ZL:R+7+ij:R+j(mL—1/(oC):lQ—jZ.OBQ
joo

It will be helpful in the calculations that follow to convert Z., into exponential form (ref):

r=Va2+b?="V12+(-2.08)2=2.30 Q

2.
0= tan’l(g) = tan’l<£) =-64.3°
a 1

Zeq = rel® = (2.30 Q)ei543)
To find I(t), you divide the source voltage Ve by Z;:

10v)
(2.30 Q)

To find Vi(t), VL (t), and V(t), you use V(t) = ZI(t):

Vo(‘l‘jwt VO

|(t) - _ v _ 7ej(u>t+e) — ej(u)t+64.3°) — (434 A)ej(wt+64 3°)

Vr(t) = RI(D) = (1 Q)(4.34 A)e 89 = (4,34 V)el©!+643)

Vi(t) = (joL)I(t) = j(4.34 A)(157.1 Q)eilt+643) = (682 \/)gi(et+643°+09)
= (628 V)elt+1543) < :l

Ve(t) = (%)I(t) L (1502 Q)(a.38 Ajeio-#) = (691 v)elorr 84 -s0)
jo j

0

Here we needed to convert 1/j(159.2 Q) into
exponential form to multiply. We use 1/j =—j:

= (691 V)elt -7

r=V0?+(-159.2 Q) =159.2 Q

0= tan’l(%gz) = tan(~e0) = -90°

l i o
—(159.2 Q) = (159.2 Q)e/*”
]

FIGURE 2.47

Here we needed to convert j(4.34 A) into
exponential form to multiply

r=V02+ (434 AP =434 A
4.34

0= tan*(T) =tan(e) = 90°

j(4.34 A) = 4,341

Again, like before, I(t), Vk(t), Vc(t), and V (t) must be real to make sense in the real
world. To make the results real, delete the imaginary parts. The end results become

I(t) = (4.34 A)el®+643) = (4,34 A) cos(wt + 64.3°) = (4.34 A) cos(6.28 x 10° + 64.3°)
Vi(t) = (4.34V) cos(wt + 64.3°) = (4.34 V) cos(6.28 x 10° + 64.3°)

V. (t) = (628 V) sin(owt + 154.3°) = (628 V) sin(6.28 x 10 + 154.3°)

Ve(t) = (691V) sin(wt + 25.7°) = (691 V) sin(6.28 x 10 — 25.7°)
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To visualize the phase and magnitudes of V(t), Vc(1), V. (1), and I(t) relative to the
source V(t) = Ve, you can draw things out in a phasor diagram using the cartesian
form of the results to plot the vectors.

20 @
0]

V()

\ 140]
& Re

VD)

FIGURE 2.48

In terms of the phasor diagram, the real values are the vertical projections of the
vectors onto the real axis. All vectors will rotate in a counterclockwise direction at an
angular frequency o = 6.28 x 10° rad/s. All angles between the vectors indicate the
phase relationships between the voltages and currents within the circuit.

2.25 Thevenin’s Theorem in AC Form

Thevenin’s theorem, like the other dc theorems, can be modified so that it can be used
in ac linear circuit analysis. The revised ac form of Thevenin’s theorem reads: Any com-
plex network of resistors, capacitors, and inductors can be represented by a single sinu-
soidal power source connected to a single equivalent impedance. For example, if you
want to find the voltage across two points in a complex, linear, sinusoidal circuit or find
the current and voltage through and across a particular element within, you remove
the element, find V,(t), short the sinusoidal sources, find the Z,, (Thevenin impedance),
and then make the Thevenin equivalent circuit. Figure 2.49 shows the Thevenin equiv-
alent circuit for a complex circuit containing resistors, capacitors, and inductors.

Thevenin equivalent circuit
Zy,
a
N\ _
any two desired
|:> Mo terminals
q”

Here you will apply the ac Thevenin’s theorem to find the current through a resistor
attached to reactive network.

FIGURE 2.49 d

EXAMPLE
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V, cos(wt) C R
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L,
Finding V;, (1)
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\yelo i

Lo
L

Finding Z,, (t)

FIGURE 2.50

2.26 Power in AC Circuits

Vo=10V

L =200 mH
C=20nF
R=3300 Q
®=1x10%s

Thevenin equivalent
circuit

Suppose that you are interested in finding the
current through the resistor in the circuit to the
left. You can apply Thevenin’s theorem to make
solving this problem a breeze.

First, you remove the resistor in order to free
up two terminals to make the“black box.” Next,
you calculate the open circuit, or Thevenin,
voltage Vy,(t) by using the ac voltage divider
equation:

Ze _
Vin(t) = V(t) = \/ elot
) = Ve(t) (ZC+ZL)0

_ ( 1/JU)C )Voejmt —

- - )Voejml
1/joC + joL

(o
Here

®?LC = (10%/5)(0.200 H)(2 x 107 F) = 0.400
Hence,

Vin(t) = (16.67 V)eiet

To find Z,, you short the load with a wire and
take the impedance of the inductor and capac-
itor in parallel:

_ZcxZ, UjoCxjoL  joL

T Ze+Z, UjoC+joL  1-wilLC
_ j(105)(0.200 H)
B 1-04 -

th
(3333 Q)

Next, you reattach the load resistor to the
Thevenin equivalent circuit and find the cur-
rent by combining Zy, and Z (or R) of the resis-
tor in series:

Z =R+ Zy = (3300 + j3333) Q = (4690 Q)ei¢5)

Using Ohm’s law we can find the current:

Ir(t) = (3.55mA)cos(mt — 45.3°)

The last expression is the trigonometric
form for Ig(t) with the imaginary part removed.

In a linear sinusoidally driven circuit, how do you figure out what the average power
loses will be over one cycle? You might think that you could simply use P, = I;ms?R
and substitute the R with Z (equivalent impedance for the entire circuit). It seems like
you have applied this substitution to all the other dc laws and theorems, why not
here too? Well, in this case things do not work out so nicely. The reason this substitu-
tion fails has to do with the physical fact that only resistors in a complex circuit will
contribute to power loses—capacitors and inductors only temporarily store and
release energy without consuming power in the process. Therefore it is necessary to
figure out which part of the complex power (or apparent power) is real and which
part is reactive. A simple way to find the real average power is to use the following:
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2.27 Decibels

Pave = Re(VI*) = [VI*] cos ¢

where VI* is the complex power, and V and | are the complex rms amplitudes. The
cos ¢ in the last term is called the power factor, and using trigonometry; it is the ratio
of the real resistance (heating) to the total impedance of the circuit. It is given by the
cosine of the phase angle between the voltage applied across the equivalent imped-
ance of the circuit and the current through the impedance. More simply, it can be con-
sidered the ratio between the real part of the impedance and the magnitude of the
total impedance, as shown below:

Re zZ Re z

1ZI  V(ReZ)*+(Im 2)?

(Here,Re Z=a,and ImZ=bin Z=a+ jb.) For a purely reactive circuit (no resistors),
the powver factor is zero, but for a purely resistive circuit, the power factor is one.

In terms of applications, circuits that have reactive components will “steal” some
of the useful current needed to power a load. To counterbalance this effect, capacitors
frequently are thrown into a circuit to limit the reactive behavior and free up useful
current needed to power a resistive load.

Power factor = cos ¢ =

In electronics, often you will encounter situations where you will need to compare
the relative amplitudes or the relative powers between two signals. For example, if an
amplifier has an output voltage that is 10 times the input voltage, you can set up a
ratio V,/Vi, =10/1 =10 and give the ratio a special name—gain. If you have a device
whose output voltage is smaller than the input voltage, the gain ratio will be less than
one. In this case, you call the ratio the attenuation. Using ratios to make a comparison
between two signals is done all the time—not only in electronics. However, there are
times when the range over which the ratio of amplitudes between two signals or the
ratio of powers between two signals becomes inconveniently large. For example, if
you consider the range over which the human ear can perceive different levels of
sound intensity, you would find that this range is very large, from about 10** to 1
W/m?Z. In this case, the ratio of intensities would cover a range from 1072 to 1. This
large range could pose a problem if you were to attempt to make a “ratio versus
something else” graph, especially if you are plotting a number of points at different
ends of the scale—the resolution gets nasty. To avoid such problems, you can use a
logarithmic measure. For this, the decibel (dB) is used.

By definition, the ratio between two signals with amplitudes A; and A; in decibels
is

A,
dB =20 logy, ;
1

This means that A,/A; = 2 corresponds to 20 log,4(2) = 6 dB, A,/A; = 10 corresponds
to 20 dB, A,/A, = 1000 corresponds to 60 dB, A,/A, = 10° corresponds to 120 dB, etc.
If the ratio is less than 1, you get negative decibels. For example, A,/A; = 0.5 corre-
sponds to 20 logy,(0.5) = -6 dB, A,/A, = 0.001 corresponds to —60 dB, A,/A; = 10" cor-
responds to —120 dB, etc.

If you are using decibels to express the ratio of powers between two signals, use
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d i
B =10 logy, P_1
where P, and P, are the corresponding powers of the two signals. As long as the two
signals have similar waveforms, the power expression will yield the same result (in
decibels) as the amplitude expression. (P is proportional to A% and log,, A’ =
2 log,y A—this provides the link between the amplitude and power expressions.)
There are instances when decibels are used to specify an absolute value of a sig-
nal’s amplitude or power. For this to make sense in terms of the decibel equations, a
reference amplitude or power must be provided for comparison. For example, to
describe the magnitude of a voltage relative to a 1-V reference, you indicate the level
in decibels by placing a V at the end of dB, giving units of dBV. In terms of the first
equation above, A; would be the reference amplitude (1 V), while the amplitude
being measured (voltage being measured) would be the A, term. Another common
unit used is dBm. It is used when defining voltages where the reference voltage cor-
responds to a 1-mW power input into a load. In acoustics, dB,SPL is used to describe
the pressure of one signal in terms of a reference pressure of 20 puPa.

2.28 Resonance in LC Circuits

When an LC network is driven by a sinusoidal voltage at a special frequency called
the resonant frequency, an interesting phenomenon occurs. For example, if you drive a
series LC circuit (shown below) at its resonant angular frequency—which happens
when @, = 1/V/LC—the effective impedance across the LC network goes to zero (acts
like a short). This means that current flow between the source and ground will be at
a maximum. On the other hand, if you drive a parallel LC circuit at its resonant angu-
lar frequency—which also happens when w, = 1/VLC—the effective impedance
across the network goes to infinity (acts like an open circuit). This means that current
flow between the source and ground will be zero. [In nonangular form, the resonant
frequency is given by fo = 1/(27c\/E). This we get from o = 2rf.]
SeriesLC circuit Parallel LC circuit

V, cosmt 1(t) L
(=V,elot)
ST
1 1
Whenco:coozﬁ,ZLC—>0,I—>Imax Whenw=(00=ﬁ,zm—>oo,l—)0
FIGURE 2.51

To get an idea of how the LC series resonant circuit works, find the equivalent

impedance of the circuit—taking L and C in series:
1 1
Zyy=Z +Zc=joL+——=jloL-——
eq L C J ch J( COC)

Now ask yourself what value of w when substituted into the preceding equation will
drive Z, to zero? The answer is 1/V LC—the angular resonant frequency. If we apply
the ac Ohm'’s law, the current goes to infinity at the resonant frequency:
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|(t) — w — Vo—elwt — oo
Zyg 0

Of course, in real life, the current does not reach infinity—internal resistance and lim-
ited output source current take care of that. Now, if you do not like equations, just
think that at the resonant frequency the voltages across the capacitor and inductor are
exactly equal and opposite in phase. This means that the effective voltage drop across
the series pair is zero; therefore, the impedance across the pair also must be zero.

To figure out how the LC parallel resonant circuit works, start by finding the
equivalent impedance of the circuit—taking L and C in parallel:

1 1 1 1 ( )
Zg Z. Zc joL (1/jwC) oL
Rearranging this equation, you get

. 1
Zeq =]
(1/0L — ®C)

If you let m, = 1/V/LC, then Z.q goes to infinity. This means that the current must be
zero (Ohm’s law):
V() Ve

I(t) = Ze =0

Again, if you do not like equations, consider the following: At resonance, you
know that the impedance and voltage across L are equal in magnitude but opposite in
phase (direction) with respect to C. From this you can infer that an equal but opposite
current will flow through L and C. In other words, at one moment a current is flowing
upward through L and downward through C. The current through L runs into the top
of C, while the current from C runs into the bottom of the inductor. At another moment
the directions of the currents reverse (energy is “bounced” back in the other direction;
L and C act as an oscillator pair that passes the same amount of energy back and forth,
and the amount of energy is determined by the sizes of L and C). This internal current
flow around the LC loop is referred to as a circulating current. Now, as this is going on,
no more current will be supplied through the network by the power supply. Why? The
power source cannot “feel” a potential difference across the network. Another way to
put this would be to say that if an external current were to be supplied through the LC
network, it would mean that one of the elements (L or C) would have to be passing
more current than the other. However, at resonance, this does not happen because the
L and C currents are equal and pointing in opposite directions.

2.29 Resonance in RLC Circuits

RLC circuits, like LC circuits, also experience resonance effects at w, = 1/VLC. How-
ever, because you now have a resistor, a zero impedance (as you saw with the series
LC circuit) or an infinite impedance (as you saw with the parallel LC circuit) is
brought up or down in size. For example, in the RLC series circuit shown next, when
the driving frequency reaches the resonant frequency, the LC combination acts like a
short. However, because there is a resistor now, the total current flow will not be infi-
nite. Instead, it will be equal to V(t)/R (Ohm’s law). Within the parallel RLC circuit,
the LC section effectively will go to infinity at the resonant frequency. However,
because of the resistor, a current equal to V(t)/R will sneak through the resistor.
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(=V, sinwt)

SeriesRLC circu

R

v, elat r\) ﬁ‘
-

Cc

when o= wm,=1/VLC, I(t) = V(t)/R.

2.30 Filters

V.

in

it Parallel RLC circuit
Q=w,RC (series)

VIR s
1) o [\ Q =0, L/R (parallel)

— > Ao » <

12 1
L @ '® R L _—cC "

o)
o, \ o
1 2 phase angle
\ e 0
-2 ©
FIGURE 2.52

The magnitude and phase of the current (relative to the applied voltage) for both
RLC circuits are shown in the graph in Fig. 2.52. For both circuits, when R gets
smaller, the current “mountain peak” becomes higher and narrower in width. In elec-
tronics, the width of the peak is defined as the distance between the two half-power
points w, and w,. [Half-power means %P, dissipation by the resistor. It corresponds to
a voltage equal to (1/\/§)VO, or a current equal to (1/\/§)I0.] The distance between
half-power points is referred to as the bandwidth:

Bandwidth = A = (@, — )

The quality factor is a term used to describe the sharpness of the peak on the graph in
Fig. 2.53. It is defined by
0o (O

For a series RLC circuit, Q = o,L/R. For a parallel RLC circuit, Q = w,RC.

By combining resistors, capacitors, and inductors in special ways, you can design cir-
cuits that are capable of passing certain frequency signals while rejecting others. This
section examines four basic kinds of filters, namely, low-pass, high-pass, bandpass,
and notch filters.

Low-Pass Filters

The simple RL and RC filter circuits shown in Fig. 2.53 act as low-pass filters—they
pass low frequencies but reject high frequencies.

RC LOW-PASSFILTER

R
V., Attenuation vs. Frequency

C
j ji Low frequencies are .
= = / greatly attenuated Phase Shift vs. Frequency
- 1.0
oc = VRCorf-= 1/2nRC High frequencies 0]
0.707 are attenuated oc
RL LOW-PASSFILTER / 0 ®
Vou —45°
Vin
-90° -
Vout © C (0]
(0348)
oc = RLorfc=R2rL FIGURE 2.53
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To get an idea of how these two filters work, treat both as frequency-sensitive
voltage dividers—the frequency-sensitive part coming from the reactive elements (C
and L). For the RC filter, when a high-frequency signal is applied to the input, the
capacitor’s impedance decreases. This reduction in impedance results in a leakage of
input current through the capacitor to ground—the output voltage approaches the
input voltage. At low frequencies, the capacitor’s impedance is large; only a small
amount of current passes through the capacitor to ground—the output voltage drop
is small. For the RL filter, when a high-frequency signal is applied to the input, the
inductor’s impedance is large; very little current passes to the output—the output
voltage is small. At low frequencies, the inductor’s impedance decreases; most of the
input current passes through the inductor—the output voltage approaches the input
voltage.

In terms of the equations, you can express the relationship between the input and
output voltages by setting up voltage divider relations. For the RC low-pass filter,
you get the following voltage divider:

Vour = i Vin

Zc+R
As you will see in a moment, this expression is more useful (in terms of convention)
if you rearrange it into the following form:

Vout _ Zc _ 1/J(DC _ 1
Vin Z +Zzg UjoC+R 1+jwRC

To give this expression a more intuitive look, convert it into exponential form by using
the following trick: Let 1 + joRC = Ae*, where the magnitude is A = V12 + (oRC)? and
the phase is o = tan™(wRC):

Vout_ 1 1 . 1

e A T — —j tan}(®RC)
Vin  Ad* A V1% + (wRC)?

Now, in electronics, what is useful is the magnitude of the ratio of voltages. To find
this, you simply treat the V,./Vi, term as a complex number (e.g., Z = re*®) and
remove the imaginary exponential term (¢°) to get the magnitude r. Instead of using
r to designate the magnitude of the ratio, you use straight brackets:

VOU[ 1
‘ Vin | V1+ (wRC)>

| Vo Vin] is called the attenuation. The attenuation provides a measure of how much
of the input voltage gets passed to the output. For an RC low-pass filter, when w goes
to zero, the ®RC term goes to zero, and the attenuation approaches 1. This means that
low frequencies are more easily passed through to the output. When o gets large, the
attenuation approaches 0. This means that high frequencies are prevented from
reaching the output. When the frequency of the input signal to an RC low-pass filter
reaches what is called the cutoff frequency, given by

w:=1/RC (angular form)
fc=1/2nRC (conventional form)

the output voltage drops to 1/V2 the input voltage (equivalent to the output power
dropping to half the input power).
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There is one last thing you must consider when describing the output signal
from a low-pass filter. You must determine how much the output signal is shifted
in phase relative to the input signal. For an RC low-pass filter, the phase shift is
¢ = —tan(wRC/1), which is just the exponential term in the V,./Vi, equation pre-
sented earlier. As o goes to 0, the phase shift goes to 0. However, as o goes to infinity,
the phase shift goes to —90°. The phase shift also can be written in terms of the cutoff
frequency (oc = 1/RC):

¢ = —tan*(wRC) = —tan*(w/ w¢)
Notice that when o = wc, the phase shift is equal to —45°.

To determine the attenuation and phase shift for an RL low-pass filter, you would
apply the same tricks you used on the RC filter. The end result gives us

‘ Vour| 1

V1 + (0L/R)?

The cutoff frequency and phase shift follow:

Vin

O = R/L
fc=R/2rnL
and

¢ =—tan™(wL/R) = —tan™(w/ w¢)

Attenuation Expressed in Decibels

Because the range of the attenuation of a filter can take on many orders of magnitude,
it is desirable to express attenuation in terms of decibels. Attenuation in decibels is
given by

VOU'(

Ag =20 log ‘ v

n

To get a feeling for how the decibel expression for attenuation correlates with the
nondecibel expression, take a look at Fig. 2.54.

[ Vot Va | Ag
1,000,000 120 dB
Amplified output 180 ;g gg 0707V
e.g., amplifiers = -
(eg p ) > S8 dB =201log;q v
V2 (=1414) 3dB dB = 20[log,4(0.707) — log;5(1)]
Unity gain < { 1 0
V2 (=0.707) | -3dB_<g——— -3-dB point 45 = 20[-015-0]
0.1 -20dB dB=-3
Attenuated output 172 Z6dB
(e.g., passive filters) 001 ~404dB
0.000001 -120dB
FIGURE 2.54

Notice that when |Vo/Vin| = 1V2 (the half-power condition), Ags = —3 dB. This is
called the —3-dB point. This point corresponds to the half-power point or cutoff fre-
guency for a filter. Also notice that both positive and negative Ay values are possible.
If Ag is positive, the attenuation is not actually called attenuation, but instead, it is
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referred to as the gain. When dealing with amplifiers (devices that have a larger out-
put voltage and powver), positive decibels are used. Negative decibels represent true
attenuation—output voltage and power are smaller than input voltage and power.
When describing passive filters, stick with negative decibels.

To describe the rate of rise or fall in attenuation as the frequency changes, descrip-
tions such as “6 dB/octave” or “20 dB/decade” are used. Here, 6 dB/octave simply
means that if the frequency changes by a factor of 2 (an octave), the attenuation
changes by 6 dB. Twenty dB/decade means that if the frequency changes by a factor
of 10 (a decade), as the attenuation increases or decreases by 20 dB.

High-Pass Filters

The RC and RL circuits shown below act as high-pass filters—they pass high fre-
guencies but reject low frequencies.

RC HIGH-PASSFILTER

oc= 1/RC or fc = 1/2nRC

LR HIGH-PASSFILTER

VOth i
j Attenuation vs. Frequency
1 Phase Shift vs. Frequency
Low frequencies are
10 L greatly attenuated (0]
0.707 ¢ T %
High frequencies are 45°
Vou less attenuated
Vin 0
®
('l)C
(0] c [0)
(0348

oc = R/L or fC = R2nL

FIGURE 2.55

As with the low-pass filters, you can get an idea of how these two filters work by
treating them as frequency-sensitive voltage dividers. For an RC high-pass filter,
when the input frequency is high, the capacitor’s impedance is small; most of the
input current passes through to the output—the output voltage approaches the input
voltage. At low frequencies, the capacitor’s impedance is high; very little current
passes to the output—the output voltage is small. For an RL filter, high frequencies
pass to the output because the inductor’s impedance is high—very little current leaks
through the inductor to ground. At low frequencies, the inductor’s impedance is
small; most of the input current is sunk through the inductor to ground—the output
voltage is small.

If you were to do the math, you would find that the attenuation for an RC high-
pass filter would be

‘vom B R
Vin | VR*+ (1/0C)>?
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When the o goes to 0, the attenuation goes to 0, but if o goes to infinity, the attenua-
tion approaches 1. The cutoff frequency for this filter is given by

oc=1/RC
fc=1/2nRC

For an RL high-pass filter, the attenuation is given by

M = R/L
fo=R/21L

The output phase shift for both filters, expressed in terms of the cutoff frequency;, is
¢ =tan™ (/o)

As o goes 0, ¢ goes to +90°; as w goes to infinity, ¢ goes to 0°. At the cutoff frequency,
o = 45°. See the graph in Fig. 2.55.

Bandpass Filter

By using a parallel LC resonant network as a voltage divider element (see Fig. 2.56), you
can create a filter that is capable of passing a narrow band of frequencies that are near
the LC network’s resonant frequency (wy). Such afilter is referred to as a bandpass filter.

w,=1/VLC
10+ fo= 1/2nVLC
0.707 |- — |20 =% _ oRC
Vout
Vin
|

FIGURE 2.56

To figure out how this filter works, start by finding the equivalent impedance of
the LC section—you take L and C in parallel:

1 1 1 1 oC ( 1)
=5t =7 ——=jloC-—
Zic Z. Zc joL J oL
Solving for Z ¢, you get

_ 1
- (1/0L) — oC

ZLC

As o approaches o, = 1/VLC, the impedance of the parallel LC network approaches
infinity; only input signals that are near the resonant frequency will be passed to the
output (these signals will not be diverted to ground). The quality factor for this filter
is the same as that of a parallel LC resonant circuit:

o
=—=wyRC
Q e
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FIGURE 2.57

Notch Filter

By using a series LC resonant network as a voltage divider element (see Fig. 2.57),
you can design a filter that is capable of rejecting all frequencies except those near the
resonant frequency () of the LC series network.

10
y=1VLC
0.707 - —>| [« Ao f,=12nVLC
Q=wl/R
VOL".
Vin
) (0]

To figure out how this filter works, start by finding the equivalent impedance of

the LC section—we take L and C in series:
1 1
Zic=Z +Zc=joL—j—=]jloL—-——
Lc L+ Zc=] J oC J( wC)

As o approaches w, = 1/VLC, the impedance of the series LC network approaches
zero; current is diverted through the LC network to ground—the output voltage
drops. This explains the “notch” in the graph. The quality factor for this filter is the
same as that of a series LC resonant circuit:

o
=—=wL/R
Q he

2.31 Circuits with Periodic Nonsinusoidal Sources

Suppose that you are given a periodic nonsinusoidal source voltage (e.g., a square
wave, triangle wave, ramp, etc.) that is used to drive a circuit containing resistors,
capacitors, and inductors. How do you analyze the circuit? The circuit is not dc, so
you cannot use dc theorems on it. The circuit is not sinusoidal, so you cannot directly
apply complex impedances on it. What do you do?

If all else fails, you might assume that the only way out would be to apply Kirch-
hoff’s laws on it. Well, before going any further, how do you mathematically represent
the source voltage in the first place? That is, even if you could set up Kirchhoff’s equa-
tions and such, you still have to plug in the source voltage term. For example, how do
you mathematically represent a square wave? In reality, coming up with an expression
for a periodic nonsinusoidal source is not so easy. However, for the sake of argument,
let’s pretend that you can come up with a mathematical representation of the wave-
form. If you plug this term into Kirchhoff’s laws, you would again get differential equa-
tions (you could not use complex impedance then, because things are not sinusoidal).

To solve this dilemma most efficiently, it would be good to avoid differential
equations entirely and at the same time be able to use the simplistic approach of com-
plex impedances. The only way to satisfy both these conditions is to express a non-
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sinusoidal wave as a superposition of sine waves. In fact, a man by the name of
Fourier discovered just such a trick. He figured out that a number of sinusoidal
waves of different frequencies and amplitudes could be added together in a special
manner to produce a superimposed pattern of any nonsinusoidal periodic wave pat-
tern. More technically stated, a periodic nonsinusoidal waveform can be represented
as a Fourier series of sines and cosines, where the waveform is a summation over a
set of discrete, harmonically related frequencies.

For example, a square voltage can be represented mathematically by the follow-
ing expression:

VO
V(D) T2 T .
V(t):% > lsinnwot
t T n=1 N
n = odd
_V0
FIGURE 2.58

Taking the first three terms of the series (n = 3), you get the superimposed wave pat-
tern shown in Fig. 2.59. The appearance of the superimposed wave pattern is not
exactly sinusoidal at n = 3, but if you keep adding terms in the series, the result will
appear more squarelike in shape. If you add all the terms in the series (let n go to
infinity), you would indeed get a square wave pattern.

)

FIGURE 2.59

Other popular wave patterns such as the triangle wave and the ramp-voltage wave
pattern also can be expressed in terms of a Fourier series:

Vo [~

T/‘Z T

MU V(t) = —8—\20 > iz oS nat

t " n=1 I
n=odd

_V0

FIGURE 2.60
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Vo V& .
0 vip=" - L sin (o)

n=1

‘ T ot
FIGURE 2.60 (Continued)

Now, suppose that you attach one of these nonsinusoidal voltages to an RLC cir-
cuit. To figure out what will happen inside the circuit (currents, voltages, phases
shifts, etc.), you could substitute the series term for the voltage source into the ac the-
orems and laws. (You can use complex impedances to model the behavior of resis-
tors, capacitors, and inductors in the process.) The hard part comes when you
consider the series itself. How do you handle the infinite number of terms in the
source voltage expression? Do you have to add an infinite number of terms? This
would be impractical. Instead, you can use good old approximation techniques. For
example, instead of summing to infinity, you could approximate the voltage term by
only taking the first four terms in the series. These terms could then be plugged into
the equations.

The actual mathematical techniques needed to create a Fourier series for a non-
sinusoidal periodic waveform, as well as the math required to set up and solve the
equations that contain the series, are beyond the scope of this book. There are a num-
ber of more advanced books that discuss the techniques for applying Fourier analy-
sis to nonsinusoidal periodic circuit analysis.

2.32 Circuits with Nonperiodic Sources

A source that is nonsinusoidal as well as nonperiodic also can be represented as a
superposition of sine waves like the Fourier series. But now, instead of summing over
a set of discrete, harmonically related frequencies, the waves have a continuous spec-
trum of frequencies. A nonperiodic function can be thought of as a periodic function
with an infinite period. Two common methods used to analyze waveforms that start or
stop abruptly but continue to infinity in either the positive or negative direction make
use of Fourier transforms and Laplace transforms. Again, if you are interested in ana-
lyzing such circuits, | recommend consulting a more advanced book on the subject.

2.33 Nonlinear Circuits and Analyzing Circuits by Intuition

So far this chapter has only covered the techniques used for analyzing circuits that
contain linear elements (e.g., resistors, capacitors, inductors). Now, the term linear
refers to a device that has a response that is proportional to the applied signal. For
example, doubling the voltage applied across a resistor doubles the current flow
through it. For a capacitor, doubling the frequency of the applied voltage across it
doubles the current through it. For an inductor, doubling the frequency of the voltage
across it halves the current flow through it. As you saw previously in this chapter, the
techniques used for analyzing linear circuits are fairly straightforward—there is a
law or theorem that tells you what will happen.
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However, as it turns out, most of the exciting and useful devices in electronics,
such as diodes, transistors, operational amplifiers, integrated circuits, and the like,
do not act in a linear manner. For example, a diode has a nonlinear relationship
between the applied voltage and the resulting current flow through it, which is
described by the approximation relation | = 1,(e®V/¥" — 1). If you were to attempt to
plug this expression into Kirchhoff’s laws, etc., you would be in trouble—the math
would get very ugly.

To analyze circuits containing nonlinear elements, you need to find a new
approach. Now, you may be thinking, “Oh no, not more math!” Well, I'll give you
some good news, you do not really have to learn any more math. In fact, what you
will be doing is using intuition. It may sound strange, perhaps, but practically speak-
ing, intuition is the best hope you have for analyzing nonlinear circuits. (As it turns
out, the intuition approach will work for linear circuits, too.) This approach involves
gaining a basic understanding of how each nonlinear device (or linear device)
behaves in a general way—say, getting a general idea of what the current and voltage
relationships look like through and across its various leads. After that, you start
examining simple circuits containing the device—looking specifically at the circuit’s
overall behavior (current-voltage responses, etc.) at its input and output leads. In the
process of examining these simple circuits, you begin looking for patterns that will,
in turn, give more insight into how the device works and how it can be used in appli-
cations. For example, you may notice that a voltage divider (two resistors in series)
keeps popping up in simple transistor circuits, such as an amplifier circuit. (By select-
ing particular values for resistors in a voltage divider, you can set the biasing voltage
at the transistor’s base/gate—the base/gate is attached at the junction between the
two resistors.) By recognizing such patterns, you can begin to come up with new
ideas as to how these individual devices can be incorporated into other kinds of cir-
cuits. Once you have a sense of how the device works and how it is used, you can
move on to larger and more complex circuits.

To attack more complex circuits, you again look for patterns within. However,
these new patterns become groupings of simple circuits, or functional groups—not
groupings of individual circuit elements. For example, to figure out how a simple ac-
to-dc power supply works, you break the power supply up into individual simple cir-
cuits, or functional groups, and then you start figuring out how each individual group
functions as a whole. After that, you figure out how all the functional groups interact
with each other. For example, after breaking apart the ac-to-dc power supply, you find
the following functional groups: a transformer (used to step down the ac voltage to a
lower ac voltage), a bridge rectifier circuit (used to convert the ac signal from the trans-
former into a pulsing dc signal), and a filter circuit (attached to the output of the bridge
rectifier, which is used to eliminate the ripple or the pulsing part of the dc signal). In
this example, figuring out how the supply works is not a matter of knowing exactly
how, say, an individual diode or resistor behaves within one of the functional groups
but becomes a matter of figuring out how each functional group behaves and how
these functional groups behave collectively. You do not actually have to model each
and every part and then come up with a mathematical expression for the final circuit.
Doing so would be ridiculous.

The rest of this book will concentrate on the intuitive approach to understanding
electronic circuits. Each chapter that follows is designed in such a way as to be useful
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to an inventor. This means that the information provided will allow an individual to
gain the insight and practical know-how to start building his or her own circuits. The
format for each section throughout the remainder of this book will begin with a basic
explanation of what a particular device does (or what a particular circuit does) and
how it is typically used in applications. After that, | will discuss how the device
works (the physics) and then discuss the real kinds of devices that exist (devices you
would find in a store or catalog). | will also discuss device specifications, such as
power ratings, biasing voltages, and so on. At the end of each section, I will finally
take a look at some simple circuits to complete the learning process.
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CHAPTER 3

Basic Electronic Circuit
Components

3.1 Wires, Cables, and Connectors

Wires and cables provide low-resistance pathways for electric currents. Most electri-
cal wires are made from copper or silver and typically are protected by an insulating
coating of plastic, rubber, or lacquer. Cables consist of a number of individually insu-
lated wires bound together to form a multiconductor transmission line. Connectors,
such as plugs, jacks, and adapters, are used as mating fasteners to join wires and
cable with other electrical devices.

3.1.1 Wires

A wire’s diameter is expressed in terms of a gauge number. The gauge system, as it
turns out, goes against common sense. In the gauge system, as a wire’s diameter
increases, the gauge number decreases. At the same time, the resistance of the wire
decreases. When currents are expected to be large, smaller-gauge wires (large-
diameter wires) should be used. If too much current is sent through a large-gauge
wire (small-diameter wire), the wire could become hot enough to melt. Table 3.1
shows various characteristics for B&S-gauged insulated copper wire at 20°C. For
rubber-insulated wire, the allowable current should be reduced by 30 percent.

TABLE 3.1 Copper Wire Characteristics According to Gauge Number

GAUGE DIAMETER (IN) ALLOWABLE CURRENT (A) FT/LB FT/Q
8 0.128 50 20.01 0.628
10 0.102 30 31.82 0.999
12 0.081 25 50.59 1.588
14 0.064 20 80.44 2.525
16 0.051 10 127.9 4.016
(Continues)
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TABLE 3.1 Copper Wire Characteristics According to Gauge Number (Continued)

GAUGE DIAMETER (IN) ALLOWABLE CURRENT (A) FT/LB FT/Q
18 0.040 5 2034 6.385
20 0.032 32 3234 10.15
22 0.025 20 5142 16.14
24 0.020 125 817.7 25.67
26 0.016 0.80 1300.0 40.81
28 0.013 0.53 2067.0 64.90
30 0.010 031 3287.0 103.2

Wire comes in solid core, stranded, or braided forms.

Solid Core

Jacket Solid wire core This wire is useful for wiring breadboards; the solid-core ends slip eas-

i f//////////////// / ily into breadboard sockets and will not fray in the process. These wires

% have the tendency to snap after a number of flexes.
JULELNLRRERREERIRARTRRA R

Stranded Wire

Standard wire core The main conductor is comprised of a number of individual strands of
/ copper. Stranded wire tends to be a better conductor than solid-core

wire because the individual wires together comprise a greater surface

area. Stranded wire will not break easily when flexed.

Jacket

Braided Wire

) Braid A braided wire is made up of a number of individual strands of wire
Jacket / braided together. Like stranded wires, these wires are better conductors
(I rrrerer s/ — S than solid-core wires, and they will not break easily when flexed.

Braided wires are frequently used as an electromagnetic shield in noise-
reduction cables and also may act as a wire conductor within the cable
(e.g., coaxial cable).

FIGURE 3.1

Kinds of Wires

Pretinned Solid Bus Wire

% Large gauge This wire is often referred to as hookup wire. It includes a tin-lead alloy to
3 enhance soderability and is usually insulated with polyvinyl chloride
(PVC), polyethylene, or Teflon. Used for hobby projects, preparing
printed circuit boards, and other applications where small bare-ended
wires are needed.

g

Small gauge

FIGURE 3.2
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Speaker Wire

This wire is stranded to increase surface area for current flow. It has a
high copper content for better conduction.

. =

,~/77/._/_»W T
Ll Ll 77,
u-/%///\

Stranded wire

Magnetic Wire

Iron core This wire is used for building coils and electromagnets or anything that
: requires a large number of loops, say, a tuning element in a radio

varnish  Feceiver. Itis built of solid-core wire and insulated by a varnish coating.
Q / coating  Typical wire sizes run from 22 to 30 gauge.

Solid wire
core
Tuning
elements
FIGURE 3.2 (Continued)
3.1.2 Cables

A cable consists of a multiple number of independent conductive wires. The wires
within cables may be solid core, stranded, braided, or some combination in between.

FIGURE 3.3 Typical wire configurations within cables include the following:
Twin Lead Coaxial Ribbon and Plane
w
S

N/,./%M¢

7[\@lZmﬂZZﬂwléwib h
T

Twisted Pair Strip Line
i
bl —_— < ¢
h
7z m"yy‘
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Paired Cable

Twisted Pair

Twin Lead

Shielded
Twin Lead

Unbalanced
Coaxial

Dual Coaxial

Balanced
Coaxial

Ribbon

FIGURE 3.4

Kinds of Cables

/////// (.

Metal
Jacket shield Ground
" wire
o5
wires
Insulation
Jacket Polypropylene

Copper
shielding
(cold lead)

Copper

Hot lead
(solid copper wire)

>Spade lugs

o Conducting

This cable made from two individually insu-
lated conductors. Often it is used in dc or low-
frequency ac applications.

This cable is composed of two interwound
insulated wires. It is similar to a paired cable,
but the wires are held together by a twist.

This cable is a flat two-wire line, often referred
to as 300-Q line. The line maintains an imped-
ance of 300 Q. It is used primarily as a trans-
mission line between an antenna and a
receiver (e.g., TV, radio). Each wire within the
cable is stranded to reduce skin effects.

This cable is similar to paired cable, but the
inner wires are surrounded by a metal-foil
wrapping that’s connected to a ground wire.
The metal foil is designed to shield the inner
wires from external magnetic fields—potential
forces that can create noisy signals within the
inner wires.

This cable typically is used to transport high-
frequency signals (e.g., radio frequencies). The
cable’s geometry limits inductive and capaci-
tive effects and also limits external magnetic
interference. The center wire is made of solid-
core copper wire and acts as the hot lead. An
insulative material, such as polyethylene, sur-
rounds the center wire and acts to separate the
center wire from a surrounding braided wire.
The braided wire, or copper shielding, acts as
the cold lead or ground lead. Coaxial cables are
perhaps the most reliable and popular cables
for transmitting information. Characteristic
impedances range from about 50 to 100 Q.

This cable consists of two unbalanced coaxial
cables in one. It is used when two signals must
be transferred independently.

This cable consists of two solid wires insulated
from one another by a plastic insulator. Like
unbalanced coaxial cable, it too has a copper
shielding to prevent noise pickup. Unlike
unbalanced coaxial cable, the shielding does
not act as one of the conductive paths; it only
acts as a shield against external magnetic inter-
ference.

This type of cable is used in applications where
many wires are needed. It tends to flex easily. It
is designed to handle low-level voltages and
often is found in digital systems, such as com-
puters, to transmit parallel bits of information
from one digital device to another.
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Multiple
Conductor

Fiberoptic Copper-braided
shielding Optical fibers

FIGURE 3.4 (Continued)

3.1.3 Connectors

This type of cable consists of a number of indi-
vidually wrapped, color-coded wires. It is used
when a number of signals must be sent
through one cable.

Fiberoptic cable is used in the transport of
electromagnetic signals, such as light. The
conducting-core medium is made from a glass
material surrounded by a fiberoptic cladding
(a glass material with a higher index of refrac-
tion than the core). An electromagnetic signal
propagates down the cable by multiple total
internal reflections. It is used in direct trans-
mission of images and illumination and as
waveguides for modulated signals used in
telecommunications. One cable typically con-
sists of a number of individual fibers.

The following is a list of common plug and jack combinations used to fasten wires
and cables to electrical devices. Connectors consist of plugs (male-ended) and jacks
FIGURE 3.5 (female-ended). To join dissimilar connectors together, an adapter can be used.

117-Volt

Banana
Solder or
screw{;le Insulative
VIZZ77, II/II’W e
Wire — —-0=2 ’/,//‘ﬂ e
72227722777 //}/A
Jacket Phosohor-b
osphor-bronze
spring metal &— Post for'solder
connection
PLUG SOCKET

Spade Lug/Barrier Strip

Screw
terminals

PR

Mounting holes

This is a typical home appliance connector. It
comes in unpolarized and polarized forms.
Both forms may come with or without a ground
wire.

This is used for connecting single wires to elec-
trical equipment. It is frequently used with
testing equipment. The plug is made from a
four-leafed spring tip that snaps into the jack.

This is a simple connector that uses a screw to
fasten a metal spade to a terminal. A barrier
strip often acts as the receiver of the spade
lugs.
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Alligator

Lever arm  Rubber insulator

Solder/clamp
wire here

Phone

Insulator

Tip
Y, \ Z2H0e
S Trpree T (YO

conductor

conductor Ti
(central conductor)

PLUG SOCKET

Phono

Central conductor

T~ Flrfroveaw:
[I”‘Q(‘_@H[u .
RN

Outer conductor

F-Type

Internally threaded
connecting shell

Male end Female end

Tip

\

FIGURE 3.5 (Continued)

Crimp connectors are color-coded according to
the wire size they can accommodate. They are
useful as quick, friction-type connections in dc
applications where connections are broken
repeatedly. A crimping tool is used to fasten
the wire to the connector.

Alligator connectors are used primarily as
temporary test leads.

These connectors accept shielded braid, but
they are larger in size. They come in two- or
three-element types and have a barrel that is
1% in (31.8 mm) long. They are used as connec-
tors in microphone cables and for other low-
voltage, low-current applications.

Phono connectors are often referred to as RCA
plugs or pin plugs. They are used primarily in
audio connections.

F-type connectors are used with a variety of
unbalanced coaxial cables. They are commonly
used to interconnect video components. F-type
connectors are either threaded or friction-fit
together.

Here, the plug consists of a solid metallic tip
that slides into the jack section. The two are
held together by friction. Wires are either sol-
dered or screwed into place under the plastic
collar.
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Mini

Shielded Tip plug
braid goes
here

D

3-pin  5-pin

5-pin  8-pin

Sockets

Push Retractable
button hook

D-Connector

Heat shrink plastic

Wires are inserted into
“hollows” and soldered

FIGURE 3.5 (Continued)

These connectors are used to join wires with
shielded braid cables. The tip of the plug makes
contact with the center conductor wire, whereas
the cylindrical metal extension (or barrel)
makes contact with the braid. Such connectors
are identified by diameter and number of
threads per inch.

These are often referred to as UHF plugs. They
are used with RG-59/U coaxial cable. Such con-
nectors may be threaded or friction-fit together.

BNC connectors are used with coaxial cables.
Unlike the F-type plug, BNC connectors use a
twist-on bayonet-like locking mechanism. This
feature allows for quick connections

T-connectors consist of two plug ends and one
central jack end. They are used when a connec-
tion must be make somewhere along a coaxial
cable.

These connectors are used with multiple con-
ductor wires. They are often used for intercon-
necting audio and computer accessories.

These connectors are used as test probes. The
spring-loaded hook opens and closes with the
push of a button. The hook can be clamped
onto wires and component leads.

D-connectors are used with ribbon cable. Each
connector may have as many as 50 contacts.
The connection of each individual wire to each
individual plug pin or jack socket is made by
sliding the wire in a hollow metal collar at the
backside of each connector. The wire is then
soldered into place.
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3.1.4 Wiring and Connector Symbols

Wiring
(@]
7\
. - ——— ]
Terminal —%—
\ -
N |
( ) Shielded wire Shielded Crossed conductors
N 2-conductor cable
- (no contact)
Shield

5 - o

2-conductor .
Enclosure cabl Coaxial cable
€ Connected conductors

— > — —
—_— 44— Male Female
Plug Jack

Common connections Contacts Coaxial connectors

Connectors

] Tip | Tip . —o0 ,_Ez
—ISeeve mjl " I:I—o I:I_o

2-conductor 2-conductor
non-shorting jack shorting jack

D S

3-conductor jacks

Hot
Ground @ Groﬂ@ @ Grmm@ Ground

2-conductor plug  3-conductor plug

Hot

Neutral Neutral
117-volt nonpolarized plug 117-volt nonpolarized socket 117-volt polarized plug 117-volt polarized socket
Neutral Neutral

234-volt plug 234-volt socket
FIGURE 3.6

3.1.5 High-Frequency Effects within Wires and Cables

Weird Behavior in Wires (Skin Effect)

When dealing with simple dc hobby projects, wires and cables are straightforward—
they act as simple conductors with essentially zero resistance. However, when you
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replace dc currents with very high-frequency ac currents, weird things begin to take
place within wires. As you will see, these “weird things” will not allow you to treat
wires as perfect conductors.

First, let’s take a look at what is going on in a wire when a dc current is flowing
through it.

Cross section A wire that is connected to a dc source will
cause electrons to flow through the wire in a
manner similar to the way water flows through

Electrons . .
a pipe. This means that the path of any one

/] electron essentially can be anywhere within

the volume of the wire (e.g., center, middle

radius, surface).

Cross section

of wire
FIGURE 3.7
Now, let’s take a look at what happens when a high-frequency ac current is sent
through a wire.

Cross section . An ac voltage applied across a wire will cause
D?E;ei;fn electrons to vibrate back and forth. In the
vibrating process, the electrons will generate
il magnetic fields. By applying some physical
\/ Electrons principles (finding the forces on every electron

that result from summing up the individual
magnetic forces produced by each electron),
you find that electrons are pushed toward the
surface of the wire. As the frequency of the
applied signal increases, the electrons are
FIGURE 3.8 pushed further away from the center and
toward the surface. In the process, the center
region of the wire becomes devoid of conduct-
ing electrons.

Cross section
of wire

The movement of electrons toward the surface of a wire under high-frequency
conditions is called the skin effect. At low frequencies, the skin effect does not have a
large effect on the conductivity (or resistance) of the wire. However, as the frequency
increases, the resistance of the wire may become an influential factor. Table 3.2 shows
just how influential skin effect can be as the frequency of the signal increases (the
table uses the ratio of ac resistance to dc resistance as a function of frequency).

TABLE 3.2 AC/DC Resistance Ratio as a Function of Frequency

RAC/RDC
WIRE
GAUGE 10° Hz 107 Hz 108 Hz 10° Hz
22 6.9 21.7 68.6 217
18 10.9 345 109 345
14 17.6 55.7 176 557

10 27.6 87.3 276 873
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One thing that can be done to reduce the resistance caused by skin effects is to use
stranded wire—the combined surface area of all the individual wires within the con-
ductor is greater than the surface area for a solid-core wire of the same diameter.

Weird Behavior in Cables (Lecture on Transmission Lines)

Like wires, cables also exhibit skin effects. In addition, cables exhibit inductive and
capacitive effects that result from the existence of magnetic and electrical fields
within the cable. A magnetic field produced by the current through one wire will
induce a current in another. Likewise, if two wires within a cable have a net difference
in charge between them, an electrical field will exist, thus giving rise to a capacitive
effect.

Coaxial Cable Paired Cable

Magnetic

Magnetic fields

fields )
Electric Electric
fields fields

FIGURE 3.9 lllustration of the electrical and magnetic fields within a coaxial and
paired cable.

Taking note of both inductive and capacitive effects, it is possible to treat a cable
as if it were made from a number of small inductors and capacitors connected
together. An equivalent inductor-capacitor network used to model a cable is shown
in Fig. 3.10.

Cable
A A
Y R
_ _J
—~
L' Ax L' Ax L' Ax L' Ax
o~ T0O0—4— VOO0~ TTO0—4— - — 000
CAx—— CAx—— CAx—— CAx——=
[ — TR —e— 0

|
C= TC (capacitance per unit length)

L'= TL (inductance per unit length)

FIGURE 3.10 The impedance of a cable can be modeled by treating
it as a network of inductors and capacitors.
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To simplify this circuit, we apply a reduction trick; we treat the line as an infinite
ladder and then assume that adding one “run” to the ladder (one inductor-capacitor
section to the system) will not change the overall impedance Z of the cable. What this
means—mathematically speaking—is we can set up an equation such that Z = Z +
(LC section). This equation can then be solved for Z. After that, we find the limit as Ax
goes to zero. The mathematical trick and the simplified circuit are shown below.

Z:J(DLAX:Z'F]./J(DC‘AX =JO)LAX+ 1+J(1)CIZAX
i ll: o z When Ax — small,
° i [LA
FIGURE 3.11 Z=VL'IC = a=\/|_/c

By convention, the impedance of a cable is called the characteristic impedance (sym-
bolized Z,). Notice that the characteristic impedance Z, is a real number. This means
that the line behaves like a resistor despite the fact that we assumed the cable had
only inductance and capacitance built in.

The question remains, however, what are L and C? Well, figuring out what L and
C should be depends on the particular geometry of the wires within a cable and on
the type of dielectrics used to insulate the wires. You could find L and C by applying
some physics principles, but instead, let’s cheat and look at the answers. The follow-
ing are the expressions for L and C and Z, for both a coaxial and parallel-wire cable:

Coaxial

L (H/m) C (Fim) Z,="VLIC (Q)

a U, In(b/a) 2meok 138 2
b o In(b/a) Vk  a

Parallel Wire

b Ho In(D/a) Tcgok 276 | D
s - 7 _— _— Og —_
a T In(D/a) Vk o a

FIGURE 3.12 Inductance, capacitance, and characteristic impedance formulas for coaxial and
parallel wires.

Here, k is the dielectric constant of the insulator, p, = 1.256 x 10 H/m is the per-
meability of free space, and g, = 8.85 x 1072 F/m is the permitivity of free space. Table
3.3 provides some common dielectric materials with their corresponding constants.

Often, cable manufacturers supply capacitance per foot and inductance per foot
values for their cables. In this case, you can simply plug the given manufacturer’s
values into Z = VL/C to find the characteristic impedance of the cable. Table 3.4
shows capacitance per foot and inductance per foot values for some common cable

types.
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TABLE 3.3 Common Dielectrics and Their TABLE 3.4 Capacitance and Inductance per Foot for Some

Constants Common Transmission-Line Types
DIELECTRIC CAPACITANCE/FT INDUCTANCE/FT

MATERIAL CONSTANT (k) CABLE TYPE PF) (uH)
Air 1.0 RG-8A/U 295 0.083
Bakelite 44-54 RG-11A/U 205 0.115
Cellulose acetate 3.3-39 RG-59A/U 210 0.112
Pyrex glass 4.8 214-023 20.0 0.107
Mica 54 214-076 39 0.351
Paper 3.0

Polyethylene 23

Polystyrene 51-5.9

Quartz 3.8

Teflon 21

Sample Problems (Finding the Characteristic Impedance of a Cable)

EXAMPLE 1

An RG-11AU cable has a capacitance of 21.0 pF/ft and an inductance of 0.112 uH/ft.
What is the characteristic impedance of the cable?

You are given the capacitance and inductance
per unit length: C" = C/ft, L’ = L/ft. Using Z, =
V' L/C and substituting C and L into it, you get

- ST / Zoz L/C
[0.112 x 10
RG-11AU Zo= —=73Q
0 21.0 x 1022
FIGURE 3.13
EXAMPLE 2

What is the characteristic impedance of the RG-58/U coaxial cable with polyethylene
dielectric (k = 2.3) shown below?

7,8 o (M>—91x0056—519
= V23 o032/ R

FIGURE 3.14



Basic Electronic Circuit Components 71

EXAMPLE 3

Find the characteristic impedance of the parallel-wire cable insulated with polyethylene
(k = 2.3) shown below.

2 .218,,2
" Vk 9%

276 0.270
Z,=——=1og

V2.3 0.0127

=242Q

FIGURE 3.15

Impedance Matching

Since a transmission line has impedance built in, the natural question to ask is, How
does the impedance affect signals that are relayed through a transmission line from one
device to another? The answer to this question ultimately depends on the impedences
of the devices to which the transmission line is attached. If the impedance of the trans-
mission line is not the same as the impedance of, say, a load connected to it, the signals
propagating through the line will only be partially absorbed by the load. The rest of the
signal will be reflected back in the direction it came. Reflected signals are generally bad
things in electronics. They represent an inefficient power transfer between two electri-
cal devices. How do you get rid of the reflections? You apply a technique called imped-
ance matching. The goal of impedance matching is to make the impedances of two
devices—that are to be joined—equal. The impedance-matching techniques make use
of special matching networks that are inserted between the devices.

Before looking at the specific methods used to match impedances, let’s first take a
look at an analogy that should shed some light on why unmatched impedances result
in reflected signals and inefficient power transfers. In this analogy, pretend that the
transmission line is a rope that has a density that is analogous to the transmission line’s
characteristic impedance Z,. Pretend also that the load is a rope that has a density that
is analogous to the load’s impedance Z,. The rest of the analogy is carried out below.

Unmatched Impedances (Z; < Z,)

“Line rope” “Load rope”
Pulse —>
o

< gy ‘ ‘
N
Reflected Shorter
pulse wavelength
(inverted)

FIGURE 3.16a

A low-impedance transmission line that is connected to a high-impedance load is
analogous to a low-density rope connected to a high-density rope. In the rope anal-
ogy, if you impart a pulse at the left end of the low-density rope (analogous to send-
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ing an electrical signal through a line to a load), the pulse will travel along without
problems until it reaches the high-density rope (load). According to the laws of
physics, when the wave reaches the high-density rope, it will do two things. First, it
will induce a smaller-wavelength pulse within the high-density rope, and second, it
will induce a similar-wavelength but inverted and diminished pulse that rebounds
back toward the left end of the low-density rope. From the analogy, notice that only
part of the signal energy from the low-density rope is transmitted to the high-density
rope. From this analogy, you can infer that in the electrical case similar effects will
occur—only now you are dealing with voltage and currents and transmission lines
and loads.

Unmatched Impedances (Z; > Z,)

“Line rope” “Load rope”
Pulse —>
S
I W.J PRy =

—> Transmitted pulse

<—
SRR
; P o
Reflected ‘
pulse Longer
(not inverted) wavelength

FIGURE 3.16b

A high-impedance transmission line that is connected to a low-impedance load is
analogous to a high-density rope connected to a low-density rope. If you impart a
pulse at the left end of the high-density rope (analogous to sending an electrical sig-
nal through a line to a load), the pulse will travel along the rope without problems
until it reaches the low-density rope (load). At that time, the pulse will induce a
longer-wavelength pulse within the low-density rope and will induce a similar-
wavelength but inverted and diminished pulse that rebounds back toward the left
end of the high-density rope. From this analogy, again you can see that only part of
the signal energy from the high-density rope is transmitted to the low-density rope.

Matched Impedances (Z; = Z;)

“Line rope” “Load rope”
Pulse —>

No reflected pulse Same wavelength

FIGURE 3.16¢

Connecting a transmission line and load of equal impedances together is analo-
gous to connecting two ropes of similar densities together. When you impart a pulse
in the “transmission line” rope, the pulse will travel along without problems. How-
ever, unlike the first two analogies, when the pulse meets the load rope, it will con-
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tinue on through the load rope. In the process, there will be no reflection, wavelength
change, or amplitude change. From this analogy, you can infer that if the impedance
of a transmission line matches the impedance of the load, power transfer will be
smooth and efficient.

Standing Waves

Let’s now consider what happens to an improperly matched line and load when the
signal source is producing a continuous series of sine waves. You can, of course, expect
reflections as before, but you also will notice that a superimposed standing-wave pat-
tern is created within the line. The standing-wave pattern results from the interaction
of forward-going and reflected signals. Figure 3.17 shows a typical resulting standing-
wave pattern for an improperly matched transmission line attached between a sinu-
soidal transmitter and a load. The standing-wave pattern is graphed in terms
amplitude (expressed in terms of V,,,s) versus position along the transmission line.

Transmission line

Transmitter () () Load
VSWR =4
B
= Vrms 2
o 4 L
2 Voo
' | Vinin § ¢ I R B

Position along transmission line

FIGURE 3.17 Standing waves on an improperly termi-
nated transmission line. The VSWR is equal t0 Vya/Vinin.

A term used to describe the standing-wave pattern is the voltage standing-wave
ratio (VSWR). The VSWR is the ratio between the maximum and minimum rms volt-
ages along a transmission line and is expressed as

VSWR _ Vrms,max
The standing-wave pattern shown in Fig. 3.17 has VSWR of 4/1, or 4.
Assuming that the standing waves are due entirely to a mismatch between load
impedance and characteristic impedance of the line, the VSWR is simply given by
either

z R
VSWR== or VSWR=—

L ZO
whichever produces a result that is greater than 1.

A VSWR equal to 1 means that the line is properly terminated, and there will be
no reflected waves. However, if the VSWR is large, this means that the line is not
properly terminated (e.g., a line with little or no impedance attached to either a short
or open circuit), and hence there will be major reflections.
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The VSWR also can be expressed in terms of forward and reflected waves by the
following formula:

Ve +V,
VSWR = FF VR

F— R
To make this expression meaningful, you can convert it into an expression in terms of
forward and reflected power. In the conversion, you use P = IV = V2/R. Taking P to be
proportional to V2, you can rewrite the VSWR in terms of forward and reflected
power as follows:

VP + VPR

VSWR=—F7——""F7
PF - PR

Rearranging this equation, you get the percentage of reflected power and percentage
of absorbed power in terms of VSWR:
Pr

% reflected power = b= [
r

VSWR -1

]2 % 100%
VSWR +1

% absorbed power = 100% — % reflected power

EXAMPLE (VSWR)

Find the standing-wave ratio (VSWR) of a 50-Q line used to feed a 200-Q load. Also
find the percentage of power that is reflected at the load and the percentage of power
absorbed by the load.

Z, 200
VSWR=—=——=4
R. 50
Z,= 50Q § R = 200Q VSWR is 4:1
VSWR - 12
% reflected power = ————— x 100%
VSWR +1
4-1°
FIGURE 3.18 = x 100% = 36%

4+1

% absorbed power = 100% — % reflected power = 64%

Techniques for Matching Impedances

This section looks at a few impedance-matching techniques. As a rule of thumb, with
most low-frequency applications where the signal’s wavelength is much larger than
the cable length, there is no need to match line impedances. Matching impedances is
usually reserved for high-frequency applications. Moreover, most electrical equip-
ment, such as oscilloscopes, video equipment, etc., has input and output impedances
that match the characteristic impedances of coaxial cables (typically 50 Q). Other
devices, such as television antenna inputs, have characteristic input impedances that
match the characteristic impedance of twin-lead cables (300 Q). In such cases, the
impedance matching is already taken care of.
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IMPEDANCE-MATCHING NETWORK

]

FIGURE 3.19

IMPEDANCE TRANSFORMER

Cable

FIGURE 3.20

transformer

A general method used to match impedance makes use of the impedance-
matching network shown here. To match impedances, choose

Ri=VZ/(Z,- 7))
R.=2Z,VZ/(Z,-Z,)

The attenuation seen from the Z, end will be A; =R,/Z, + 1. The atten-
uation seen from the Z, end will be A, =R./R, + R,/Z, + 1.
For example, if Z, =125 Q, and Z, =50 Q, then Ry, R,, A}, and A, are

Ry = Z,V(Z, - Z,) = V/125(125 - 50) = 97Q

Z 12
R,=Z, 2 _50 |1 _ps0
Z,-Z, 125 - 50

R R; 96.8 96.8
+—+1l=——+—-+1=443
Z, 64.6 50

Here, a transformer is used to make the characteristic impedance of a
cable with the impedance of a load. By using the formula

Np/NS =V Z()/ZL

you can match impedances by choosing appropriate values for Np
and Ns so that the ratio Np/Ns is equal to VZ,/Z,.

For example, if you wish to match an 800-Q impedance line with
an 8-Q load, you first calculate

VZ,/Z =V800/8 =10

To match impedances, you select Ny (number of coils in the primary)
and Ns (number of coils in the secondary) in such a way that Np/Ns =
10. One way of doing this would be to set Ny equal to 10 and Ns equal
to 1.You also could choose N; equal to 20 and Ns equal to 2 and you
would get the same result.

BROADBAND TRANSMISSION-LINE TRANSFORMER

z
O0—4

FIGURE 3.21

0

4z,

A broadband transmission-line transformer is a simple device that
consists of a few turns of miniature coaxial cable or twisted-pair
cable wound about a ferrite core. Unlike conventional transformers,
this device can more readily handle high-frequency matching (its
geometry eliminates capacitive and inductive resonance behavior).
These devices can handle various impedance transformations and can
do so with incredibly good broadband performance (less than 1 dB loss
from 0.1 to 500 MHz).
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QUARTER-WAVE SECTION

Zy o———0
Cable l«— M4 section —>
o——— 0o
ZS&:
Lo
FIGURE 3.22
STUBS

Short-circuited stub

f—

Transmitter

Vrmsmax

§ Load

Stub

N

Pair of open-ended matching stubs

FIGURE 3.23

3.2 Batteries

A transmission line with characteristic impedance Z, can be matched
with a load with impedance Z, by inserting a wire segment that has
a length equal to one quarter of the transmitted signal’s wavelength
(A/4) and which has an impedance equal to

Zsoe =V ZoZ,

To calculate the segment’s length, you must use the formula A = v/f,
where v is the velocity of propagation of a signal along the cable and
f is the frequency of the signal. To find v, use

v=c/Vk

where ¢ = 3.0 x 10 m/s, and k is the dielectric constant of the cable’s
insulation.

For example, say you wish to match a 50-Q cable that has a dielec-
tric constant of 1 with a 200-Q load. If you assume the signal’s fre-
quency is 100 MHz, the wavelength then becomes

v ¢o/Vk 3x10%1
f f  100x10°

To find the segment length, you plug A into A/4. Hence the segment
should be 0.75 m long. The wire segment also must have an impedance
equal to

Zeee = V/(50)(200) = 100 Q

A short length of transmission line that is open ended or short-circuit
terminated possesses the property of having an impedance that is reac-
tive. By properly choosing a segment of open-circuit or short-circuit line
and placing it in shunt with the original transmission line at an appro-
priate position along the line, standing waves can be eliminated. The
short segment of wire is referred to as a stub. Stubs are made from
the same type of cable found in the transmission line. Figuring out the
length of a stub and where it should be placed is fairly tricky. In practice,
graphs and a few formulas are required. A detailed handbook on elec-
tronics is the best place to learn more about using stubs.

A battery is made up of a number of cells. Each cell contains a positive terminal, or
cathode, and a negative terminal, or anode. (Note that most other devices treat anodes
as positive terminals and cathodes as negative terminals.)
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FIGURE 3.25
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Increasing the voltage
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FIGURE 3.24

When a load is placed between a cell’s terminals, a conductive bridge is formed
that initiates chemical reactions within the cell. These reactions produce electrons in
the anode material and remove electrons from the cathode material. As a result, a
potential is created across the terminals of the cell, and electrons from the anode flow
through the load (doing work in the process) and into the cathode.

Atypical cell maintains about 1.5 V across its terminals and is capable of deliver-
ing a specific amount of current that depends on the size and chemical makeup of the
cell. If more voltage or power is needed, a number of cells can be added together in
either series or parallel configurations. By adding cells in series, a larger-voltage bat-
tery can be made, whereas adding cells in parallel results in a battery with a higher
current-output capacity. Figure 3.25 shows a few cell arrangements.

+ + + +

3V

Increasing the capacity Increasing both voltage and capacity

Battery cells are made from a number of different chemical ingredients. The use of
a particular set of ingredients has practical consequences on the battery’s overall per-
formance. For example, some cells are designed to provide high open-circuit volt-
ages, whereas others are designed to provide large current capacities. Certain kinds
of cells are designed for light-current, intermittent applications, whereas others are
designed for heavy-current, continuous-use applications. Some cells are designed for
pulsing applications, where a large burst of current is needed for a short period of
time. Some cells have good shelf lives; other have poor shelf lives. Batteries that are
designed for one-time use, such as carbon-zinc and alkaline batteries, are called pri-
mary batteries. Batteries that can be recharged a number of times, such as nickel-
cadmium and lead-acid batteries, are referred to as secondary batteries.

3.2.1 How a Cell Works

A cell converts chemical energy into electrical energy by going through what are
called oxidation-reduction reactions (reactions that involve the exchange of electrons).
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The three fundamental ingredients of a cell used to initiate these reactions include
two chemically dissimilar metals (positive and negative electrodes) and an elec-
trolyte (typically a liquid or pastelike material that contains freely floating ions). The
following is a little lecture on how a simple lead-acid battery works.

For a lead-acid cell, one of the electrodes is made from pure lead (Pb); the other
electrode is made from lead oxide (PbO,); and the electrolyte is made from an sulfu-
ric acid solution (H,O + H,SO, — 3H* + SO,2 + OH").

,}Lﬁg f Photons
Electron

Conventional
current
current flow - /
/ e \

PLO, Pb
(+) (- é
Cathode Anode

: R
d \/\/\J&—W T
¢ <
5 ’\/‘ Pb atoms in anode react with SO,

ions in electrolyte to form PbSO,,
Pb _L— crystals and two electrons that
remain in anode.

PbSO, molecules H
in cathode react with E
50,72 in electrolyte
to create PhSO,
crystals and
0,2 molecules X Kt
that leakinto 5 a ® w0 N PbSOy
electrolyte and 50y <Ok Crystals

combine with H* j

ions to form water.

“Sludge” or PbSO,, crystals that
have been jarred off the electrodes
and have fallen to the bottom
of the cell.

Reactions:
mﬁ /ZEZZT[ 7 L7 Cathode:

PbO, + SO, — PbSO, + 0,72

Anode:
Pb + SO, — PbSO, + electrons

Electrolyte:

H,S0, — H,0

FIGURE 3.26

When the two chemically dissimilar electrodes are placed in the sulfuric acid
solution, the electrodes react with the acid (50,72, H" ions), causing the pure lead elec-
trode to slowly transform into PbSO, crystals. During this transformation reaction,
two electrons are liberated within the lead electrode. Now, if you examine the lead
oxide electrode, you also will see that it too is converted into PbSO, crystals. How-
ever, instead of releasing electrons during its transformation, it releases O,* ions.
These ions leak out into the electrolyte solution and combine with the hydrogen ions
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to form H,O (water). By placing a load element, say, a light bulb, across the elec-
trodes, electrons will flow from the electron-abundant lead electrode, through the
bulb’s filament, and into the electron-deficient lead oxide electrode.

As time passes, the ingredients for the chemical reactions run out (the battery is
drained). To get energy back into the cell, a reverse voltage can be applied across the
cell’s terminals, thus forcing the reactions backward. In theory, a lead-acid battery
can be drained and recharged indefinitely. However, over time, chunks of crystals
will break off from the electrodes and fall to the bottom of the container, where they
are not recoverable. Other problems arise from loss of electrolyte due to gasing dur-
ing electrolysis (a result of overcharging) and due to evaporation.

3.2.2 Primary Batteries

Primary batteries are one-shot deals—once they are drained, it is all over. Common
primary batteries include carbon-zinc batteries, alkaline batteries, mercury batteries,

silver oxide batteries, zinc-air batteries, and silver-zinc batteries. Here are some com-
mon battery packages:

Common Alkaline and Carbon Zinc Cells

15V 1.5V L5V
“p A acn “«p”

gy

[< * >l

TR

W

T

D | H D | H W | L | H
041" | 175" 0.56”| 197" 1027 | 197" 1327 | 2.39” 103" | 0.65" | 191"
13" 131,, 9" 131,, 11,, 1£, 1" 227" 13" 1" 1£,,
32 32 16 32 64 32 32 64 32 16 16
Lithium Zinc air Mercury Silver oxide
=
Voltage: Voltage: Voltage: Voltage:
155 to 6V 115 to 1.4V 1.35t0 5.6V 1.55V
Diameter: mAh: Diameter: Diameter:
0.460 t0 0.965” 70 to 600 mAh 0.5 to 0.695” 0.267 to 0.610”
Thicknesses: Labels: Thicknesses: Thicknesses:
0.079” to 0.990” ZAXXX 0.135” to 0.845” 0.81" to 0.210”
mAh: mAh: mAh:
60 to 250 mAh 80 to 1000 mAh 15 to 250 mAh
Label: Label:
Givenin L.E.C. Givenin LE.C.
number (e.g.,

CRXXXX or BRXXXX)
FIGURE 3.27

number (e.g., SRXX)

Table 3.5 lists some common primary battery types, along with their correspond-

ing characteristics.
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TABLE 3.5 Common Primary Batteries and Their Characteristics

SHELF LIFE
MAXIMUM MAXIMUM WORKING AT 25°C
VOLTAGE CAPACITY VOLTAGE ENERGY (80%
CELL ANODE CATHODE  (THEORETICAL)  (THEORETICAL)  (PRACTICAL) DENSITY CAPACITY)
TYPE “) ) V) (Ah/KG) V) (Wh/KG) (MONTHS)
Carbon-zinc Zn MnO, 1.6 230 1.2 65 18
Alkaline-MnO,  Zn MnO, 15 230 1.15 65 30
Mercury Zn HgO 1.34 185 12 80 36
Silver oxide Zn AgO 1.85 285 15 130 30
Zinc-air Zn O, 16 815 11 200 18
Lithium Li (CF), 3.6 2200 3.0 650 120
Lithium Li CrO, 38 750 3.0 350 108
Magnesium Mg MnO, 2.0 270 15 100 40

3.2.3 Comparing Primary Batteries

Carbon-Zinc Batteries

Carbon-zinc batteries are general-purpose, nonrechargeable batteries made from
cells that have open-circuit voltages of 1.6 V. They are used for low to moderate cur-
rent drains. The voltage-discharge curve over time for a carbon-zinc battery is non-
linear, whereas the current output efficiency decreases at high current drains.
Carbon-zinc batteries have poor low-temperature performance but good shelf lives.
Carbon-zinc batteries are used to power such devices as power toys, consumer elec-
tronic products, flashlights, cameras, watches, and remote control transmitters.

Zinc Chloride Batteries

A zinc chloride battery is a heavy-duty variation of a zinc-carbon battery. It is used in
applications that require moderate to heavy current drains. Zinc chloride batteries
have better voltage discharge per time characteristics and better low-temperature
performance than carbon-zinc batteries. Zinc chloride batteries are used in radios,
flashlights, lanterns, fluorescent lanterns, motor-driven devices, portable audio
equipment, communications equipment, electronic games, calculators, and remote
control transmitters.

Alkaline Batteries

Alkaline batteries are general-purpose batteries that are highly efficient under moder-
ate continuous drain and are used in heavy-current or continuous-drain applications.
Their open-circuit voltage is about 0.1 V less than that of carbon-zinc cells, but com-
pared with carbon-zinc cells, they have longer shelf lives, higher power capacities, bet-
ter cold temperature performance, and weigh about 50 percent less. Alkaline batteries
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are interchangeable with carbon-zinc and zinc chloride batteries. Alkaline batteries are
used to power such things as video cameras, motorized toys, photoflashes, electric
shavers, motor-driven devices, portable audio equipment, communications equip-
ment, smoke detectors, and calculators. As it turns out, alkaline batteries come in both
nonrechargeable and rechargeable forms.

Mercury Batteries

Mercury batteries are very small, nonrechargeable batteries that have open-circuit
voltages of around 1.4 V per cell. Unlike carbon-zinc and alkaline batteries, mercury
batteries maintain their voltage up to a point just before the die. They have greater
capacities, better shelf lives, and better low-temperature performance than carbon-
zinc, zinc chloride, and alkaline batteries. Mercury batteries are designed to be used
in small devices such as hearing aids, calculators, pagers, and watches.

Lithium Batteries

Lithium batteries are nonrechargeable batteries that use a lithium anode, one of a
number of cathodes, and an organic electrolyte. Lithium batteries come with open-
circuit voltages of 1.5 or 3.0 V per cell. They have high energy densities, outstanding
shelf lives (8 to 10 years), and can operate in a wide range of temperatures, but they
have limited high current-drain capabilities. Lithium batteries are used in such
devices as cameras, meters, cardiac pacemakers, CMOS memory storage devices, and
liquid-crystal displays (LCDs) for watches and calculators.

Silver Oxide Batteries

Silver oxide batteries come with open-circuit voltages of 1.85 V per cell. They are
used in applications that require high current pulsing. Silver oxide batteries have flat
voltage discharge characteristics up until death but also have poor shelf lives and are
expensive. These batteries are used in such devices as alarms, backup lighting, and
analog devices. As it turns out, like alkaline batteries, they too come in nonrecharge-
able and rechargeable forms.

Zinc-Air Batteries

Zinc-air batteries are small, nonrechargeable batteries with open-circuit voltages of
1.15 to 1.4 V per cell. They use surrounding air (O,) as the cathode ingredient and
contain air vents that are taped over during storage. Zinc-air batteries are long-
lasting, high-performance batteries with excellent shelf lives and have reasonable
temperature performance (about 0 to 50°C, or 32 to 122°F). These batteries typically
are used in small devices such as hearing aids and pagers.

3.2.4 Secondary Batteries

Secondary batteries, unlike primary batteries, are rechargeable by nature. The actual
discharge characteristics for secondary batteries are similar to those of primary bat-
teries, but in terms of design, secondary batteries are made for long-term, high-
power-level discharges, whereas primary batteries are designed for short discharges
at low power levels. Most secondary batteries come in packages similar to those of
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primary batteries, with the exception of, say, lead-acid batteries and special-purpose
batteries. Secondary batteries are used to power such devices as laptop computers,
portable power tools, electric vehicles, emergency lighting systems, and engine start-
ing systems.

Here are some common packages for secondary batteries:

“AAAT CAA” “«c” “D” “QV”

<«» o

IE

: @ ““-+
D | .
&7 /

Button Weird assortments Lead-acid
FIGURE 3.28

Table 3.6 lists some common secondary battery types and their characteristics.

TABLE 3.6 Secondary Batteries and Their Characteristics

MAXIMUM WORKING

MAXIMUM CAPACITY VOLTAGE ENERGY
BATTERY ANODE CATHODE VOLTAGE (THEORETICAL) (PRACTICAL) DENSITY
TYPE ) *) ) (Ah/KG) ) (Wh/KG)
Lead-acid Pb PbO, 21 55 2.0 37
Edison (Ni-Fe) Fe NiO, 15 195 1.2 29
NiCad Cd NiOy 1.35 165 12 33
Silver-cadmium Cd AgO 14 230 1.05 55
Cadmium-air Cd Air (Oy) 12 475 0.8 90
Silver-zinc Zn AgO 1.85 285 15 100
Zinc-air Zn Air (O,) 16 815 11 150

Lead-Acid and Nickel-Cadmium Batteries
LEAD-ACID BATTERIES

Lead-acid batteries are rechargeable batteries with open-circuit voltages of 2.15 V per
cell while maintaining a voltage range under a load from 1.75 to 1.9 V per cell. The
cycling life (number of times the battery can recharged) for lead-acid batteries is
around 1000 cycles. They come in rapid, quick, standard, and trickle-charging rate
types. Lead-acid batteries have a charge retention time (time until the battery reaches
80 percent of maximum) of about 18 months. They contain a liquid electrolyte that
requires servicing (replacement). Six lead-acid cells make up a car battery.

NICKEL-CADMIUM BATTERIES

Nickel-cadmium batteries contain rechargeable cells that have open-circuit voltages
of about 1.2 V. They are often interchangeable with carbon-zinc and alkaline batter-
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ies. For the first two-thirds of its life, a nickel-cadmium battery’s discharge curve is
relatively flat, but after that, its curve begins to drop. Nickel-cadmium batteries
weigh about a third as much as carbon-zinc batteries. Placing these batteries in par-
allel is not recommended (series is OK). These batteries are used in such devices as
toys, consumer electronic products, flashlights, cameras, photographic equipment,
power tools, and appliances.

Charging Secondary Batteries

To charge a secondary battery, a voltage greater than the open-circuit battery voltage
must be applied across its terminals. Current then enters the battery at a rate determined
by the difference between the applied voltage and the open-circuit voltage. The rate of
charge (or discharge) is determined by the battery’s capacity divided by the charge/dis-
charge time. In general, decreasing the charge rate increases the charge efficiency.
When recharging a battery, it is important not to overcharge it. Overcharging a bat-
tery may lead to side reactions (reactions other than those which act to convert the elec-
trodes back to their original states). These reactions may result in electrolysis, whereby
some of the ingredients of the electrolyte may be converted into a gas or fine mist that
escapes from the battery. The net effect of overcharging a battery reduces its efficiency.

3.2.5 Battery Capacity

Batteries are given a capacity rating that indicates how much electrical energy they are
capable of delivering over a period of time. The capacity rating is equal to the initial
current drawn multiplied by the time until the battery dies. The units for battery
capacities are ampere-hours (Ah) and millampere-hours (mAh).

EXAMPLE

Suppose that you have a 1.5-V D-sized cell with a capacity rating of 1000 mAh. How
long will the battery last if it is to be used to supply current to a 100-Q resistive load?

The first thing to do is to calculate the initial current drawn:
\Y% 15V

I=_=
R 1000 &

=15mA

To find the discharge time, take the capacity-rating expression and substitute into it
the calculated current:

Capacity rating 1000 mAh

— = =666 h
Initially drawn current 1.5mA

If the resistance is reduced to 10 Q, the discharge time dramatically shrinks to 6.6 hours.

Notably, as the current demand increases, the current-delivering capacity of a bat-
tery decreases (the preceding calculations thus are not incredibly reliable). Excessive
heat generated inside a battery and efficiency losses due to higher temperatures pre-
vent large output current for extended periods of time.

3.2.6 Note on Internal Voltage Drop of a Battery

Batteries have an internal resistance that is a result of the imperfect conducting ele-
ments that make up the battery (resistance in electrodes and electrolyte). When a bat-
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3.3 Switches

tery is fresh, the internal resistance is low (around a few tenths of a volt), but as the
battery is drained, the resistance increases (conducting electrons become fewer in
number as the chemical reactants run out). The following circuit shows a more real-
istic representation of a battery that has a load attached to it.

h ]
| > S Rea
Internal resistance
resulting in imperfect
conducting electrodes + § Rioad
and electrolyte —
FIGURE 3.29

Using this new representation of the battery, notice that when a load resistor is
attached to it, you get a circuit containing an ideal battery connected to two resistors
in series (internal-resistance resistor and load resistor). In effect, the internal-
resistance resistor will provide an additional voltage drop within the circuit. The
actual supplied voltage “felt” by the load resistor will then be smaller than what is
labeled on the battery’s case. In reality, it is not important to know the exact value of
the internal resistance for a battery. Instead, a battery is placed in a circuit, and the
voltage across the battery is measured with a voltmeter. (You cannot remove the bat-
tery from the circuit and then measure it; the reading will be tainted by the internal
resistance of the meter.) Measuring the voltage across a battery when a load is
attached to it gives the true voltage that will be “felt” by the load.

Take note, internal resistance may limit a battery’s ability to deliver high currents
needed for pulse applications, as in photoflashes and radio signaling. A reliable bat-
tery designed for pulsing applications is a silver oxide battery.

A switch is a mechanical device that interrupts or diverts electric current flow within
acircuit.

and +
: T

Interrupter switch Diverter switch

FIGURE 3.30

3.3.1 How a Switch Works

Two slider-type switches are shown in Fig. 3.31. The switch in Fig. 3.31a acts as an
interrupter, whereas the switch in Fig. 3.31b acts as a diverter.
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FIGURE 3.31

P Lever knob

Slider

(a) When the lever is pushed to the right, the (b) When the lever is pushed upward, a conduc-
metal strip bridges the gap between the two tive bridge is made between contacts a and b.
contacts of the switch, thus allowing currentto  When the lever is pushed downward, the con-
flow. When the lever is pushed to the left, the  ductive bridge is relocated to a position where
bridge is broken, and current will not flow. current can flow between contact a and c.

Other kinds of switches, such as push-button switches, rocker switches, magnetic-
reed switches, etc., work a bit differently than slider switches. For example, a
magnetic-reed switch uses two thin pieces of leaflike metal contacts that can be
forced together by a magnetic field. This switch, as well as a number of other unique
switches, will be discussed later on in this section.

3.3.2 Describing a Switch

A switch is characterized by its number of poles and by its number of throws. A pole
represents, say, contact a in Fig. 3.31b. A throw, on the other hand, represents the
particular contact-to-contact connection, say, the connection between contacts a
and contact b or the connection between contact a and contact ¢ in Fig. 3.31b. In
terms of describing a switch, the following format is used: (number of poles) “P*
and (number of throws) “T.“ The letter P symbolizes “pole,” and the letter T sym-
bolizes “throw.” When specifying the number of poles and the number of throws, a
convention must be followed: When the number of poles or number of throws
equals 1, the letter S, which stands for “single,” is used. When the number of poles
or number of throws equals 2, the letter D, which stands for “double,” is used.
When the number of poles or number of throws exceeds 2, integers such as 3, 4, or
5 are used. Here are a few examples: SPST, SPDT, DPST, DPDT, DP3T, and 3P6T.
The switch shown in Fig. 3.31a represents a single-pole single-throw switch (SPST),
whereas the switch in Fig. 3.31b represents a single-pole double-throw switch
(SPDT).

Two important features to note about switches include whether a switch has
momentary contact action and whether the switch has a center-off position.
Momentary-contact switches, which include mainly pushbutton switches, are used
when it is necessary to only briefly open or close a connection. Momentary-contact
switches come in either normally closed (NC) or normally open (NO) forms. A nor-
mally closed pushbutton switch acts as a closed circuit (passes current) when left
untouched. A normally open pushbutton switch acts as an open circuit (broken cir-
cuit) when left untouched. Center-off position switches, which are seen in diverter
switches, have an additional “off” position located between the two “on” positions.
It is important to note that not all switches have center-off or momentary-contact fea-
tures—these features must be specified.
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Symbols for Switches

SPST SWITCHES

SPDT SWITCHES

—OJ_O—

_0/0— o o
o—
Throw switch Normally open Normally closed
push-button push-button Throw switch Normally open/closed

DPST SWITCHES

push-button

DPDT SWITCHES
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push-button
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Multiple contact slider Multiple contact rotary
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3.3.3 Kinds of Switches
FIGURE 3.33
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Pushbutton Switch

SPST DPST SPDT

A reed switch consists of two closely spaced leaflike contacts that are
enclosed in an air-tight container. When a magnetic field is brought
nearby, the two contacts will come together (if it is a normally open reed
switch) or will push apart (if it is a normally closed reed switch).

1 plastic
encased reed
switch

Binary-Coded Switches

Rotatable

These switches are used to encode digital information. A mechanism inside
dial

the switch will “make” or “break” connections between the switch pairs
according to the position of the dial on the face of the switch. These switches
come in either true binary/hexadecimal and complementary binary/hexa-
decimal forms.The charts below show how these switches work:

True Binary/Hexadecimal Complimentary-Binary/Hexadecimal
Type Position 1 2Code T3 Type Position 1 ZCode 12
0 0 . . .
1 . 1 . . .
2 . 2 . . .
] 3 o | o — 3 . 0
Hexadecimal E " " g n T o
3 5 . . g 5 . .
é a 6 . - —E A 6 . .
3 7 o e . 3 7 .
-§ 8 . E 8 . . .
:‘5 9 . . £ 9 . .
A . . A 0 D
B - . . B 0
C . - C o] o
D . . . D .
E . . . E .
FIGURE 3.33 (Continued) F o] e ol F
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DIP Switch

DIP stands for“dual-inline package.” The geometry of this switch’s pin-
outs allows the switch to be placed in IC sockets that can be wired
directly into a circuit board.

Mercury Tilt-Over

Switch contacts This type of switch is used as a level-sensing

switch. In a normally closed mercury tilt-over
Insulator
Metal /
container \

switch, the switch is “on” when oriented verti-
cally (the liquid mercury will make contact
with both switch contacts). However, when the
switch is tilted, the mercury will be displaced,
hence breaking the conductive path.

Mercury N Z

Closed (on) Open (off)

FIGURE 3.33 (Continued)
3.3.4 Simple Switch Applications

Simple Security Alarm

Here’s a simple home security alarm that’s triggered into action (buzzer
0 oOo— and light go on) when one of the normally open switches is closed. Mag-
Front door ? netic reed switches work particularly well in such applications.

1

O O
Window

L

_o o_
Back door
o——I|I-

Deactivate + |

Buzzer

FIGURE 3.34

Dual-Location On/Off Switching Network

from either of two locations. This setup is frequently used in household

Here’s a switch network that allows an individual to turn a light on or off
wiring applications.

@ O
o o

O

FIGURE 3.35
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Current-Flow Reversal

A DPDT switch, shown here, can be used to reverse the direction of cur-
rent flow. When the switch is thrown up, current will flow throw the left
light-emitting diode (LED). When the switch is thrown down, current
will flow throw the right LED. (LEDs only allow current to flow in one

>& direction.)
K

FIGURE 3.36

Multiple Selection Control of a Voltage-Sensitive Device via a Two-Wire Line

1K Say you want to control a remote device by
,\/3\p<\l means of a two-wire line. Let’s also assume that
Vv the remote device has seven different opera-
\ tional settings. One way of controlling the
..... Remote device would be to design the device in such a

device way that if an individual resistor within the

Zwireline device circuit were to be altered, a new function

would be enacted. The resistor may be part of a

voltage divider, may be attached in some way to
a series of window comparators (see op amps),
or may have an analog-to-digital converter

FIGURE 3.37

3.4 Relays

interface. After figuring out what valued resis-
tor enacts each new function, choose the appro-
priate valued resistors and place them together
with a rotary switch. Controlling the remote
device becomes a simple matter of turning the
rotary switch to select the appropriate resistor.

Relays are electrically actuated switches. The three basic kinds of relays include
mechanical relays, reed relays, and solid-state relays. For a typical mechanical relay,
a current sent through a coil magnet acts to pull a flexible, spring-loaded conductive
plate from one switch contact to another. Reed relays consist of a pair of reeds (thin,
flexible metal strips) that collapse whenever a current is sent through an encapsu-
lating wire coil. A solid-state relay is a device that can be made to switch states by
applying external voltages across n-type and p-type semiconductive junctions (see
Chap. 4). In general, mechanical relays are designed for high currents (typically 2 to
15 A) and relatively slow switching (typically 10 to 100 ms). Reed relays are
designed for moderate currents (typically 500 mA to 1 A) and moderately fast
switching (0.2 to 2 ms). Solid-state relays, on the other hand, come with a wide range
of current ratings (a few microamps for low-powered packages up to 100 A for high-
power packages) and have extremely fast switching speeds (typically 1 to 100 ns).
Some limitations of both reed relays and solid-state relays include limited switching
arrangements (type of switch section) and a tendency to become damaged by surges
in power.
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Mechanical Relay Reed Relay

Plastic
base

1 R
\\\ l
e
RN

7,
AN,
i

Spring

ey

Coil
leads

FIGURE 3.38

FIGURE 3.39

External coil
Pa Vo S22 8 /;,
.

‘O
) capsule
Moving p
contact Reed Reed
" am contacts ~—. A, contacts
i Flexible wire

R

Switch
leads

A mechanical relay’s switch section comes in many of the standard manual switch
arrangements (e.g., SPST, SPDT, DPDT, etc.). Reed relays and solid-state relays,
unlike mechanical relays, typically are limited to SPST switching. Some of the com-
mon symbols used to represent relays are shown below.

N ]

SPST (normally open) SPST (normally closed) SPDT
0 )
Oo— .
0 H . Sz 0
DPST (normally open) DPST (normally closed) DPDT

The voltage used to activate a given relay may be either dc or ac. For, example,
when an ac current is fed through a mechanical relay with an ac coil, the flexible-
metal conductive plate is pulled toward one switch contact and is held in place as
long as the current is applied, regardless of the alternating current. If a dc coil is sup-
plied by an alternating current, its metal plate will flip back and forth as the polarity
of the applied current changes.

Mechanical relays also come with a latching feature that gives them a kind of
memory. When one control pulse is applied to a latching relay, its switch closes. Even
when the control pulse is removed, the switch remains in the closed state. To open the
switch, a separate control pulse must be applied.
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3.4.1 Specific Kinds of Relays

Subminiature Relays

Reed Relays

Coil resistance
label

(S —
Switch ~—
section Magnetic
coil leads

Solid-State Relays

FIGURE 3.40

Typical mechanical relays are designed for switching relatively large
currents. They come with either dc or ac coils. Dc-actuated relays typi-
cally come with excitation-voltage ratings of 6, 12, and 24V dc, with coil
resistances (coil ohms) of about 40, 160, and 650 Q, respectively. Ac-
actuated relays typically come with excitation-voltage ratings of 110 and
240V ac, with coil resistances of about 3400 and 13600 Q, respectively.
Switching speeds range from about 10 to 100 ms, and current ratings
range from about 2 to 15 A.

Miniature relays are similar to subminiature relays, but they are
designed for greater sensitivity and lower-level currents. They are
almost exclusively actuated by dc voltages but may be designed to
switch ac currents. They come with excitation voltages of 5, 6, 12, and 24
V dc, with coil resistances from 50 to 3000 Q.

Two thin metal strips, or reeds, act as movable contacts. The reeds are
placed in a glass-encapsulated container that is surrounded by a coil
magnet. When current is sent through the outer coil, the reeds are forced
together, thus closing the switch. The low mass of the reeds allows for
quick switching, typically around 0.2 to 2 ms. These relays come with dry
or mercury-wetted contacts. They are dc-actuated and are designed to
switch lower-level currents, and come with excitation voltages of 5, 6, 12,
and 24V dc, with coil resistances around 250 to 2000 Q. Leads are made
for PCB mounting.

These relays are made from semiconductor materials. Solid-state relays
include transistors (FETs, BJTs) and thyristors (SCRs, triacs, diacs, etc.).
Solid-state relays do not have a problem with contact wear and have
phenomenal switching speeds. However, these devices typically have
high“on” resistances, require a bit more fine tuning, and are much less
resistant to overloads when compared with electromechanical relays.
Solid-state devices will be covered later in this book.



92 PRACTICAL ELECTRONICS FOR INVENTORS

FIGURE 3.41

DC-Driven Coil

3.4.2 A Few Notes about Relays

To make a relay change states, the voltage across the leads of its magnetic coil should
be at least within =25 percent of the relay’s specified control-voltage rating. Too
much voltage may damage or destroy the magnetic coil, whereas too little voltage
may not be enough to “trip” the relay or may cause the relay to act erratically (flip
back and forth).

The coil of a relay acts as an inductor. Now, inductors do not like sudden changes
in current. If the flow of current through a coil is suddenly interrupted, say, a switch
is opened, the coil will respond by producing a sudden, very large voltage across its
leads, causing a large surge of current through it. Physically speaking, this phenom-
enon is a result of a collapsing magnetic field within the coil as the current is termi-
nated abruptly. [Mathematically, this can be understood by noticing how a large
change in current (d1/dt) affects the voltage across a coil (V = Ldl/dt).] Surges in cur-
rent that result from inductive behavior can create menacing voltage spikes (as high
as 1000 V) that can have some nasty effects on neighboring devices within the circuit
(e.g., switches may get zapped, transistors may get zapped, individuals touching
switches may get zapped, etc.). Not only are these spike damaging to neighboring
devices, they are also damaging to the relay’s switch contacts (contacts will suffer a
“hard hit” from the flexible-metal conductive plate when a spike occurs in the coil).

The trick to getting rid of spikes is to use what are called transient suppressors. You
can buy these devices in prepackaged form, or you can make them yourself. The fol-
lowing are a few simple, homemade transient suppressors that can be used with
relay coils or any other kind of coil (e.g., transformer coils). Notably, the switch incor-
porated within the networks below is only one of a number of devices that may inter-
rupt the current flow through a coil. In fact, a circuit may not contain a switch at all
but may contain other device (e.g., transistors, thyristors, etc.) that may have the
same current-interrupting effect.

Placing a diode in reverse bias across a relay’s coil eliminates voltage

works well for just such applications is the 1N4004 diode.

+ spikes by going into conduction before a large voltage can form across
the coil. The diode must be rated to handle currents equivalent to the
de 1N4004 maximum current that would have been flowing through the coil before
the current supply was interrupted. A good general-purpose diode that

AC-Driven Coil

When dealing with ac-actuated relays, using a diode to eliminate volt-

charge, and the resistor helps control the discharge. For small loads

age spikes will not work—the diode will conduct on alternate half-

R cycles. Using two diodes in reverse parallel will not work either—the

ac current will never make it to the coil. Instead, an RC series network
c T placed across the coil can be used. The capacitor absorbs excessive

driven from the power line, setting R = 100 Q and C = 0.05 uF works fine
for most cases.
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3.4.3 Some Simple Relay Circuits

DC-Actuated Switch

R

12v

+_£</
= b

1N4004

6V relay

AC-Actuated Switch

R

=l

110VAC

= ol

a o
100Q
110VAC
0.05 uF T

110VAC
relay
Relay Driver
+9V
o
~0
-+ 6-9V
1IN4004 A relay
1K
Input 2N2222

FIGURE 3.42

3.5 Resistors

Here, a dc-powered SPDT relay is used to relay
current to one of two light bulbs. When the
switch in the control circuit is opened, the relay
coil receives no current; hence the relay is
relaxed, and current is routed to the upper
bulb. When the switch in the control circuit is
closed, the relay coil receives current and pulls
the flexible-metal conductive plate downward,
thus routing current to the lower bulb. The
diode acts as a transient suppressor. Note that
all components must be selected according to
current and voltage ratings.

Here, an ac-actuated relay is used to switch ac
current to one of two ac-rated light bulbs. The
behavior in this circuit is essentially the same
as in the preceding circuit. However, currents
and voltages are all ac, and an RC network is
used as a transient suppressor. Make sure that
resistor and capacitor are rated for a potential
transient current that is as large as the typical
coil current.

If arelay is to be driven by an arbitrary control
voltage, this circuit can be used. The npn bipo-
lar transistor acts as a current-flow control
valve. With no voltage or input current applied
to the transistor’s base lead, the transistor’s
collector-to-emitter channel is closed, hence
blocking current flow through the relay’s coil.
However, if a sufficiently large voltage and
input current are applied to transistor’s base
lead, the transistor’s collector-to-emitter chan-
nel opens, allowing current to flow through the
relay’s coil.

Resistors are electrical devices that act to reduce current flow and at the same time act
to lower voltage levels within circuits. The relationship between the voltage applied
across a resistor and the current through it is given by V = IR.

There are numerous applications for resistors. Resistors are used to set operating
current and signal levels, provide voltage reduction, set precise gain values in preci-
sion circuits, act as shunts in ammeters and voltage meters, behave as damping
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agents in oscillators, act as bus and line terminators in digital circuits, and provide
feedback networks for amplifiers.

Resistors may have fixed resistances, or they may be designed to have variable
resistances. They also may have resistances that change with light or heat exposure
(e.g., photoresistors, thermistors).

AR

T
)
%))} B
Fixed Resistors Potentiometers Thermistors
and and
Trimmers Phototransistors
FIGURE 3.43

3.5.1 How a Resistor Works

An electric current is full of electrons teaming with kinetic energy. The job of a resis-
tor is to absorb some of this energy and send it elsewhere. When electrons enter one
end of a resistor, some of them will “collide” with the atoms within, transferring
some of their energy into atomic vibrations. These vibrations, in turn, actas a “drum”
and transfer their energy to neighboring air molecules or perhaps a metal heat-sink
device. The overall effect of the collisions within the resistor results in a smaller, less
energetic current.

Electron/atom Air molecules

collision
ue\Q//‘ // Vibrating
' &©/ atoms

Electron flow Carbon/particle
mixture

FIGURE 3.44

Areal-life example of a resistor is a simple wire-wound resistor. This device consists
of a resistive wire whose overall resistance increases with length. Coiling the wire
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Current Limiter

Voltage Divider

Current Divider

FIGURE 3.45

around an insulative cylinder makes the device compact. A carbon-composition resistor,
on the other hand, uses a mixture of carbon power and a gluelike binder for its resis-
tive element. When more carbon is added to the mixture, the device becomes less
resistive. Other resistors use metal films, metal particle mixes, or some other kinds of
materials as their resistive element.

3.5.2 Basic Resistor Operation

The following are some very useful resistor networks that are employed frequently
within complex circuits.

Ve
R+ Rox

For fixed R,

Aresistor (R) placed in series with a load resis-
tance (Rnaq) acts to reduce current (1) through
Joad the load. Increasing R decreases I. At the same
time, the voltage across the load decreases (see
R next example for voltage-drop characteristics).

For fixed R, For fixed R, This is the voltage
divider relation that is
used to describe the
v whole process:
Vout = L Vin
R, + R;

When current I;, enters the top junction, part of
lin it goes through R;, while the other part goes

through R,. If the resistance of R; increases,

more current is diverted through R,. The graph
R I and equations in the figure describe how the
"R+R " current through R; and R, is influenced by
changing R;.

For fixed R,
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3.5.3 Types of Fixed Resistors

Carbon Film

Typical yellow This is one of the most popular resistors used today. It is made by
4-band code or tan jacket

depositing a carbon film onto a small ceramic cylinder. A small spiral
groove cut into the film controls the amount of carbon between the
leads, hence setting the resistance. Such resistors show excellent reli-
ability, excellent solderability, noise stability, moisture stability, and heat
stability. Typical power ratings range from 7 to 2 W. Resistances range
from about 10 Q to 1 MQ, with tolerances around 5 percent.

Peanut shape

Carbon Composition

Usually Typical This is another very popular resistor made from a mixture of carbon pow-
5-band code brown jacket der and gluelike binder. To increase the resistance, less carbon is added.
These resistors show predictable performance, low inductance, and low
capacitance. Power ratings range from about % to 2 W. Resistances range
from 1 Q to about 100 MQ, with tolerances around =5 percent.

Straight cylinder

Metal Oxide Film

Usually Typical blue or This is a general-purpose resistor that uses a ceramic core coated with a
4-band code  gray jacket metal oxide film. These resistors are mechanically and electrically stable
and readable during high-temperature operation. They contain a special
paint on their outer surfaces making them resistant to flames, solvents,
heat, and humidity. Typical resistances range from 1 Q to 200 kQ, with
typical tolerances of +5 percent.

Precision Metal Film

Usually Typical This is a very accurate, ultra-low-noise resistor. It uses a ceramic sub-
5-band code blue jacket strate coated with a metal film, all encased in an epoxy shell. These resis-
tors are used in precision devices, such as test instruments, digital and
analog devices, and audio and video devices. Resistances range from
about 10 Q to 2 MQ, with power rating from 7% to about 2 W and toler-
ances of =1 percent.

These resistors are used for high-power appli-
cations. Types include vitreous enamel coated,
cement, and aluminum housed wire-wound
resistors. Resistive elements are made from a
\ Ridges to resistive wire that is coiled around a ceramic
wickaway ~ cylinder. These are the most durable of the
heat resistors, with high heat dissipation and high
temperature stability. Resistances range from
0.1 Q to about 150 kQ, with power ratings from
FIGURE 3.46 around 2 W to as high as 500 W, or more.
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Photoresistors and Thermistors

Photoresistor

FIGURE 3.46 (Continued)

NN\

120

RIS

—

AWy

Thermistor

Heat

These are special types of resistors that change
resistance when heat or light is applied. Pho-
toresistors are made from semiconductive
materials, such as cadmium sulfide. Increasing
the light level decreases the resistance. Photo-
resistors are covered in greater detail in Chap.
5. Thermistors are temperature-sensitive resis-
tors. Increasing the temperature decreases the
resistance (in most cases).

3.5.4 Understanding Resistor Labels

Resistors use either a series of painted bands or written labels to specify resistance
values. Other things that may be on the label include tolerances (the percentage
uncertainty between the labeled resistance and the actual resistance), a temperature
coefficient rating (not common), and a reliability level rating (reliability that the resis-
tor will maintain its tolerance over a 1000-hour cycle). Here are some common label-

FIGURE 3.47

Carbon Composition

5-Band

Ist digit /Multiplier\ Reliability

2nd digit Tolerance

Metal-Oxide and Carbon Film

Red Orange

25 kQ + 5%

Multiplier

Ist digit
2nd digit Tolerance
Blue  Gold
Red  pyrple Brown

\Blck

6-Band

276 Q +5%

Temperature coefficient

Band color  Temp coefficient

Brown 100 ppm
1kQ=1x10%Q Red 50 ppm
1MQ=1x10°Q Orange 15 ppm

Yellow 25 ppm

ing schemes used today.

Metal-Oxide and Carbon Film

RELIABILITY LEVEL (%/1000

HR)
Black Brown BAND RELIABITY
Yellow g e Orange / COLOR LEVEL
\ l Brown 1%
i A 460k + 1% Red 0.1%
= LS S Orange 0.01%
] . Yellow 0.001%
TOLERANCE
BAND TOLERANCE
Wire-Wound COLOR )
Silver +10%
Power rating Resistance Gold +5%
Brown +1%
7 Al W7 Red +2%
ailill
P Green +0.5%
"y IEW 3%Q7 Blue +0.25%
/// sy, Purple +0.1%
DIGITS/MULTIPLIER
BAND COLOR DIGIT MULTIPLIER
Black 0 x1
Brown 1 x10
Red 2 x 100
Orange 3 x 1K
Yellow 4 x 10K
Green 5 x 100K
Blue 6 xIM
Purple 7 x 10M
Grey 8 X 100M
White 9 x 1000M
Silver — x 0.01
Gold — x 0.1
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3.5.5 Power Ratings for Resistors

It is important to note that two resistors may have the same resistance values but dif-
ferent power ratings (wattage rating). Resistors with higher power ratings can dissi-
pate heat generated by a current more effectively. Replacing a high-power resistor
with a lower-powered one may lead to “meltdown.” If you are not sure what size
resistor you need, perhaps the following example will help.

EXAMPLE

Suppose that you want to send a 10-mA (0.01-A) current through a 3300-Q resistor.
What kind of power rating should the resistor have?

0.01A To figure out the power rating, you must find how much power goes into
—» heating the resistor. The power is determined using the power law:
—WN\— IR = —
P=1°R=(0.01 A)%(3300 Q) =0.33 W
3300Q

What you need, then, is a resistor with a power rating of at least 0.33 W,
FIGURE 3.48 preferably a bit more to ensure safety. As it turns out, resistors typically
come in the following ratings: %, %, %, 1, and 2 W and beyond. For this
example, a %-W resistor would do.

Notably, when dealing with ac currents and voltages, make sure you use the rms
values for currents and voltages in the power equation (e.g., P = I;n’R = V,i?/R).

3.5.6 Variable Resistors

Variable resistors provide varying degrees of resistance that can be set with the turn
of a knob.

Potentiometers Trimmers
FIGURE 3.49

Special kinds of variable resistors include potentiometers, rheostats, and trim-
mers. Potentiometers and rheostats are essentially the same thing, but rheostats are
used specifically for high-power ac electricity, whereas potentiometers typically are
used with lower-level dc electricity. Both potentiometers and rheostats are designed
for frequent adjustment. Trimmers, on the other hand, are miniature potentiometers
that are adjusted infrequently and usually come with pins that can be inserted into
printed-circuit boards. They are used for fine-tuning circuits (e.g., fine-tuning a cir-
cuit that goes astray as it ages), and they are usually hidden within a circuit’s enclo-
sure box.

Variable resistors come with two or three terminals.
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2-terminal pot

FIGURE 3.50

FIGURE 3.51

3.6 Capacitors

Vi +«—o A
C
_ 3-terminal pot 3-terminal linear-tapered pot
(using only 2 terminals) (using al 3 terminals)

When purchasing variable resistors, make sure that you understand the distinc-
tion between linear-tapered and nonlinear-tapered variable resistors. The “taper”
describes the way in which the resistance changes as the control knob is twisted. Fig-
ure 3.51 shows how the resistance changes as the control knob is turned for both a lin-
ear and nonlinear-tapered variable resistor.

Linear taper Nonlinear taper

—— 100 % —— 100 %

R (% Reota)
R (% Rlotal)

% total turn % total turn

Why do variable resistors come with nonlinear tapers? Well, as it turns out,
human physiology has a weird way of perceiving changes in signal intensity, such as
sound and light intensities. For example, you may think that if you doubled the
intensity of sound or light, you would perceive a doubling in sound and light. Unfor-
tunately—at least in terms of intuition (not in terms of safety control for our brains)—
humans do not work this way. In fact, our perceptions of sight and sound work as
follows: Perceived loudness/brightness is proportional to log,, (actual intensity mea-
sured with a nonhuman instrument). Thus, if you are building an amplifier for a set
of speakers or building a home light-dimming circuit, it would be wise to use a vari-
able resistor with a nonlinear taper.

As you discovered in Chap. 2, capacitors act as temporary charge-storage units,
whose behavior can be described by | = CdV/dt. A simple explanation of what this
equation tells us is this: If you supply a 1-uF capacitor with a 1-mA, 1-s-long pulse of
current, the voltage across its leads will increase 1000 V (dV = Idt/C). More generally,
this equation states that a capacitor “likes” to pass current when the voltage across its
leads is changing with time (e.g., high-frequency ac signals) but “hates” to pass cur-
rent when the applied voltage is constant (e.g., dc signals). A capacitor’s “dislike” for
passing a current is given by its capacitive reactance X.=1/oC (or Z,=-j/®C in com-
plex form). As the applied voltage’s frequency approaches infinity, the capacitor’s
reactance goes to zero, and it acts like a perfect conductor. However, as the frequency
approaches zero, the capacitor’s reactance goes to infinity, and it acts like an infinitely
large resistor. Changing the value of C also affects the reactance. As C gets large, the
reactance decreases, and the displacement current increases.
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In terms of applications, the ability of a capacitor to vary its reactance as the volt-
age across its leads fluctuates makes it a particularly useful device in frequency-
sensitive applications. For example, capacitors are used in frequency-sensitive
voltage dividers, bypassing and blocking networks, filtering networks, transient
noise suppressors, differentiator circuits, and integrator circuits. Capacitors are also
used in voltage-multiplier circuits, oscillator circuits, and photoflash circuits.

3.6.1 How a Capacitor Works

A simple capacitor consists of two parallel plates. When the two plates are connected
to a dc voltage source (e.g., a battery), electrons are “pushed” onto one plate by the
negative terminal of the battery, while electrons are “pulled” from the other plate by
the positive terminal of the battery. If the charge difference between the two plates
become excessively large, a spark may jump across the gap between them and dis-
charge the capacitor. To increase the amount of charge that can be stored on the
plates, a nonconducting dielectric material is placed between them. The dielectric
acts as a “spark blocker” and consequently increases the charge capacity of the capac-
itor. Other factors that affect capacitance levels include the capacitor’s plate surface
area and the distance between the parallel plates. Commercially, a capacitor’s dielec-
tric may be either paper, plastic film, mica, glass, ceramic, or air, while the plates may
be either aluminum disks, aluminum foil, or a thin film of metal applied to opposite
sides of a solid dielectric. The conductor-dielectric-conductor sandwich may be left
flat or rolled into a cylinder. The figure below shows some examples.

Multi-Layer Ceramic Capacitor Film Capacitor

Leads

7\
)
///////’// Alternate layers of film
"" : " dielectric and foil electrodes
Ay o rolled into a cylindrical shape

Ceramic dielectric and

metal plates layered together Plastic resin end

Solid Electrolyte Hermetically Sealed Sintered-Anode
Tantalum Capacitor Tantalum Capacitor

Tantalum pentoxide Dipped epoxy ) -

dielectric \ / coating
Manganese dioxide 7 N

solid-electrolyte

Positive lead — A \\\ 72 +Lead
) N4 (nickel)

Negative lead —

Rubber gasket

FIGURE 3.52
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3.6.2 A Note about | = CdV/dt

Note that according to the laws of physics, no individual charges (electrons) ever
make it across the gap separating the capacitor plates. However, according to | =
CdVv/dt, it appears as if there is a current flow across the gap. How can both these
statements be true? Well, as it turns out, both are true. The misleading thing to do is
to treat | as if it were a conventional current, such as a current through a resistor or
wire. Instead, | represents a displacement current. A displacement current represents
an apparent current through the capacitor that results from the act of the plates charg-
ing up with time and produces magnetic fields that induce electrons to move in the
opposite plates. Current never goes across the gap—instead, charges on one plate are
“shoved” by the changing magnetic fields produced by the opposing plate. The over-
all effect makes things appear as if current is flowing across the gap.

3.6.3 Water Analogy of a Capacitor

Here’s the best thing | could come up with in terms of a water analogy for a capaci-
tor. Pretend that electrons are water molecules and that voltage is water pressure.

Charging a Water Capacitor

Tube (~ wires)

I1H~ Pressure source (~ voltage) P

Tl
LP’ Water (~ electrons)

Water capacitor

This side of the water capacitor
has more water, causing the left balloon to bulge.

Disconnected Water Capacitor

Stored stopper
pressure/energy

FIGURE 3.53

The water capacitor is built from two balloons. Normally, the two balloons are filled
with the same amount of water; the pressure within each one is the same (analogous
to an uncharged capacitor). In the figure, a real capacitor is charged by a battery,
whereas the water capacitor is “charged” using a pump or pressurized water source.
The real capacitor has a voltage across its plates, whereas in the water capacitor there
is a difference in pressure between the two balloons. When the real capacitor is
removed from the battery, it retains its charge; there is no conductive path through
which charges can escape. If the water capacitor is removed from the pressurized
water source—you have to pretend that corks are placed in its lead pipes—it too
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retains its stored-up pressure. When an alternating voltage is applied across a real
capacitor, it appears as if an alternating current (displacement current) flows through
the capacitor due to the changing magnetic fields. In the water capacitor, if an alter-
nating pressure is applied across its lead tubes, one balloon will fill with water and
push against the other semifilled balloon, causing water to flow out it. As the fre-
guency of the applied pressure increases, the water capacitor resembles a rubber
membrane that fluctuates very rapidly back and forth, making it appear as if it is a
short circuit (at least in ac terms). In reality, this analogy is overly simplistic and does
not address the subtleties involved in a real capacitor’s operation. Take this analogy
lightheartedly.

3.6.4 Basic Capacitor Functions

FIGURE 3.54 Getting a Sense of What I = €dV/dt Means
| >lLmsl< If you supply a 1-uF capacitor with a 10-mA,
10mA 1-ms pulse of current, the voltage across its
~| luise leads will increase by 10V. Here’s how to figure
i itout:
A
v v v 1—c Y
[ v 10V dt
A
Idt (10 mA)(1
-+ t gy =10t AOmMAAImMS) _ 45,
C 1uF
Charging/Discharging a Capacitor through a Resistor
Charging Discharging

Vbal

—

A R
[ Vbax Vba
+ \Y
— IB | l c 63.2%

\% \%

36.8%

t=1=RC t=1=RC

When the switch is thrown to position A, the capacitor charges through the resistor, and the voltage across its leads
increases according to the far-left graph. If the switch is thrown to position B after the capacitor has been charged, the
capacitor will discharge, and the voltage will decay according to the near-right graph. See Section 2.18 for details.

Signal Filtering

MM ) When a fluctuating signal with a dc component
in out . . .
3 | | y is sent through a capacitor, the capacitor
‘ I removes the dc component yet allows the ac
component through.
h in out ‘ A capacitor can be used to divert unwanted
\ N fluctuating signals to ground.
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FIGURE 3.56

Electrolytic

-+
Radial lead

Ceramic

3.6.5 Kinds of Capacitors

There are a number of different capacitor families available, each of which has defin-
ing characteristic features. Some families are good for storing large amounts of
charge yet may have high leakage currents and bad tolerances. Other families may
have great tolerances and low leakage currents but may not have the ability to store
large amounts of charge. Some families are designed to handle high voltages yet may
be bulky and expensive. Other families may not be able to handle high voltages but
may have good tolerances and good temperature performance. Some families may
contain members that are polarized or nonpolarized in nature. Polarized capacitors,
unlike nonpolarized capacitors, are specifically designed for use with dc fluctuating
voltages (a nonpolarized capacitor can handle both dc and ac voltages). A polarized
capacitor has a positive lead that must be placed at a higher potential in a circuit and
has a negative lead that must be placed at a lower potential. Placing a polarized
capacitor in the wrong direction may destroy it. (Polarized capacitors’ limitation to
use in dc fluctuating circuits is counterbalanced by extremely large capacitances.)
Capacitors also come in fixed or variable forms. Variable capacitors have a knob that
can be rotated to adjust the capacitance level. The symbols for fixed, polarized, and
variable capacitors are shown below.

Ll
[

Fixed capacitor Polarized capacitor Variable capacitor
FIGURE 3.55

Now let’s take a closer look at the capacitor families.

These capacitors include both aluminum and tantalum electrolytics.
They are manufactured by an electrochemical formation of an oxide film
onto a metal (aluminum or tantalum) surface. The metal on which the
oxide film is formed serves as the anode or positive terminal, the oxide
film acts as the dielectric, and a conducting liquid or gel acts as the cath-
ode or negative terminal. Tantalum electrolytic capacitors have larger
capacitance per volume ratios when compared with aluminum elec-
Axial lead trolytics. A majority of electrolytic capacitors are polarized. Electrolytic
capacitors, when compared with nonelectrolytic capacitors, typically
have greater capacitances but have poor tolerances (as large as 100
percent for aluminum and about *5 to =20 percent for tantalum), bad
temperature stability, high leakage, and short lives. Capacitances range
from about 1 pF to 1 F for aluminum and 0.001 to 1000 uF for tantalum,
with maximum voltage ratings from 6 to 450 V.

This is very popular nonpolarized capacitor that is small and inexpen-
sive but has poor temperature stability and poor accuracy. It contains a
ceramic dielectric and a phenolic coating. It is often used for bypass and
coupling applications. Tolerances range from *5 to =100 percent, while
capacitances range from 1 pF to 2.2 uF, with maximum voltages rating
from 3V to 6 kV.
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Mylar

FIGURE 3.56 (Continued)

This is a very popular nonpolarized capacitor that is reliable, inexpen-
sive, and has low leakage current but poor temperature stability. Capac-
itances range from 0.001 to 10 uF, with voltages ratings from 50 to 600 V.

This is an extremely accurate device with very low leakage currents. It is
constructed with alternate layers of metal foil and mica insulation,
stacked and encapsulated. These capacitors have small capacitances and
are often used in high-frequency circuits (e.g., RF circuits). They are very
stable under variable voltage and temperature conditions. Tolerances
range from *0.25 to =5 percent. Capacitances range from 1 pF to 0.01 uF,
with maximum voltage ratings from 100V to 2.5 KV

Other kinds of capacitors include paper, polystyrene, polycarbonate, polyester,
glass, and oil capacitors; their characteristics are covered in Table 3.7. Note that in Table
3.7 a large insulation resistance means that a capacitor has good leakage protection.

TABLE 3.7 Characteristics of Various Capacitors
MAXIMUM
OPERATING INSULATION
CAPACITANCE MAXIMUM TEMPERATURE  TOLERANCE  RESISTANCE
TYPE RANGE VOLTAGE (°C) (%) (MQ) COMMENTS
Electrolytics Popular, large
Aluminum 1uF-1F 3-600V 85 +100 to —20 <1 capacitance,
Tantalum 0.001-1000 uF 6-100V 125 *5t0 20 >1 awful leakage,
horrible tolerances

Ceramic 10 pF-1 uF 50-1000V 125 +5to 100 1000 Popular, small,
inexpensive, poor
tolerances.

Mica 1 pF-0.1 uF 100-600V 150 +0.25to =5 100,000 Excellent
performance; used
in high-frequency
applications

Mylar 0.001-10 pF 50-600V Good Good Popular, good
performance,
inexpensive

Paper 500 pF-50 uF 100,000V 125 +10to £20 100 —

Polystyrene 10 pF-10 pF 100-600V 85 +0.5 10,000 High quality, very
accurate; used in
signal filters

Polycarbonate 100 pF-10 puF 50-400V 140 +1 10,000 High quality, very
accurate

Polyester 500 pF-10 uF 600V 125 +10 10,000 —

Glass 10-1000 pF 100-600V 125 +1to *20 100,000 Long-term stability

Oil 0.1-20 pF 200V-10 kV Good Large, high-voltage

filters, long life




Basic Electronic Circuit Components 105

3.6.6 Variable Capacitors

Variable capacitors are devices that can be made to change capacitance values with
the twist of a knob. These devices come in either air-variable or trimmer forms. Air-
variable capacitors consist of two sets of aluminum plates (stator and rotor) that
mesh together but do not touch. Rotating the rotor plates with respect to the stator
varies the capacitor’s effective plate surface area, thus changing the capacitance. Air-
variable capacitors typically are mounted on panels and are used in frequently
adjusted tuning applications (e.g., tuning communication receivers over a wide band
of frequencies). A trimmer capacitor is a smaller unit that is designed for infrequent
fine-tuning adjustments (e.g., fine-tuning fixed-frequency communications receivers,
crystal frequency adjustments, adjusting filter characteristics). Trimmers may use a
mica, air, ceramic, or glass dielectric and may use either a pair of rotating plates or a
compression-like mechanism that forces the plates closer together.

Trimmers

Rotatable plates

Fixed plates
(stator)

FIGURE 3.57

3.6.7 Reading Capacitor Labels

Reading capacitor labels is tricky business. Each family of capacitors uses its own
unique labeling system. Some systems are easy to understand, whereas others make
use of misleading letters and symbols. The best way to figure out what a capacitor
label means is to first figure out what family the capacitor belongs to. After that, try
seeing if the capacitor label follows one of the conventions in Fig. 3.58.

3.6.8 Important Things to Know about Capacitors

Even though two capacitors may have the same capacitance values, they may have
different voltage ratings. If a smaller-voltage capacitor is substituted in place of a
higher-voltage capacitor, the voltage level across the replacement may “zap” its
dielectric, turning it into a low-level resistor. Also remember that with polarized
capacitors, the positive lead must go to the more positive connection; otherwise, it
may get zapped as well.

As a practical note, capacitor tolerances can be atrocious. For example, an alu-
minum electrolytic capacitor’s capacitance may be as much as 20 to 100 percent off
the actual value. If an application specifies a low-tolerance capacitor, it is usually safe
to substitute a near-value capacitor in place of the specified one.
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Electrolytic

(note, M here isn't
a tolerance)

/
Label says: 100 MF ===1

Actual value: 100 puF
(M means micro(u)) [0OME 16V

Tantalum

Label says: 4R7u
Actual value: 4.7uF

(R represents a decimal)
+ 4R7

Label says: 475K
Actual value: 47 x 105pF

with 10% tolerance
(K = 10% tolerance) +475K ‘

Dipped Tantalum

Capacitance in MF —A~10
( 16 = 10uF 16V
Rated voltage —y—

Label says: 0.IM

Actual value: 0.1uF 0.1

(M means micro) MFD
Standard

(_Black = militar_y;
white = commercial) ¢ gigit 2nd digit  temp.
\

e ——

B

Mylar

( o O o>/ /
- > OO »
Characteristic ~_ o oo

—7— \

Uses same /

Ceramic
Label represents
\ " a tolerance
{03m
Label says: 103M
Actual value: 0.01pF £20% Multipliers
0 =none
1=x10
2nd digit  3rd digit 2=x100
Ist digit \ / Tolerance i =x 1800%0
— =x10,
\/ \/
(21 K Label says: 121K
Actual value: 120pF £10%
Decimal  2nd digit
Ist digit \ / Tolerance
- A\ Tolerance
\4 R7 Débel says: 4R7D
Actual value: 4.7pF £0.5 Z = +80%, —20% (asymmet-
ric capacitor construction)
M =£20%

European Marking

Operating Vibration

color scheme  Tolerance Multiplier DC working voltage

as resistors [Brown = 100V; Orange = 200V;
for digits and Green = 500V; Gold = 1000V]
tolerances
Front Back
FIGURE 3.58

ﬁ

Pég

K'=%10% B =+0.1%
J=15% A =+0.05%

G=12%
F=+1%
Label says: 68p D =+0.5%
Actual value: 68pF C=40.25%
B=10.1%
A=10.05%
Label says: p68
Actual value: 0.68pF
Label says: n68 IpF =1x10™F
Actual value: 0.68uF INF=1x10°F
IWF =1x 10°°F

As a final note, capacitors with small capactances (less than 0.01 uF) do not pose
much danger to humans. However, when the capacitances start exceeding 0.1 puF,
touching capacitor leads can be a shocking experience. For example, large electrolytic
capacitors found in television sets and photoflashes can store a lethal charge. As a
rule, never touch the leads of large capacitors. If in question, discharge the capacitor
by shorting the leads together with a screwdriver tip before handling it.

FIGURE 3.59 3.6.9 Applications

Power Supply Filtering

ac voltage
o—— +

full-wave
[\j rectifier m

pulsing dc

oO— —_

|||—a% l—o

o]

 —

filtered dc

Capacitors are often used to smooth out puls-
ing dc signals generated by rectifier sections
within power supplies by diverting the ac por-
tion of the wavelength to ground, while pass-
ing the dc portion.
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Filter Circuits
HIGH-PASSFILTER

\Z_r 10
[

High-pass and low-pass filters can be made
from simple RC networks. In a high-pass filter,
low frequencies are blocked by the capacitor,
but high-frequency signals get through to the
output. In a low-pass filter, high-frequency sig-
nals are routed to ground, while low-frequency

signals are sent to the output. See Chaps. 2
(section 2.30) and 8 for more on filters.

Passive Integrator

[ e

Passive Differentiator

+

in c out
0 o—|
R

Spike and Noise Suppression

+Vee I

TTL
logic
IC

~ O.1uF

Ayl

GND

Simple Oscillator

£

pnp

&,
f s

FIGURE 3.59 (Continued)

(0]

The input signal is integrated at the output. RC
is the time constant, and it must be at least 10
times the period of the input signal. If not, the
amplitude of the output will then be a low-pass
filter that blocks high frequencies.

The input signal is differentiated at the output.
RC network transforms incoming square waves
into a pulsed or spiked waveform. The RC time
constant should be %o (or less) of the duration of
the incoming pulses. Differentiators are often
used to create trigger pulses.

With certain types of ICs (e.g., TTL logic ICs), sudden changes in input and
output states can cause brief but drastic changes in power supply current
which can result in sharp, high-frequency current spikes within the power
supply line. If a number of other devices are linked to the same supply
line, the unwanted spike can cause false triggering of these devices. The
spikes can also generate unwanted electromagnetic radiation. To avoid
unwanted spikes, decoupling capacitors can be used. A decoupling capac-
itor [typically 0.1 to 1 puF (>5V) for TTL logic ICs] is placed directly across
the positive (Vcc) and ground pins of each IC within a system. The capaci-
tors help absorb the spikes and keep the V¢ level constant, thus reducing
the likelihood of false triggering and electromagnetic radiation.

A capacitor can be used like a “spring” in an oscillator circuit. Here, a
capacitor alters the biasing voltage at the npn transistor’s base. At one
moment, the npn transistor receives a biasing voltage large enough to
turn it on. This causes the pnp transistor to turn on too (its base becomes
properly biased). Current will flow through the bulb, causing it to glow.
However, sometime later, the capacitor stores enough charge to bring
the voltage level at the npn transistor’s base down, turning it off. The pnp
transistor then turns off, and the light turns off. But shortly afterward,
the charge from the capacitor flows through lower resistor to ground,
and the voltage at the npn transistor’s base goes back up. It turns on
again, and the process repeats itself over and over again. The resistance
values of the voltage-divider resistors and the capacitance value of the
capacitor control the oscillatory frequency.
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3.7

Inductors

As you learned in Chap. 2, inductors act to resist changes in current flow while freely
passing steady (dc) current. The behavior of an inductor can be described by V =
Ldl/dt. This equation tells you that if the current flow through a 1-H inductor is
changing at a rate of 1 A/s, the induced voltage across the inductor will be 1 V. Now,
the direction (polarity) of the voltage will be in the direction that opposes the change
in current. For example, if the current increases, the voltage inducted across the
inductor will be more negative at the end through which current enters. If the current
decreases, the voltage at the end of the inductor through which current enters will
become more positive in an attempt to keep current flowing.

More generally, V = LdI/dt states that an inductor “likes” to pass current when
the voltage across its leads does not change (e.g., dc signals) but “hates” to pass cur-
rent when the voltage across its leads is changing with time (e.g., high-frequency ac
signals). An inductor’s “dislike” for passing a current is given by its inductive reac-
tance X, = oL (or Z_ = joL in complex form). As the applied voltage’s frequency
approaches zero, the inductor’s reactance goes to zero, and it acts like a perfect con-
ductor. However, as the frequency approaches infinity, the inductor’s reactance goes
to infinity, and it acts like an infinitely large resistor. (Using X, = oL, you can see that
if you take a 20-mH coil and apply a 100-kHz signal across it, the inductive reactance
will be 2000 Q2.) Notice that L also influences the inductor’s reactance. As L increases,
the inductor’s reactance increases, while the current flow through it decreases.

In terms of applications, the ability of an inductor to vary its reactance as the volt-
age across its leads fluctuates makes it a particularly useful device in frequency-
sensitive applications. For example, inductors are used in frequency-sensitive
voltage dividers, blocking networks, and filtering networks (e.g., RF transmitter and
receiver circuits). Inductors are also used in oscillator circuits, transformers, and
magnetic relays—where they act as magnets.

3.7.1 How an Inductor Works

The physical explanation of how an inductor resists changes in current flow can be
explained by the following figure. Assume that you have a steady (dc) current flow-
ing through an inductor’s coil, as shown at left below.

Constant Current Flow Increasing Current Flow  Decreasing Current Flow

G Collapsing
S?;g)nneiri)c/ ! Force A ! Force ma?etlc ﬁeli;i
fieldz‘\/— E/> s> W ad
s s e
current flow ~— (back EMF) ﬂ/to keep current
that slows moving

gl
current
— down .

Electron Expanding
flow magnetic
fields

FIGURE 3.60
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Within the dc current, electrons are collectively moving at a constant velocity, and
as a result of their movement, a steady flux of magnetic fields encircles them. The
direction of the magnetic fields is found by using the left-hand rule. The left-hand
rule tells us that if we pretend to be hitch-hiking with our left hand, the direction in
which our thumb points represents the direction in which electrons are moving,
whereas the direction in which our four curled fingers point represents the direction
of the magnetic field lines. When the magnetic field lines produced by the flowing
electrons within every segment of the coil are added vectorally, the resulting mag-
netic field appears to emanate from the center of the coil, as shown in Fig. 3.60. Now,
as long as the electron flow is constant (steady flow), the centralized magnetic field
will not change. The magnetic field lines may pass through various sections of the
wire’s coil, but they will not affect the current flow through these sections. However,
if the current flow suddenly increases, the magnetic field lines expand, as shown in
Fig. 3.60. According to Faraday’s law of induction (Faraday’s law states that a chang-
ing magnetic field induces a force on a charged object), the expanding magnetic field
will induce a force on the electrons within the coil. The force applied by the expand-
ing magnetic fields on the electrons is such that the electrons are forced to slow down.
Nowy, if you start with a steady (dc) current and suddenly decrease the current flow,
the magnetic fields collapse, and they induce a force on the electrons in such a way as
to keep them moving, as shown in Fig. 3.60.

In terms of V = LdI/dt, the dI/dt term represents the change in current with time,
and V represents the inducted voltage (the work done on electrons to reduce changes
in their motions). Other names for V include self-inducted voltage, counter emf, and
back emf. Now, the only thing left in the equation is the inductance L. L is the pro-
portionality constant between the induced voltage and the changing current; it tells
us how good an inductor is at resisting changes in current. The value of L depends on
a number of factors, such as the number of coil turns, coil size, coil spacing, winding
arrangement, core material, and overall shape of the inductor (see Fig. 3.61).

Spacing
Core Type Number of Turns between Turns
—
Iron Air core (Sma_II L) (Largel)

(Decrease L) (Increase L)

Number of  Type of Winding
Core Diameter  Layers Winding  Overlapping Overall Shape

BRIDY

Toroidal Horse shoe

YA

FIGURE 3.61

For a simple, single-layer, closely wound coil, the inductance is given by

_ BN’A
o

L
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where p is the permeability of the material on which the coil is wound (in free space,
w=4n x 107 N/A?, N is the number of coil windings, A is the cross-sectional area of
the coil, and | is the length of the coil.

The following are approximation methods for finding the inductances of closely
spaced single and multilayer air-core coils.

Single-Layer Multi-Layer
Air-Core Coil Air-Core Coil
(Nxry L= 0.8(N x 101)
T or+10l T 6r+9+10b
|
r r
CO00000000000000 W b
FIGURE 3.62 ¢
3.7.2 Basic Inductor Operation
Current/Voltage Behavior
v, If the switch in a circuit to the left is opened for a specific amount of time
Switch  Switch and then closed, the inductor initially will “fight” the applied voltage,
Vi closed open and the current will rise with a slope related to the coil’s inductance.
VT Once steady state is reached, the coil passes a current that is equal to the
applied voltage divided by the resistance of the coil; the inductor acts
t like a low-resistive wire. When the switch is opened, the inductor
“fights” the sudden change, and current will fall with a negative slope
| related to the coil’s inductance. The current is related to the applied volt-
age by V = Ldl/dt.
I
t

Resistor/Inductor Behavior

When the switch is closed, the
inductor fights to keep the cur-
rent flow down by inducing a
voltage across its leads that
o opposes the applied voltage. The
v, current reaches 63 percent of max
att=L/R. As time passes, the cur-

L J: rent flow levels off and assumes a

63%

dc state. At this point, the induc-
t tor acts like a wire, and the cur-
’\ rent is simply equal to V/R. When
| the switch is then opened, the
t opposite effect occurs; the induc-
tor fights to keep current flow up
by inducting a voltage in the
FIGURE 3.63 opposite direction.
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Signal Filtering
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FIGURE 3.63

FIGURE 3.65
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(Continued)

3.7.3 Kinds of Caoils

An inductor blocks fluctuating currents yet
allows steady (dc) currents to pass.

Here, an inductor acts to block dc current (dc
current is routed through inductor to ground)
yet allows ac current to pass.

If an alternating voltage is applied across an
inductor, the voltage and current will be 90°
out of phase (the current will lag the voltage by
90°). As the voltage across the inductor goes to
its maximum value, the current goes to zero
(energy is being stored in the magnetic fields).
As the voltage across the inductor goes to zero,
the current through the inductor goes to its
maximum value (energy is released from the
magnetic fields).

Coils typically have either an air, iron, or powered-iron core. An inductor with an iron
core has a greater inductance than an inductor with an air core; the permeability of
iron is much greater than the permeability of air. Some inductors come with variable
cores that slide in and out of the coil’s center. The distance that the core travels into

the coil determines the inductance.

Powered-iron
core

Air core Iron core

FIGURE 3.64

Variable
core

Here’s a rundown of some common coils you will find at the store.

These are general-purpose inductors that act to limit or suppress fluctu-
ating current while passing steady (dc) current. They come in an assort-
ment of shapes, winding arrangements, package types, and inductance
and tolerance ratings. Typical inductances range from about 1 to about
100,000 puH, with tolerances from 5 to 20 percent. Some use a resistor-like
color code to specify inductance values.
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Tuning Coil
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Coil

This type of coil often contains a screwlike “magnetic field blocker” that
can be adjusted to select the desired inductance value. Tuning coils often
come with a series of taps. They are frequently used in radio receivers to
select a desired frequency (see wireless electronics). A homemade tun-
ing coil can be constructed by wrapping wire around a plastic cylinder
and then attaching a movable wiper, as shown at left. The wire can be
lacquer-covered magnetic wire. To provide a conductive link between
the wiper and the coil, a lacquer strip can be removed with a file.

A
v
\ Homemade

tuning coil

This type of coil resembles a donut with a wire wrapping. They have
high inductance per volume ratios, have high quality factors, and are
self-shielding. Also, they can be operated at extremely high frequencies.

This type of coil contains an iron core that magnifies magnetic field
effects, making it very sensitive to very small changes in current. Such
coils are used to tune in ultra-high-frequency signals (e.g., RF signals).

FIGURE 3.65 (Continued)

3.8 Transformers

A basic transformer is a four-terminal device that is capable of transforming an ac
input voltage into a higher or lower ac output voltage (transformers are not designed
to raise or lower dc voltages). A typical transformer consists of two or more coils that
share a common laminated iron core, as shown in Fig. 3.66. One of the coils is called
the primary (containing N, turns), while the other coil is called the secondary (contain-

ing Ns turns).
Secondary Primary ‘ ‘ Secondary
£
N, N,

Primary

i Laminated iron core \\
ot

FIGURE 3.66

When an ac voltage is applied across the primary coil, an alternating magnetic flux
of ®= j(Vin/Np) dt emanates from the primary, propagates through the iron-laminated
core, and passes through the secondary coil. (The iron core increases the inductance,
and the laminations decrease power-consuming eddy currents.) According to Fara-
day’s law of induction, the changing magnetic flux induces a voltage of Vs = Nsd®/dt
within the secondary coil. Combining the flux equation and the secondary-induced-
voltage equation results in the following useful expression:
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Ns
Vs=—1V,

NP
This equation says that if the number of turns in the primary coil is larger than the
number of turns in the secondary coil, the secondary voltage will be smaller than the
primary voltage. Conversely, if the number of turns in the primary coil is less than
the number of turns in the secondary, the secondary voltage will be larger than the
primary voltage.

When a source voltage is applied across a transformer’s primary terminals
while the secondary terminals are open circuited (see Fig. 3.67), the source treats
the transformer as if it were a simple inductor with an impedance of Z, = joL,,
where L, represents the inductance of the primary coil. This means that the primary
current will lag the primary voltage (source voltage) by 90°, and the primary cur-
rent will be equal to V,/Z,, according to Ohm’s law. At the same time, a voltage of
(Ns/N,)V, will be present across the secondary. Because of the polarity of the
induced voltage, the secondary voltage will be 180° out of phase with the primary
voltage.

/KV"\
g

N

\\

D&

FIGURE 3.67

Now, let’s take a look at what happens when you attach a load to the secondary;,
as shown in Fig. 3.68. When a load R, is placed across the secondary, the induced volt-
age acts to move current through the load. Since the magnetic flux from the primary
is now being used to induce a current in the secondary, the primary current and volt-
age move toward being in phase with each other. At the same time, the secondary
voltage and the induced secondary current I, move toward being in phase with each
other, but both of them will be 180° out of phase with the primary voltage and current
(the physics of induced voltages again).

<

€ H DI T A
A

FIGURE 3.68
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To figure out the relationship between the primary and secondary currents, con-
sider that an ideal transformer is 100 percent efficient (real transformers are around
95 to 99 percent efficient), and then infer that all the power disipated by the load will
be equal to the power supplied by the primary source. By combining the power law
(P = V*/R) and the transformer voltage relation, it can be seen that both the power
dissipated by the load and the power supplied in the primary are equal to

Ve NEV?

P ==
R NR.

By using the P = IV form of the power law, the primary current is

P. N2V,

. = =
*V, N,

Now, Ohm’s law can be used to come up with the equivalent resistance the source
feels from the combined transformer and load sections:

Vp NP 2
Req :|_ = N_ R.
p S

In terms of circuit reduction, you can then replace the transformer/load section
with R, (see Fig. 3.69).

0" | p} vp e
Ns

FIGURE 3.69

This reduction trick also can be applied to loads that have complex impedances
(e.g., RLC networks). The only alteration is that R_ must be replaced with the complex
load impedance Z,.

To finish up with the theory, suppose that you are simply interested in figuring
out the relationship between the primary current and the secondary current. Since
the power in the primary and the power in the secondary must be equal, you can
make use of P =1V and the transformer voltage relation to come up with

Is= N, I,
This equation tells you that if you increase the number of turns in the secondary
(which results in a larger secondary voltage relative to the primary voltage), the sec-
ondary current will be smaller than the primary current. Conversely, if you decrease
the number of turns in the secondary (which results in a smaller secondary voltage
relative to the primary voltage), the secondary current will be larger than the primary
current.
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3.8.1 Basic Operation

Voltage/Current Relationships
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To obtain a secondary voltage that’s larger than
the primary voltage, the number of turns in the
secondary must be greater than the number of
turns in the primary. Increasing the secondary
voltage results in a smaller secondary current
relative to the primary current. To obtain a sec-
ondary voltage that’s smaller than the primary
voltage, the number of turns in the secondary
must be smaller than the number of turns in
the primary. Decreasing the secondary voltage
relative to the primary voltage will result in a
larger secondary current.

A transformer with 400 turns in the primary
and 100 turns in the secondary will convert a
120-V ac, 1-A primary voltage and current into
a 30-V ac, 4-A secondary voltage and current. A
transformer that decreases the secondary volt-
age relative to the primary voltage is called a
step-down transformer.

A transformer with 100 turns in the primary
and 1000 turns in the secondary will convert a
120-V ac, 1-A primary voltage and current into
a 1200-V ac, 0.1-A secondary voltage and cur-
rent. A transformer that increases the sec-
ondary voltage relative to the primary voltage
is called a step-up transformer.

Here’s an example of how to treat transformers
in circuit analysis. Say that you have a complex
network of components that contains resistive,
capacitive, and inductive elements (e.g., RLC
network) in both the primary and secondary
sides. To figure out the equivalent impedance
the source feels, you can reduce the circuit by
finding the equivalent impedance of the load
(2.) and transformer combined. From what you
learned earlier, this is given by Z,(N,/Ns). After
that, you simply have to deal with the imped-
ance in the primary (Z;,) and Z (N,/Ns)>. You
apply a final reduction by adding Z, and
Z,(N,/Ns)? in series. The effective primary cur-
rent is found by using ac Ohm’s law (1 =V/Z).
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3.8.2 Special Kinds of Transformers
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FIGURE 3.71

Tapped transformers have an additional con-
nection, or tap, on their primary and/or sec-
ondary windings. An additional tap lead on the
secondary gives a transformer three possible
output voltages.

It is often useful to have a number of different
secondary windings, each of which is electri-
cally isolated from others (unlike a taped trans-
former). Each of the secondary coils will have a
voltage that is proportional to its number of
turns. The secondary windings can be con-
nected in series-aiding (voltage is summed) or
series-opposing (the voltage is the difference)
configurations. Dots are often used to indicate
the terminals that have the same phase.

This device only uses a single coil and a tap to
make a primary and secondary. Autotrans-
formers can be used to step up or step down
voltages; however, they are not used for isola-
tion application because the primary and sec-
ondary are on the same coil (there is no
electrical isolation between the two). These
devices are frequently used in impedance-
matching applications.

This device contains a variable tap that slides
up and down the secondary coil to control the
secondary coil length and hence the secondary
voltage.
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3.8.3 Applications

Three fundamental applications for transformers include isolation protection, volt-
age conversion, and impedance matching. Here are a few examples showing appli-

FIGURE 3.72 cation for all three.
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Transformers with a 1:1 ratio between primary and secondary windings
are often used to protect secondary circuits (or individuals touching sec-
ondary elements, e.g., knobs, panels, etc.) from electrical shocks. The rea-
son why the protection works is that the secondary is only magnetically
coupled—not electrically coupled—with the high-current utility line. All
test equipment, especially ones that are “floated” (ground is removed),
must use isolation protection to eliminate shock hazards. Another advan-
tage in using an isolation transformer is that there are no dc connections
between circuit elements in the primary and secondary sides; ac devices
can be coupled with other devices through the transformer without any
dc signals getting through. The circuit in the figure shows a simple exam-
ple of how a power outlet can be isolated from a utility outlet. The iso-
lated receptacle is then used to power test equipment.

Transformers are essential ingredients in power supply
design. Here a 120-to-12-V transformer steps down a

Bridge 120-V, 60-Hz line voltage to a 12-V, 60-Hz secondary volt-

age. A bridge rectifier (network of four diodes) then rec-
tifies the secondary voltage into a pulsed dc voltage with

ripple during rectification due to diode biasing voltages, and it
appears that the output is double in frequency due to the
negative swings being converted into positive swings by
the rectifier.) The average dc voltage at the output is
equal to 0.636 of the peak rectified voltage.

rectifier
Q 10.8V .
m 120Hz a peak of 10.8V and a frequency of 120 Hz. (1.2V is lost

In the United States, main power lines carry ac voltages of upwards of
1000 V. A center-tapped pole transformer is used to step down the line
voltage to 240V.The tap then acts to break this voltage up into 120-V por-
tions. Small appliances, such as TVs, lights, and hairdryers, can use either
the top line and the neutral line or the bottom line and the neutral line.
Larger appliances, such as stoves, refrigerators, and clothes dryers, make
use of the 240-V terminals and often use the neutral terminal as well. See
Appendix A for more on power distribution and home wiring.

Earlier you discovered that any device connected to the primary side of
a transformer with a secondary load feels an equivalent impedance
equal to (Ny/Ns)*Zi..e. By manipulating the N,/N; ratio, you can trick an
input device into thinking it is connected to an output device with a sim-
ilar impedance, even though the output device may have an entirely dif-
ferent impedance. For example, if you want to use a transformer to
match impedances between an 8-Q speaker and a 1-k amplifier, you
plug 8 Q into Z,,,g and 1000 Q into Z;, and solve for N,/Ns. This provides
the ratio between the primary and secondary windings that is needed to
match the two devices. Ny/Ns turns out to be 11.2. This means the pri-
mary must have 11.2 more winding than the secondary.
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3.8.4 Real Kinds of Transformers
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Ceramic or other
low-permeable core

This type of transformer acts exclusively as an isolation device; it does
not increase or decrease the secondary voltage. The primary coil of an ac
power-line isolation transformer (in the United States) accepts a 120-V
ac, 60-Hz input voltage and outputs a similar but electrically isolated
voltage at the secondary. Such transformers usually come with an elec-
trostatic shield between the primary and secondary. They often come
with a three-wire plug and receptacle that can be plugged directly into a
power outlet.

These transformers are used primarily to reduce line voltages. They
come in a variety of different shapes, sizes, and primary and secondary
winding ratios. They often come with taps and multiple secondary wind-
ings. Color-coded wires are frequently used to indicate primary and sec-
ondary leads (e.g., black wires for primary, green for secondary, and
yellow for tap lead is one possibility). Other transformers use pins for
primary, secondary, and taped leads, allowing them to be mounted on a
PC board.

Audio transformers are used primarily to match impedances between
audio devices (e.g., between microphone and amplifier or amplifier and
speaker). They work best at audio frequencies from 150 Hz to 15 kHz.
They come in a variety of shapes and sizes and typically contain a center
tap in both the primary and secondary windings. Some use color-coded
wires to specify leads (e.g., blue and brown as primary leads, green and
yellow as secondary leads, and red and black for primary and secondary
taps is one possibility). Other audio transformers have pinlike terminals
that can be mounted on PC boards. Spec tables provide dc resistance
values for primary and secondary windings to help you select the appro-
priate transformer for the particular matching application.

Miniature transformers are used primarily for impedance matching.
They usually come with pinlike leads that can be mounted on PC
boards. Spec tables provide dc resistance values for both primary and
secondary windings and come with primary/secondary turn ratios.

These often come with air or powered-iron cores instead of laminated-
iron cores. They are used for high-frequency applications, such as
matching RF transmission lines to other devices (e.g., transmission line
to antenna). One particularly useful high-frequency rated transformer is
the broad-band transmission-line transformer (see the section on
matching impedances).
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3.9 Fuses and Circuit Breakers

Fuses and circuit breakers are devices designed to protect circuits from excessive cur-
rent flows, which are often a result of large currents that result from shorts or sudden
power surges. A fuse contains a narrow strip of metal that is designed to melt when
current flow exceeds its current rating, thereby interrupting power to the circuit.
Once a fuse blows (wire melts), it must be replaced with a new one. A circuit breaker
is a mechanical device that can be reset after it “blows.” It contains a spring-loaded
contact that is latched into position against another contact. When the current flow
exceeds a breaker’s current rating, a bimetallic strip heats up and bends. As the strip
bends, it “trips” the latch, and the spring pulls the contacts apart. To reset the breaker,
a button or rockerlike switch is pressed to compress the spring and reset the latch.

Symbol of afuse

S\ o

Symbol of acircuit-breaker
VS

FIGURE 3.74

In homes, fuses/circuit breakers are used to prevent the wires within the walls
from melting under excessive current flow (typically upwards of 15 A); they are not
designed to protect devices, such as dc power supplies, oscilloscopes, and other
line-powered devices, from damage. For example, if an important current-limiting
component within a test instrument (powered from the main line) shorts out, or if
it is connected to an extremely large test current, the circuit within the device may
be flooded with, say, 10 A instead of 0.1 A. According to P = IR, the increase in
wattage will be 10,000 times larger, and as a result, the components within the cir-
cuit will fry. As the circuit is melting away, no help will come from the main 15-A
breaker—the surge in current through the device may be large, but not large
enough to trip the breaker. For this reason, it is essential that each individual device
contain its own properly rated fuse.

Fuses come in fast-action (quick-blow) and time-lag (slow-blow) types. A fast-
acting fuse will turn off with just a brief surge in current, whereas a time-lag fuse
will take a while longer (a second or so). Time-lag fuses are used in circuits that
have large turn-on currents, such as motor circuits, and other inductive-type
circuits.

In practice, a fuse’s current rating should be around 50 percent larger than the
expected nominal current rating. The additional leeway allows for unexpected, slight
variations in current and also provides compensation for fuses whose current ratings
decrease as they age.

Fuses and breakers that are used with 120-V ac line power must be placed in the
hot line (black wire) and must be placed before the device they are designed to pro-
tect. If a fuse or circuit breaker is placed in the neutral line (white wire), the full
line-voltage will be present at the input, even if the fuse/circuit breaker blows. Cir-
cuit breakers that are used to protect 240-V ac appliances (e.g., stoves, clothes dry-
ers) have fuses on all three input wires (both the hot wires and the neutral wire) (see
Fig. 3.75). Power distribution and home wiring are covered in detail in Appendix A.
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Home wiring
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3.9.1 Types of Fuses and Circuit Breakers
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These are made by encapsulating
a current-sensitive wire or ce-
ramic element within a glass
cylinder. Each end of the cylinder
contains a metal cap that acts as a
contact lead. Fuses may be fast-
acting or time-lagging. They are
used in instruments, electric cir-
cuits, and small appliances. Typi-
cal cylinders come in 7% x 1% in
or 5 x 20 mm sizes. Current rat-
ings range from around 7 to 20 A,
with voltage ratings of 32, 125,
and 250 V.

These are fast-acting fuses with bladelike con-
tacts. They are easy to install and remove from
their sockets. Current ratings range from 3 to
30 A, with voltage ratings of 32 and 36 V. They
are color-coded according to current rating
and are used primarily as automobile fuses.

Other types of fuses include subminiature
fuses and high-current screw-in and cartridge
fuses. Subminiature fuses are small devices
with two wire leads that can be mounted on PC
boards. Current ratings range from 0.05 to 10
A. They are used primarily in miniature cir-
cuits. Cartridge fuses are designed to handle
very large currents. They are typically used as
main power shutoffs and in subpanels for
240-V applications such as electric dryers and
air conditioners. Cartridge fuses are wrapped
in paper, like shotgun shells, and come with
either ferrule or knife-blade contacts. Ferrule-
contact fuses protect from up to 60 A, while
knife-blade contact fuses are rated at 60 A or
higher.
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Circuit Breakers

Thermal Thermal 15A main-line
auto rest manual rest breaker

FIGURE 3.76 (Continued)

These come in both rocker and push-button forms. Some have manual
resets, while other have thermally actuated resets (they reset themselves
as they cool down). Main-line circuit breakers are rated at 15 to 20 A.
Smaller circuit breakers may be rated as low as 1 A.
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CHAPTER 4

Semiconductors

4.1 Semiconductor Technology

FIGURE 4.1

The most important and perhaps most exciting electrical devices used today are built
from semiconductive materials. Electronic devices, such as diodes, transistors, thyris-
tors, thermistors, photovoltaic cells, phototransistors, photoresistors, lasers, and inte-
grated circuits, are all made from semiconductive materials, or sesmiconductors.

Diodes/LEDs Transistors Microchips Solar cells

4.1.1 What Is a Semiconductor?

Materials are classified by their ability to conduct electricity. Substances that easily
pass an electric current, such as silver and copper, are referred to as conductors.
Materials that have a difficult time passing an electric current, such as rubber, glass,
and Teflon, are called insulators. There is a third category of material whose con-
ductivity lies between those of conductors and insulators. This third category of
material is referred to as a semiconductor. A semiconductor has a kind of neutral con-
ductivity when taken as a group. Technically speaking, semiconductors are defined
as those materials that have a conductivity ¢ in the range between 10~ and
10* mho/cm (see Fig. 4.2). Some semiconductors are pure-elemental structures
(e.g., silicon, germanium), others are alloys (e.g., hichrome, brass), and still others
are liquids.
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FIGURE 4.2

FIGURE 4.3
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Silicon is the most important semiconductor used in building electrical devices.
Other materials such as germanium and selenium are sometimes used, too, but they
are less popular. In pure form, silicon has a unique atomic structure with very impor-
tant properties useful in making electrical devices.

Group
clawflg on Ao Orbitals Face-centered
tomic 1, 22, 2ps, 32, 3p2 cubic crystal
Symbol v number Y _— structure
S 14 (diamond structure)
Atomic
weight
28.086 4 valence
electrons
Silicon / ~_
N Covalent Siatom
ame
bond

Silicon is ranked second in the order of elements appearing in the earth’s crust, an
average of 27 percent occurring in igneous rocks. It is estimated that a cubic mile of
seawater contains about 15,000 tons of silicon. It is extremely rare to find silicon in its
pure crystalline form in nature, and before it can be used in making electronic
devices, it must be separated from its binding elements. After individuals—chemists,
material scientists, etc.—perform the purification process, the silicon is melted and
spun into a large “seed” crystal. This long crystal can then be cut up into slices or
wafers that semiconductor-device designers use in making electrical contraptions.
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FIGURE 4.4
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For the semiconductor-device designer, a silicon wafer alone does not prove very
useful. A designer would not use the silicon wafer in its pure form to build a device;
it just does not have quite the right properties needed to be useful. A semiconductor-
device designer is looking for a material that can be made to alter its conductive state,
acting as a conductor at one moment and as an insulator at another moment. For the
material to change states, it must be able to respond to some external force applied at
will, such as an externally applied voltage. A silicon wafer alone is not going to do the
trick. In fact, a pure silicon wafer acts more as an insulator than a conductor, and it
does not have the ability to change conductive states when an external force is ap-
plied. Every designer today knows today that a silicon wafer can be transformed and
combined with other transformed silicon wafers to make devices that have the abil-
ity to alter their conductive states when an external force is applied. The transform-
ing process is referred to as doping.

Doping

Doping refers to the process of “spicing up” or adding ingredients to a silicon
wafer in such a way that it becomes useful to the semiconductor-device designer.
Many ingredients can be added in the doping process, such as antimony, arsenic,
aluminum, and gallium. These ingredients provide specialized characteristics
such as frequency response to applied voltages, strength, and thermal integrity,
to name a few. By far, however, the two most important ingredients that are of
fundamental importance to the semiconductor-device designer are boron and
phosphorus.

When a silicon wafer is doped with either boron or phosphorus, its electrical
conductivity is altered dramatically. Normally, a pure silicon wafer contains no
free electrons; all four of its valence electrons are locked up in covalent bonds
with neighboring silicon atoms (see Fig. 4.5). Without any free electrons, an
applied voltage will have little effect on producing an electron flow through the
wafer.
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FIGURE 4.5

FIGURE 4.6
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A silicon wafer in pure form doesn’t contain any free charge carriers; all the electrons are locked
up into covalent bonds between neighboring atoms.

However, if phosphorus is added to the silicon wafer, something very interesting
occurs. Unlike silicon, phosphorus has five valance electrons instead of four. Four of
its valance electrons will form covalent bonds with the valance electrons of four neigh-
boring silicon atoms (see Fig. 4.6). However, the fifth valance electron will not have a
“home” (binding site) and will be loosely floating about the atoms. If a voltage is
applied across the silicon-phosphorus mixture, the unbound electron will migrate
through the doped silicon toward the positive voltage end. By supplying more phos-
phorus to the mixture, a larger flow of electrons will result. Silicon that is doped with
phosphorus is referred to as n-type silicon, or negative-charge-carrier-type silicon.

n-type silicon

n-type silicon

Electron flow
«—o

P 15 @
30.974

Phosphorus

Extra
electron
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configuration

+ |

A phosphorus atom added to a silicon wafer provides an extra unbound electron that aids in
conduction. Silicon doped with phosphorus is called n-type silicon.

Now, if you take pure silicon and add some boron, you will see a different kind
conduction effect. Boron, unlike silicon or phosphorus, contains only three valance
electrons. When it is mixed with silicon, all three of its valance electrons will bind
with neighboring silicon atoms (see Fig. 4.7). However, there will be a vacant spot—
called a hole—within the covalent bond between one boron and one silicon atom. If a
voltage is applied across the doped wafer, the hole will move toward the negative
voltage end, while a neighboring electron will fill in its place. Holes are considered
positive charge carriers even though they do not contain a physical charge per se.
Instead, it only appears as if a hole has a positive charge because of the charge imbal-
ance between the protons within the nucleus of the silicon atom that receives the hole
and the electrons in the outer orbital. The net charge on a particular silicon atom with
a hole will appear to be positive by an amount of charge equivalent to one proton (or
a “negative electron”). Silicon that is doped with boron is referred to as p-type silicon,
or positive-charge-carrier-type silicon.
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As you can see, both n-type and p-type silicon have the ability to conduct electric-
ity; one does it with extra unbound electrons (n-type silicon), and the other does it
with holes (p-type silicon).

A Note to Avoid Confusion

Boron atoms have three valance electrons, not four like silicon. This means that the
combined lattice structure has fewer free valance electrons as a whole. However, this
does not mean that a p-type silicon semiconductor has an overall positive charge; the
missing electrons in the structure are counterbalanced by the missing protons in the
nuclei of the boron atoms. The same idea goes for n-type silicon, but now the extra
electrons within the semiconductor are counterbalanced by the extra protons within
the phosphorus nuclei.

Another Note to Avoid Confusion (Charge Carriers)

What does it mean for a hole to flow? | mean, a hole is nothing, right? How can
nothing flow? Well, it is perhaps misleading, but when you hear the phrase “hole
flow” or “flow of positive charge carriers in p-type silicon,” electrons are in fact
flowing. You may say, doesn’t that make this just like the electron flow in n-type
silicon? No. Think about tipping a sealed bottle of water upside down and then
right side up (see Fig. 4.8). The bubble trapped in the bottle will move in the oppo-
site direction of the water. For the bubble to proceed, water has to move out of its
way. In this analogy, the water represents the electrons in the p-type silicon, and
the holes represent the bubble. When a voltage is applied across a p-type silicon
semiconductor, the electrons around the boron atom will be forced toward the
direction of the positive terminal. Now here is where it gets tricky. A hole about a
boron atom will be pointing toward the negative terminal. This hole is just waiting
for an electron from a neighboring atom to fall into it, due in part to the lower
energy configuration there. Once an electron, say, from a neighboring silicon atom,
falls into the hole in the boron atom’s valance shell, a hole is briefly created in that
silicon atom’s valance shell. The electrons in the silicon atom lean toward the pos-
itive terminal, and the newly created hole leans toward the negative terminal. The
next silicon atom over will let go of one of its electrons, and the electron will fall
into the hole, and the hole will move over again—the process continues, and it
appears as if the hole flows in a continuous motion through the p-type semi-
conductor.



128 PRACTICAL ELECTRONICS FOR INVENTORS

FIGURE 4.8
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A Final Note to Avoid Confusion

And finally, why is a hole called a positive charge carrier? How can “nothing” carry
a positive charge? Well, what’s going on here is this: A hole, as it moves through the
mostly silicon-based crystal, causes a brief alteration in the electrical field strength
around the silicon atom in the crystal where it happens to be situated. When an elec-
tron moves out of the way, thus creating a new hole, this silicon atom as a whole will
be missing an electron, and hence the positive charge from the nucleus of the silicon
atom will be felt (one of the protons is not counterbalanced). The “positive charge
carrier” attributed to holes comes from this effective positive nuclear charge of the
protons fixed within the nucleus.

4.1.2 Applications of Silicon

You may be asking yourself, Why are these two new types of silicon (n-type and p-
type) so useful and interesting? What good are they for semiconductor-device
designers? Why is there such a fuss over them? These doped silicon crystals are now
conductors, big deal, right? Yes, we now have two new conductors, but the two new
conductors have two unique ways of passing an electric current—one does it with
holes, the other with electrons. This is very important.

The manners in which n-type and p-type silicon conduct electricity (electron flow
and hole flow) are very important in designing electronic devices such as diodes,
transistors, and solar cells. Some clever people figured out ways to arrange slabs,
chucks, strings, etc. made of n-type and p-type silicon in such a way that when an
external voltage or current is applied to these structures, unique and very useful fea-
tures result. These unique features are made possible by the interplay between hole
flow and electron flow between the n-type and p-type semiconductors. With these
new n-type/p-type contraptions, designers began building one-way gates for current
flow, opening and closing channels for current flow controlled by an external electri-
cal voltage and/or current. Folks figured out that when an n-type and a p-type semi-
conductor were placed together and a particular voltage was applied across the slabs,
light, or photons, could be produced as the electrons jumped across the junction
between the interface. It was noticed that this process could work backward as well.
That is, when light was exposed at the np junction, electrons were made to flow, thus
resulting in an electric current. A number of clever contraptions have been built using
n-type and p-type semiconductor combinations. The following chapters describe
some of the major devices people came up with.
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FIGURE 4.9

4.2 Diodes

FIGURE 4.10

Integrated circuit

Silicon

dioxide Aluminum

A diode is a two-lead semiconductor device that acts as a one-way gate to electric cur-
rent flow. When a diode’s anode lead is made more positive in voltage than its cathode
lead—a condition referred to as forward biasing—current is permitted to flow through
the device. However, if the polarities are reversed (the anode is made more negative
in voltage than the cathode)—a condition referred to as reversed biasing—the diode
acts to block current flow.

anode cathode

Diodes are used most commonly in circuits that convert ac voltages and current
into dc voltages and currents (e.g., ac/dc power supply). Diodes are also used in volt-
age-multiplier circuits, voltage-shifting circuits, voltage-limiting circuits, and volt-
age-regulator circuits.

4.2.1 How pn-junction Diodes Work

A pn-junction diode (rectifier diode) is formed by sandwiching together n-type and p-type
silicon. In practice, manufacturers grow an n-type silicon crystal and then abruptly
change it to a p-type crystal. Then either a glass or plastic coating is placed around the
joined crystals. The n side is the cathode end, and the p side is the anode end.

The trick to making a one-way gate from these combined pieces of silicon is get-
ting the charge carriers in both the n-type and p-type silicon to interact in such a way
that when a voltage is applied across the device, current will flow in only one direc-
tion. Both n-type and p-type silicon conducts electric current; one does it with elec-
trons (n-type), and the other does it with holes (p-type). Now the important feature to
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FIGURE 4.11

FIGURE 4.12

note here, which makes a diode work (act as a one-way gate), is the manner in which
the two types of charge carriers interact with each other and how they interact with
an applied electrical field supplied by an external voltage across its leads. Below is an
explanation describing how the charge carriers interact with each other and with the
electrical field to create an electrically controlled one-way gate.

Forward-Biased (““Open Door”’)

Hole flow When a diode is connected to a battery, as
p ——> N Electrons  shown here, electrons from the n side and
holes from the p side are forced toward the
center (pn interface) by the electrical field sup-
plied by the battery. The electrons and holes
combine, and current passes through the
diode. When a diode is arranged in this way, it
is said to be forward-biased.

Holes

Conventional current flow

Reverse-Biased (““Closed Door”’)

Electrons When a diode is connected to a battery, as

Holes P N / shown here, holes in the n side are forced to
B the left, while electrons in the p side are forced

to the right. This results in an empty zone
around the pn junction that is free of charge
carriers, better known as the depletion region.
This depletion region has an insulative quality
that prevents current from flowing through
the diode. When a diode is arranged in this

+ L .
l I way, it is said to be reverse-biased.

A diode’s one-way gate feature does not work all the time. That is, it takes a min-
imal voltage to turn it on when it is placed in forward-biased direction. Typically for
silicon diodes, an applied voltage of 0.6 V or greater is needed; otherwise, the diode
will not conduct. This feature of requiring a specific voltage to turn the diode on may
seem like a drawback, but in fact, this feature becomes very useful in terms of acting
as a voltage-sensitive switch. Germanium diodes, unlike silicon diodes, often require
a forward-biasing voltage of only 0.2 V or greater for conduction to occur. Figure 4.12
shows how the current and voltage are related for silicon and germanium diodes.

Depletion region

| Ge S

. 2oma . diode  diode

Another fundamental difference between silicon diodes and germanium diodes,
besides the forward-biasing voltages, is their ability to dissipate heat. Silicon diodes
do a better job of dissipating heat than germanium diodes. When germanium diodes
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get hot—temperatures exceeding 85°C—the thermal vibrations affect the physics
inside the crystalline structure to a point where normal diode operation becomes
unreliable. Above 85°C, germanium diodes become worthless.

4.2.2 Diode Water Analogy

In the following water analogy, a diode is treated like a one-way gate that has a “for-
ward-biasing spring.”

In this water analogy, a spring holds the one-way
gate shut. Water pressure on top of the gate must
apply a force large enough to overcome the
restoring spring force. This spring force is analo-
gous to the 0.6V needed to forward bias a silicon
diode. A germanium diode with a 0.2-V biasing
voltage can be represented with a similar ar-
rangement, but the water analogy will contain a

Forward-biased

Unbiased

Anode
Blocker

Trap door

I4 Cathode

“0.6V biasing spring”

weaker spring, one that can be compressed more
easily. Note that if pressure is applied to the bot-
tom of the trap door, a blocker will prevent
the trap door from swinging upward, preventing

current flow in the upward direction, which is

FIGURE 4.13 analogous to reverse-biasing a diode.

4.2.3 Basic Applications

Diodes are used most frequently in rectifier circuits—circuits that convert ac to
dc. Diodes are used in a number of other applications as well. Here’s a rundown of
some of the most common applications.

Half-Wave Rectifier
In this circuit, the diode acts to convert an ac
input voltage into a pulsed dc output voltage.
Whenever the voltage attempts to swing nega-
tive at the anode, the diode acts to block current
flow, thus causing the output voltage (voltage
across the resistor) to go to zero. This circuit is
l called a half-wave rectifier, since only half the
””””” [’\1’ Vacave input waveform is supplied to the output. Note
t that there will be a 0.6 VV drop across the diode,
so the output peak voltage will be 0.6V less than the peak voltage of V;,. The output frequency is the
same as the input frequency, and the average dc voltage at the output is 0.318 times zero-to-peak out-
put voltage. A transformer is typically used to step down or step up the voltage before it reaches the
rectifier section.

&

Full-Wave Bridge Rectifier

Vi This circuit is called a full-wave rectifier, or bridge

rectifier. Unlike the half-wave rectifier, a full-
/\ /\ wave rectifier does not merely block negative
swings in voltage but also converts them into
positive swings at the output. To understand

FIGURE 4.14

VARV

how the device works, just follow the current
flow through the diode one-way gates. Note
that there will be a 1.2-V drop from zero-to-
peak input voltage to zero-to-peak output volt-
age (there are two 0.6-V drops across a pair of

diodes during a half cycle). The output frequency is twice the input frequency, and the average dc

voltage at the output is 0.636 times the zero-to-peak output voltage.
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Basic AC-to-DC Power Supply

By using a transformer and a full-wave
bridge rectifier, a simple ac-to-dc power

120VAC H _ _ o supply can be constructed. The trans-
60 Hz former acts to step down the voltage, and
l Vou (120H2)  the bridge rectifier acts to convert the ac
v C Roa input into a pulsed dc output. A filter
capacitor is then used to delay the dis-
charge time and hence “smooth” out the
= = = = pulses. The capacitor must be large
enough to store a sufficient amount of
energy to provide a steady supply of cur-
renttotheload. Ifthe capacitor isnotlarge
output with enough or is not being charged fast
V.. ripple voltage (Vpe) ‘Ey\}iiﬁgpgimf enough, the voltage will drop as the load
Vot ' \L demands more current. Ageneral rule for
choosing Cistousethe followingrelation:
output without RioadC >> 1/f

/ filter capacitor

Voltage Dropper

DC application AC application
V+ Vin
Vv, —0.6V
V, 1.2V
Vv, 1.8V
RIuad
R

Voltage Regulator

+Vm
| i% R,
¢ O Vi,
Dl
Rload
D2
D3 =

FIGURE 4.14 (Continued)

where f is the rectified signal’s fre-
quency (120 Hz). The ripple voltage
(deviation from dc) is approximated by

Iload

fC

Vripple =

When current passes through a diode, the volt-
age is lowered by 0.6V (silicon diodes). By plac-
ing a number of diodes in series, the total
voltage drop is the sum of the individual voltage
drops of each diode. In ac applications, two sets
of diodes are placed in opposite directions.

This circuit will supply a steady output voltage
equal to the sum of the forward-biasing volt-
ages of the diodes. For example, if D, D,, and D;
are silicon diodes, the voltage drop across each
one will be 0.6 V; the voltage drop across all
three is then 1.8 V. This means that the voltage
applied to the load (V) will remain at 1.8 V. R;
is designed to prevent the diodes from“frying”
if the resistance of the load gets very large or
the load is removed. The value of R, should be
approximately equal to

— (Vin - Vout)

Ry |
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Voltage-Multiplier Circuits

Conventional doubler
)

1
0
1.

Vysin ot Cl T VO
2V,

Voltage tripler Voltage quadrupler

+ +
Tl .

It is often useful to have a rectifier circuit that is capable of producing a dc voltage that is higher
than the zero-to-peak voltage of the ac source. Although the usual procedure is to use a trans-
former to step up the voltage before the rectifier stage, an alternative approach is to use a voltage-
multiplier circuit. The top circuit shown here represents a conventional voltage doubler. During a
positive half cycle, D, is forward biased, allowing C, to charge to a dc voltage of V, (the peak source
voltage). During the negative half cycle, D, is forward-biased, and C, charges to V,. Because C, and
C, are connected in series with their polarities aiding, the output voltage is the sum of the capaci-
tors’ voltages, or is equal to 2V,. The second circuit shown is a variation of the first and is called a
charge pump. During the negative half cycle, the source pumps charge into C, through D; with D,
open-circuited, and then during the positive half cycle, D, becomes an open circuit and D, becomes
a short circuit, and some of the charge in C, flows into C,. The process continues until enough
charge is pumped into C, to raise its voltage to 2V,. One advantage of the charge pump over the
conventional voltage doubler is that one side of the source and one side of the output are common
and hence can be grounded. To obtain a larger voltage, additional stages can be added, as shown
within the bottom two circuits. A serious limitation of voltage-multiplier circuits is their relatively
poor voltage regulation and low-current capability.

FIGURE 4.14 (Continued)
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Diode Clamp

|C| Vou!
O * O
I
VI n Vou! m

Waveform Clipper

—

Reverse-Polarity Protector

T

P to circuit

.

Transient Protector

—O/ v

The diode clamp circuit shown here takes a
periodic ac signal that oscillates between posi-
tive and negative values and displaces it so
that it is either always positive or always nega-
tive. The capacitor charges up to a dc voltage
equal to the zero-to-peak value of Vi, The
capacitor is made large enough so that it looks
like a short circuit for the ac components of V..
If, for example, V;, is a sine wave, V., will equal
the sum of V;, and the dc voltage on the capac-
itor. By placing the diode in the opposite posi-
tion (pointing down), V., will be displaced
downward so that it is always negative.

This circuit is often used to protect circuit com-
ponents from damage due to overvoltage and
is used for generating special waveforms. R,
controls the lower-level clipping at the output,
while R; controls the upper-level clipping. R; is
used as a safety resistor to prevent a large cur-
rent from flowing through a diode if a variable
resistor happens to be set to zero resistance.

A single diode can be used to protect a circuit
that could be damaged if the polarity of the
power source were reversed. In the leftmost
network, the diode acts to block the current
flow to a circuit if the battery is accidentally
placed the wrong way around. In the rightmost
circuit, the diode prevents a large current from
entering the negative terminal of a meter.

Placing a diode in the reverse-biased direction across an inductive load

+ eliminates voltage spikes by going into conduction before a large volt-

age can form across the load. The diode must be rated to handle the cur-
rent, equivalent to the maximum current that would have been flowing

_ through the load before the current supply was interrupted. The lower

. network shows how a diode can be used to protect a circuit from voltage

spikes that are produced when a dc-actuated relay suddenly switches

—0
=9 states.
+ a0
drive
circuit relay
FIGURE 4.14 (Continued)
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Battery-Powered Backup

D, This circuit shows how a battery along with

| + two diodes can be used to provide backup
power to a circuit that is normally powered by

6V 10 9v an ac-driven dc power supply (with filtered

2 circuit

v
DC power supply D
(filtered) output). Here you have a circuit that is de-

signed to run off a voltage from 6 to 9 V. The

I +
| | voltage supplied by the power supply is at 9V,
6v while the battery voltage is 6 V. As long as

1 power is supplied by the main power supply,

- the voltage that the circuit receives will be 8.4V

FIGURE 4.14 (Continued) (there is a 0.6-V drop across D;). At the same time, D,’s anode will be

more negative in voltage than its cathode by 2.6 V (8.4 V minus 6.0 V),
which means D, will block current flow from the battery, hence prevent-
ing battery drain. Now, if a lightning bolt strikes, causing the power sup-
ply to fail, D,’s anode will become more positive in voltage than its
cathode, and it will allow current to flow from the battery to the load. At
the same time, D, acts to block current from flowing from the battery
into the power supply.

4.2.4 ImportantThings to Know about Diodes

Diodes come in many shapes and sizes. High-current diodes are often mounted on
a heat-sink device to reduce their operating temperature. It is possible to place
diodes in parallel to increase the current-carrying capacity, but the VI characteris-
tics of both diodes must be closely matched to ensure that current divides evenly
(although a small resistor can be placed in series with each diode to help equalize
the currents).

All diodes have some leakage current (current that gets through when a diode is
reverse-biased). This leakage current—better known as the reverse current (Ig)—is
very small, typically within the nanoampere range. Diodes also have a maximum
allowable reverse voltage, peak reverse voltage (PRV), or peak inverse voltage (P1V), above
which a large current will flow in the wrong direction. If the PIV is exceeded, the
diode may get zapped and may become permanently damaged. The PIV for diodes
varies from a few volts to as much as several thousand volts. One method for achiev-
ing an effectively higher PI1V is to place diodes in series. Again, it is important that
diodes are matched to ensure that the reverse voltage divides equally (although a
small resistor placed in parallel with each diode can be used to equalize the reverse
voltages).

Other things to consider about diodes include maximum forward current (l),
capacitance (formed across the pn junction), and reverse recovery time.

Most diodes have a 1-prefix designation (e.g., 1N4003). The two ends of
a diode are usually distinguished from each other by a mark. For glass-encapsulated
diodes, the cathode is designated with a black band, whereas black-plastic-
encapsulated diodes use a white band (see Fig. 4.15). If no symbols are present (as
seen with many power diodes), the cathode may be a boltlike piece. This piece is
inserted through a heat-sink device (piece of metal with a hole) and is fastened down
by a nut. A fiber or mica washer is used to isolate the cathode electrically from the
metal heat sink, and a special silicone grease is placed between the washer and heat
sink to enhance thermal conductivity.
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Glass-encapsulated signal diode Power rectifier

Cathode e Anode

Cathode Anode

Plastic-encapsulated diode
Cathode/ \ washer

7 TR
\\k\\\\\\\\\\\\\\\\\\\\\\\\\\\\
Securing

FIGURE 4.15 nut
4.2.5 Zener Diodes

A zener diode is a device that acts as a typical pn-junction diode when it comes to for-
ward biasing, but it also has the ability to conduct in the reverse-biased direction
when a specific breakdown voltage (V;) is reached. Zener diodes typically have
breakdown voltages in the range of a few volts to a few hundred volts (although
larger effective breakdown voltages can be reached by placing zener diodes in series).
Figure 4.16 shows the symbol for a zener diode and the forward and reverse current
characteristics as a function of applied voltage.

forward

e ]
I I \% % ‘
orward reverse { 0.6 \Y

FIGURE 4.16 Ireverse

4.2.6 Zener Diode Water Analogy

In the following water analogy, a zener diode is treated like a two-way gate that has
a “forward-biasing spring” and a stronger “reverse-biasing spring.”

Unbiased Forward-biased Reverse-biased This water analogy is much like the water
analogy used for the pn-junction diode. The

only difference is that there is no block to pre-
vent the gate from swinging in the “reverse-
biasing direction.” Instead, a “reverse-biasing
spring” is used to hold the gate shut. If the
water pressure is applied in the reverse-
biasing direction, the gate will only open if the
pressure is greater than the force applied by
the reverse-biasing spring. Placing a stronger
reverse-biasing spring into the system is anal-
ogous to choosing a zener diode with a larger
reverse-biasing voltage.

+

Anode

I

+

FAAANUENIRERRIAENANITRRAN

FIGURE 4.17

4.2.7 Basic Applications for Zener Diodes

Zener diodes are used most frequently in voltage-regulator applications. Here are a
few applications.
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Voltage Regulator

R load
—>
o A 0------
R
Vln lZ i VOUI_ Vzener
o * O-------
Example 1
45mA 10mA
—» —»
o AAAY o
220Q
25V 35mA i 15V 15K
15V
zener
(o, - O
Example 2
45mA 25mA
—> —>
o AAY o
220Q
25V 20mA i 15V 750Q
15V
zener
(o, - O

zener |

Here, a zener diode is used to regulate
the voltage supplied to a load. When V;,
attempts to push V., above the zener
diode’s breakdown voltage (Viener), the
zener diode draws as much current
through itself in the reverse-biased
direction as is necessary to keep V,, at
Vzener €VEN if the input voltage Vi, varies
considerably. The resistor in the circuit is

Vin - Vaener
Rload Rload
_ Vm - Vout _ VII'I - Vzener

R R

Iload:

Ir

I zener = Ir = licad

b= =Y _ 10mA
AT

25V - 15V
lg=——"——"—=45mA
220Q

| ener = 45MA — 10mA = 35mA

15v
= — 20mA
0 7500
25V — 15V
le= 2% _ 45mA
2200

| sener = 45MA — 20mA = 25mA

FIGURE 4.18

used to limit current through the zener
I diode in case the load is removed, pro-
tecting it from excessive current flow.
The value of the resistor can be found by
using

R= Vin - Vzener

Imax,zener
where |y zener IS the maximum current
rating of the zener diode. The power rat-
ing of the resistor should be

PR = IVR = Imax,zener(vin - Vzener)

lioags Ir, @Nd lener are given by the formu-
las accompanying the figure.

This circuit shifts the input voltage (Vi,) down
by an amount equal to the breakdown voltage
of the zener diode.

Two opposing zener diodes placed in series act to
clip both halves of an input signal. Here, a sine
wave is converted to a near square wave. Besides
acting asasignal reshaper, thisarrangement also
can be placed across a power supply’s output ter-
minals to prevent voltage spikes from reaching a
circuit that is attached to the power supply. The
breakdown voltages of both diodes must be cho-
sen according to the particular application.
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4.3 Transistors

FIGURE 4.19

Transistors are semiconductor devices that act as either electrically controlled switches
or amplifier controls. The beauty of transistors is the way they can control electric cur-
rent flow in a manner similar to the way a faucet controls the flow of water. With a
faucet, the flow of water is controlled by a control knob. With a transistor, a small volt-
age and/or current applied to a control lead acts to control a larger electric flow
through its other two leads.

Faucet analogy

Transistor

Current out

Control lead ﬁ

Current in

Transistors are used in almost every electric circuit you can imagine. For example,
you find transistors in switching circuits, amplifier circuits, oscillator circuits, current-
source circuits, voltage-regulator circuits, power-supply circuits, digital logic ICs, and
almost any circuit that uses small control signals to control larger currents.

4.3.1 Introduction to Transistors

Transistors come in a variety of designs and come with unique control and current-
flow features. Most transistors have a variable current-control feature, but a few do
not. Some transistors are normally off until a voltage is applied to the base or gate,
whereas others are normally on until a voltage is applied. (Here, normally refers to the
condition when the control lead is open circuited. Also, on can represent a variable
amount of current flow.) Some transistors require both a small current and a small
voltage applied to their control lead to function, whereas others only require a volt-
age. Some transistors require a negative voltage and/or output current at their base
lead (relative to one of their other two leads) to function, whereas others require a
positive voltage and/or input current at their base.

The two major families of transistors include bipolar transistors and field-effect
transistors (FETs). The major difference between these two families is that bipolar
transistors require a biasing input (or output) current at their control leads, whereas
FETs require only a voltage—practically no current. [Physically speaking, bipolar
transistors require both positive (holes) and negative (electrons) carriers to operate,
whereas FETs only require one charge carrier.] Because FETs draw little or no current,
they have high input impedances (~10* Q). This high input impedance means that
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the FET’s control lead will not have much influence on the current dynamics within
the circuit that controls the FET. With a bipolar transistor, the control lead may draw
a small amount of current from the control circuit, which then combines with the
main current flowing through its other two leads, thus altering the dynamics of the
control circuit.

In reality, FETs are definitely more popular in circuit design today than bipolar
transistors. Besides drawing essentially zero input-output current at their control
leads, they are easier to manufacture, cheaper to make (require less silicon), and can
be made extremely small—making them useful elements in integrated circuits. One
drawback with FETs is in amplifier circuits, where their transconductance is much
lower than that of bipolar transistors at the same current. This means that the voltage
gain will not be as large. For simple amplifier circuits, FETs are seldom used unless
extremely high input impedances and low input currents are required.

TABLE 4.1 Overview of Transistors

TRANSISTOR TYPE

SYMBOL MODE OF OPERATION

Bipolar

Normally off, but a small input current and a small positive voltage at its
base (B)—relative to its emitter (E)—turns it on (permits a large
collector-emitter current). Operates with V¢ > Ve. Used in switching

npn and amplifying applications.

w
m o]

Normally off, but a small output current and negative voltage at its base
(B)—relative to its emitter (E)—turns it on (permits a large emitter-
collector current). Operates with Ve > V.. Used in switching and

pnp amplifying applications.

w
m o]

Junction FET

Normally on, but a small negative voltage at its gate (G)—relative to its
source (S)—turns it off (stops a large drain-source current). Operates
with V, > Vs, Does not require a gate current. Used in switching and

- amplifying applications.

o]
3
Q
=
g@
=
3w >}

Normally on, but a small positive voltage at its gate (G)—relative to its
source (S)—turns it off (stops a large source-drain current). Operates
with Vs > V. Does not require a gate current. Used in switching and

Q
%) (=]

p-channel amplifying applications.
D
Metal oxide Normally on, but a small negative voltage at its gate (G)—relative to its
semiconductor FET G source (S)—turns it off (stops a large drain-source current). Operates
(MOSFET) s with V, > V5. Does not require a gate current. Used in switching and
(depletion) n-channel amplifying applications.
D
Normally on, but a small positive voltage at its gate (G)—relative to its
G source (S)—turns it off (stops a large source-drain current). Operates
s with Vs > Vp. Does not require a gate current. Used in switching and
p-channel amplifying applications.
D
Metal oxide Normally off, but a small positive voltage at its gate (G)—relative to its
semiconductor FET G source (S)—turns it on (permits a large drain-source current).
(MOSFET) s Operates with Vp > Vs. Does not require a gate current. Used in
(enhancement) n-channel switching and amplifying applications.

D
Normally off, but a small negative voltage at its gate (G)—relative to its
source (S)—turns it on (permits a large source-drain current).
Operates with Vs > V.. Does not require a gate current. Used in
p-channel switching and amplifying applications.

&

Unijunction FET (UJT)

Normally a very small current flows from base 2 (B,) to base 1 (B,), but
a positive voltage at its emitter (E)—relative to B, or B,—increases
current flow. Operates with Vg, > Vg;. Does not require a gate current.
UIT Only acts as a switch.

m
w =]
N
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FIGURE 4.20

FIGURE 4.21

Table 4.1 provides an overview of some of the most popular transistors. Note that
the term normally used in this chart refers to conditions where the control lead (e.g.,
base, gate) is shorted (is at the same potential) with one of its channel leads (e.g., emit-
ter, source). Also, the terms on and off used in this chart are not to be taken too literally;
the amount of current flow through a device is usually a variable quantity, set by the
magnitude of the control voltage. The transistors described in this chart will be dis-
cussed in greater detail later on in this chapter.

4.3.2 Bipolar Transistors

Bipolar transistors are three-terminal devices that act as electrically controlled
switches or as amplifier controls. These devices come in either npn or pnp configu-
rations, as shown in Fig. 4.20. An npn bipolar transistor uses a small input current
and positive voltage at its base (relative to its emitter) to control a much larger col-
lector-to-emitter current. Conversely, a pnp transistor uses a small output base
current and negative base voltage (relative its emitter) to control a larger emitter-to-
collector current.

npn pnp
collector emitter
base base
emitter collector

Bipolar transistors are incredibly useful devices. Their ability to control current
flow by means of applied control signals makes them essential elements in electri-
cally controlled switching circuits, current-regulator circuits, voltage-regulator cir-
cuits, amplifier circuits, oscillator circuits, and memory circuits.

How Bipolar Transistors Work

Here is a simple model of how an npn bipolar transistor works. (For a pnp bipolar
transistor, all ingredients, polarities, and currents are reversed.)

Transistor off An npn bipolar transistor is made by sandwich-
_ _ ing a thin slice of p semiconductor between two
Vs Depletion region n-type semiconductors. When no voltage is

applied at the transistor’s base, electrons in the
emitter are prevented from passing to the
collector side because of the pn junction. (Re-

; member that for electrons to flow across a pn
junction, a biasing voltage is needed to give the
electrons enough energy to“escape”the atomic
forces holding them to the n side.) Notice that if
a negative voltage is applied to the base, things
get even worse—the pn junction between the
base and emitter becomes reverse-biased. As a
result, a depletion region forms and prevents
current flow.

Emitter
| — | S——
Collector

Electrons
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FIGURE 4.21 (Continued)

FIGURE 4.22

Transistor on If a positive voltage (of at least 0.6 V) is applied

to the base of an npn transistor, the pn junction

Conventional . . between the base and emitter is forward-
Va currﬂow \l?:rﬂl;e;gn region biased. During forward bias, escaping elec-
le / trons are drawn to the positive base. Some

Y N electrons exit through the base, but—this is

the trick—because the p-type base is so thin,

the onslaught of electrons that leave the emit-

i e = ter get close enough to the collector side that
%/‘% " TE they begin jumping into the collector. Increas-
i é e ing the base voltage increases this jumping
‘B effect and hence increases the emitter-to-

+ 4 collector electron flow. Remember that con-
Conventional ventional currents are moving in the opposite

Ig direction to the electron flow. Thus, in terms of

conventional currents, a positive voltage and
input current applied at the base cause a“pos-
itive” current | to flow from the collector to the
emitter.

Theory

Figure 4.22 shows a typical characteristic curve for a bipolar transistor. This charac-
teristic curve describes the effects the base current Iz and the emitter-to-collector volt-
age Vec have on the emitter/collector currents Iz and Ic. (As you will see in a second,
Ic is practically equal to I¢.)

15 - saturation region
+ Ig=0.4mA
0k I5=03mA
g active region
E I5=02mA
_©
5 I5=0.1mA
cutoff‘ region
lg=0mA
/ ! ! LY °
) 5 10 15 2
Vee (V) {npn}
Vec (V) {pnp}

Some important terms used to describe a transistor’s operation include saturation
region, cutoff region, active mode/region, bias, and quiescent point (Q-point). Satu-
ration region refers to a region of operation where maximum collector current flows
and the transistor acts much like a closed switch from collector to emitter. Cutoff
region refers to the region of operation near the voltage axis of the collector character-
istics graph, where the transistor acts like an open switch—only a very small leakage
current flows in this mode of operation. Active mode/region describes transistor oper-
ation in the region to the right of saturation and above cutoff, where a near-linear
relationship exists between terminal currents (lg, Ic, Ig). Bias refers to the specific dc
terminal voltages and current of the transistor to set a desired point of active-mode
operation, called the quiescent point, or Q-point.
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FIGURE 4.23

SOME IMPORTANT RULES

Rule 1 For an npn transistor, the voltage at the collector V. must be greater
than the voltage at the emitter Vi by at least a few tenths of a volt; otherwise,
current will not flow through the collector-emitter junction, no matter what
the applied voltage is at the base. For pnp transistors, the emitter voltage must
be greater than the collector voltage by a similar amount.

Rule 2 For an npn transistor, there is a voltage drop from the base to the
emitter of 0.6 V. For a pnp transistor, there is a 0.6-V rise from base to emitter.
In terms of operation, this means that the base voltage V; of an npn transis-
tor must be at least 0.6 V greater than the emitter voltage Vg; otherwise, the
transistor will pass an emitter-to-collector current. For a pnp transistor, V;
must be at least 0.6 V less than Vg; otherwise, it will not pass a collector-to-
emitter current.

The Formulas

The fundamental formula used to describe the behavior of a bipolar transistor (at
least within the active region) is

lc= Neels = BIB

where Iy is the base current, I is the collector current, and he (also referred to as B) is
the current gain. Every transistor has its own unique hg. The he of a transistor is often
taken to be a constant, typically around 10 to 500, but it may change slightly with
temperature and with changes in collector-to-emitter voltage. (A transistor’s he is
given in transistor spec tables.) A simple explanation of what the current-gain for-
mula tells you is this: If you take a bipolar transistor with, say, an hge of 100 and then
feed (npn) or sink (pnp) a 1-mA current into (npn) or out of (pnp) its base, a collector
current of 100 mA will result. Now, it is important to note that the current-gain for-
mula applies only if rules 1 and 2 are met, i.e., assuming the transistor is within the
active region. Also, there is a limit to how much current can flow through a transis-
tor’s terminals and a limit to the size of voltage that can be applied across them. | will
discuss these limits later in the chapter (Fig. 4.23).

NPN PNP
+ +
lc=heelg le= (heet1)lg
:IE NIC
¢ V=7 ® Ve=Vg+ 0.6V
E= Vs
\4
$ Ve=Vg+06V g ? Ve=?
lg= (hFE“'l)'Bi IC::']FEIBi
=lg
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FIGURE 4.24

Now, if you apply the law of conservation of current (follow the arrows in Fig.
4.23), you get the following useful expression relating the emitter, collector, and base
currents:

IE=IC+IB

If you combine this equation with the current-gain equation, you can come up with
an equation relating the emitter and base currents;

le = (hee + 1)1

As you can see, this equation is almost identical to the current-gain equation (Ic =
heelg), with the exception of the +1 term. In practice, the +1 is insignificant as long as
hee is large (which is almost always the case). This means that you can make the fol-
lowing approximation:

IE:IC

Finally, the second equation below is simply rule 2 expressed in mathematical
form:

VBE = VB - VE = +06 V (npn)
VBE = VB - VE = _06 V (pnp)

Figure 4.23 shows how all the terminal currents and voltages are related. In the
figure, notice that the collector voltage has a question mark next to it. As it turns out,
the value of V. cannot be determined directly by applying the formulas. Instead, V¢’s
value depends on the network that is connected to it. For example, if you consider the
setup shown in Fig. 4.24, you must find the voltage drop across the resistor in order
to find the collector voltage. By applying Ohm’s law and using the current-gain rela-
tion, you can calculate V. The results are shown in the figure.

Ve=Vee— IR
Ve=Vee - (hFEl B)R

It is important to note that the equations here are idealistic in form. In reality,
these equations may result in “unreal” answers. For instance, they tend to “screw
up” when the currents and voltages are not within the bounds provided by the char-
acteristic curves. If you apply the equations blindly, without considering the operat-
ing characteristics, you could end up with some wild results that are physically
impossible.

One final note with regard to bipolar transistor theory involves what is called
transresiststance r,. Transresistance represents a small resistance that is inherently
present within the emitter junction region of a transistor. Two things that determine
the transresistance of a transistor are temperature and emitter current flow. The fol-
lowing equation provides a rough approximation of the r:
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0.026 V
Mpg=~—
le
In many cases, ry, is insignificantly small (usually well below 1000 Q) and does not
pose a major threat to the overall operation of a circuit. However, in certain types of
circuits, treating ry as being insignificant will not do. In fact, its presence may be the
major factor determining the overall behavior of a circuit. We will take a closer look
at transresistance later on in this chapter.
Here are a couple of problems that should help explain how the equations work.
The first example deals with an npn transistor; the second deals with a pnp transistor.

EXAMPLE 1 Given Vec =+20V, Vg =5.6V, R, = 4.7 kQ, R, = 3.3 kQ, and hee = 100, find Ve, Iz, s, Ic,

and V.
Ve=Vz—-06V
Ve=56V-06V=50V
Ve-0V 50V
le=————=—""—-=15mA
R, 3300 Q
| 1.5mA
lg=—"t—=-—"""_10.015mA
V=56V (A+hg) (14 100)

lc=lg—lg=lg=15mA

Ve=Vee— IR
Vc=20V - (1.5 mA)(4700 Q)

FIGURE 4.25 V=13V

EXAMPLE 2 Given Ve, =+10V,Vg=8.2V,R; =560 Q, R, = 2.8 kQ, and h = 100, find Vg, Ig, Ig, I,

and V.
Ve=Vz+06V
Ve=82V+06V=88V
Vee — Vi 10V -88V
lg=—5"E= =21mA
Ry 560 Q
le 2.1 mA
lg= = =0.02mA
Vg =82V (A+hg) (1+100)

lc=lg—lg=lg=21mA

Ve=0V +IcR,
Ve=0V + (2.1 mA)(2800 Q)

FIGURE 4.26 Vc=59V
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Bipolar Transistor Water Analogy

NPNWATER ANALOGY

K Collector
current

R
\
N
N

“Q.2\”

Collector

Base

Base current

Emitter

“0.6V” biasing spring

Emitter
current

PNP WATER ANALOGY

Collector
current

Collector
Base
current «
\
§ V Base
N
b
Emitter
N

Emitter
current

FIGURE 4.27

The base of the npn water transistor represents
the smaller tube entering the main device from
the left side. The collector is represented by the
upper portion of the vertical tube, while the
emitter is represented by the lower portion of
the vertical tube. When no pressure or current
is applied through the “base” tube (analogous
to an npn transistor’s base being open cir-
cuited), the lower lever arm remains vertical
while the top of this arm holds the upper main
door shut. This state is analogous to a real bipo-
lar npn transistor off state. In the water analogy,
when a small current and pressure are applied
to the base tube, the vertical lever is pushed by
the entering current and swings counterclock-
wise. When this lever arm swings, the upper
main door is permitted to swing open a certain
amount that is dependent on the amount of
swing of the lever arm. In this state, water can
make its way from the collector tube to the
emitter tube, provided there is enough pres-
sure to overcome the force of the spring hold-
ing the door shut. This spring force is analogous
to the 0.6V biasing voltage needed to allow cur-
rent through the collector-emitter channel.
Notice that in this analogy, the small base water
current combines with the collector current.

The main feature to note here is the need for a
lower pressure at the base for the pnp water
transistor to turn on. By allowing current to
flow out the base tube, the lever moves, allow-
ing the emitter-collector door to open. The
degree of openness varies with the amount of
swing in the lever arm, which corresponds to
the amount of current escaping through the
base tube. Again, note the 0.6 V biasing spring.
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TRANSISTOR SWI
+Vee
Rl
on
off
) %
+V,

FIGURE 4.28

CURRENT SOUR

+V,

FIGURE 4.29

Basic Operation

TCH

DC source

npn

pnp

CE

cc

lc = g (for large hee)

Here, an npn transistor is used to control current flow through a light
bulb. When the switch is thrown to the on position, the transistor is
properly biased, and the collector-to-emitter channel opens, allowing
current to flow from V. through the light bulb and into ground. The
amount of current entering the base is determined by

_ Ve+06V  0V+06V
- R, R,

To find the collector current, you can use the current-gain relation (lc =
heelg), provided that there is not too large a voltage drop across the light
bulb (it shouldn’t cause V. to drop below 0.6V + V). When the switch is
thrown to the off position, the base is set to ground, and the transistor
turns off, cutting current flow to the light bulb. R, should be large (e.g.,
10 kQ) so that very little current flows to ground.

s

In the pnp circuit, everything is reversed; current must leave the base in
order for a collector current to flow.

The circuit here shows how an npn transistor
can be used to make a simple current source. By
applying a small input voltage and current
at the transistor’s base, a larger collector/load
current can be controlled. The collector/load cur-
rent is related to the base voltage by

Vg — 0.6V
Re

The derivation of this equation is shown with
the figure.

le = lioaa =
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CURRENT BIASING METHODS

+20V

R,=14K

FIGURE 4.30

EMITTER FOLLOWER

FIGURE 4.31

Load

+12V

Rout = Rsource/hFE

V.

o

([

Two common methods for biasing a
current source are to use either a
voltage-divider circuit (shown in
the leftmost circuit) or a zener
diode regulator (shown in the right-
most circuit). In the voltage-divider

Load circuit, the base voltage is set by R,
and R, and is equal to
Ve 12y
" Ri+R, ©
v.=g1y Inthe zener diode circuit, the base
. voltage is set by the zener diode’s
R.=10K breakdown voltage such that

Vi = Vaener

The network shown here is called an emitter fol-
lower. In this circuit, the output voltage (tapped
at the emitter) is almost a mirror image of the
input (output “follows” input), with the excep-
tion of a 0.6V drop in the output relative to the
input (caused by base-emitter pn junction).
Also, whenever Vi < Ve + 0.6V (during negative
swings in input), the transistor will turn off (the
pn junction is reversed-biased). This effect
results in clipping of the output (see graph). At
first glance, it may appear that the emitter fol-
lower is useless—it has no voltage gain. How-
ever, if you look at the circuit more closely, you
will see that it has a much larger input imped-
ance than an output impedance, or more pre-
cisely, it has a much larger output current (Ig)
relative to an input current (Ig). In other words,
the emitter follower has current gain, a feature
that is just as important in applications as volt-
age gain. This means that this circuit requires
less power from the signal source (applied to
V;,) to drive a load than would otherwise be
required if the load were to be powered
directly by the source. By manipulating the
transistor gain equation and using Ohm'’s law,
the input resistance and output resistance are:

Rin = heeRioad

RSDUI’CE

R, =
out hee
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EMITTER-FOLLOWER (COMMON-COLLECTOR) AMPLIFIER

The circuit shown here is called a common-collector amplifier, which has current gain but no voltage gain. It makes use of the
emitter-follower arrangement but is modified to avoid clipping during negative input swings. The voltage divider (R, and
R,) is used to give the input signal (after passing through the capacitor) a positive dc level or operating point (known as the
quiescent point). Both the input and output capacitors are included so that an ac input-output signal can be added without
disturbing the dc operating point. The capacitors, as you will see, also act as filtering elements.

1 1 1 1 R, o0 = NecRe To design a common-col!ector amplifier used
R, = R + R + - Vo ' RR to power a 3-kQ load, which has a supply volt-
Rinoees), ac = Nee (ﬁ) age Vec = +10V, a transistor hg of 100, and a

desired f;45 point of 100 Hz, you

1. Choose a quiescent current lg = lc. For this
problem, pick Io =1 mA.

2. Next, select Ve = %AV to allow for the largest
possible symmetric output swing without
clipping, which in this case, is 5V.To set V¢ =

Vo 5V and still get I = 1 mA, make use of Re,
PUQU whose value you find by applying Ohm’s law:

3. Next, set the Vp = Ve + 0.6 V for quiescent
conditions (to match up Vg so as to avoid

1
c = __ =
2 2nfyp Row

clipping). To set the base voltage, use the
voltage divider (R; and R,;). The ratio
between R; and R, is determined by rear-

EXAMPLE

Vee
+10V

fs = 100HZ
hee= 100

out

FIGURE 4.32

ranging the voltage-divider relation and
substituting into it Vg =V + 0.6 V:

RZ VB VE + 06V

R: - Vee— Ve - Vee = (Ve +0.6V)
Fortunately, you can make an approximation and simply let R; = R.
This approximation “forgets” the 0.6-V drop but usually isn’t too
dramatic. The actual sizes of R, and R, should be such that their
parallel resistance is less than or equal to one-tenth the dc (quies-
cent) input resistance at the base (this prevents the voltage
divider’s output voltage from lowering under loading conditions):

RR, _ 1.
R1+R2 = 10 in(base),dc
R 1

E < E Rin(base).dc (using the approximation R=R; =R,)

Here, Rinpase)ac = NreRe, Or specially, Rinpase),ac = 100(5 k) =500 k. Using
the approximation above, R; and R; are calculated to be 100 k each.
(Here you did not have to worry about the ac coupler load; it did
not influence the voltage divider because you assumed quiescent
setup conditions; C, acts as an open circuit, hence*“eliminating” the
presence of the load.)

4. Next, choose the ac coupling capacitors so as to block out dc levels and other undesired frequencies. C, forms a high-pass
filter with R;, (see diagram). To find R, treat the voltage divider and Rinpase)ac @S being in parallel:

1 1 1 1

= +—
F'zin Rl RZ Rin(base),ac

Notice that Rinpaseyac IS Used, NOt Rinpase) ac- TS is S0 because you can no longer treat the load as being absent when fluc-
tuating signals are applied to the input; the capacitor begins to pass a displacement current. This means that you must
take Re and Riq,q in parallel and multiply by hee to find Rinase,ac):

ReRioad ) 1 [ 5 kQ(3 kQ)

R, -h
nibase)ac = TFE ( Fe + Rioa 5KkQ +3kQ

Now you can find R

]:190 kQ
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11 1 1

+ +
Ri» 100kQ 100kQ 190 kQ
Rin =40 kQ

Once you have found R;,, choose C; to set the ;35 point (C, and R;, form a high-pass filter.) The f;45 point is found by using

the following formula:

1 1
c

= = =0.04
YT 2nfasRin | 27(100 Hz)(40 kQ)

C, forms a high-pass filter with the load. It is chosen by using

1 1

2

COMMON-EMITTER CONFIGURATION

+10V

INCLUDING Rz FOR TEMPERATURE
STABILITY

ACHIEVING HIGH-GAIN WITH
TEMPERATURE STABILITY

FIGURE 4.33

= = =05
2MfageRioad 27(100 Hz)(3 KQ)

- +5V

The transistor configuration here is referred to
as the common-emitter configuration. Unlike the
emitter follower, the common emitter has volt-
age gain. To figure out how this circuit works,
first set V¢ = %V to allow for maximum swing
without clipping. Like the emitter follower,
again pick a quiescent current lq to start with.
To set V¢ =%V with a desired lg, use Re, which
is found by Ohm'’s law:

Re= Vee — Ve _ Vee — %Vec _ 7Vee

|c IQ IQ

For example, if Vcc is 10V and 1y is 0.5 mA, R is then 10 k. The gain of this
circuit is found by realizing that AVe = AV (Where A represents a small
fluctuation). The emitter current is found using Ohm’s law:

Using V¢ = Ve — IcRc and the last expression, you get

AVg
AV =-AlRc = —2 R
Re

Since V¢ is Vo and Vg is Vi, the gain is

- Vout AVC RC
Gain=——=—=—

Vin AV Re
But what about R:? According to the circuit, there’s no emitter resistor. If
you use the gain formula, it would appear that Rg = 0 Q, making the gain
infinite. However, as mentioned earlier, bipolar transistors have a trans-
resistance (small internal resistance) in the emitter region, which is
approximated by using

0.026V

le

Applying this formula to the example, taking I = 0.5 mA = I¢ = I, the Re
term in the gain equation, or r, equals 52 Q. This means the gain is actu-
ally equal to

Re ry 520

Notice that the gain is negative (output is inverted). This results in the
fact that as V;, increases, Ic increases, while V¢ (V) decreases (Ohm’s
law). Now, there is one problem with this circuit. The r, term happens to
be very unstable, which in effect makes the gain unstable. The instability
stems from r, dependence on temperature. As the temperature rises, Vg
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and I¢ increase, Vg decreases, but Vg remains fixed. This means that the biasing-voltage range narrows, which in effect
turns the transistor’s “valve” off. To eliminate this pinch, an emitter resistor is placed from emitter to ground (see second
circuit). Treating Rz and ry, as series resistors, the gain becomes

Re
Re + ey

Gain =

By adding Rg, variations in the denominator are reduced, and therefore, the variations in gain are reduced as well. In
practice, Re should be chosen to place Vg around 1V (for temperature stability and maximum swing in output). Using
Ohm’s law (and applying it to the example), choose Re = Ve/le = Ve/lo = 1V/1 mA = 1 k. One drawback that arises when Re is
added to the circuit is a reduction in gain. However, there is a trick you can use to eliminate this reduction in voltage gain
and at the same time maintain the temperature stability. If you bypass Rt with a capacitor (see third circuit), you can make
Re“disappear”when high-frequency input signals are applied. (Recall that a capacitor behaves like an infinitely large resis-
tor to dc signals but becomes less*“resistive,”or reactive to ac signals.) In terms of the gain equation, the Rg term goes to zero
because the capacitor diverts current away from it toward ground. The only resistance left in the gain equation is r.

COMMON-EMITTER AMPLIFIER

Runoess, do = MeeRe The circuit shown here is known as a common-

cc emitter amplifier. Unlike the common-collector

T Rintoese), e = e (g + R9) amplifier, the common-emitter amplifier pro-

vides voltage gain. This amplifier makes use of

the common-emitter arrangement and is mod-

ified to allow for ac coupling. To understand

how the amplifier works, let’s go through the
following example.

To design a common-emitter amplifier with

a voltage gain of —100, an f;4s point of 100 Hz,

and a quiescent current o =1 mA, where hge =
100 and Ve =20V:

| J—

1. Choose Rc to center Vy, (or V¢) to %AVec to
allow for maximum symmetrical swings in
the output. In this example, this means V.
should be set to 10 V. Using Ohm’s law, you

=1 find R¢:
C2 2ntfaq (Fy + Ro) ¢

~ 1
Cl zndeB RI n =

VC - Vcc _ O.SVCC - VCC _ 10V
e lo T 1mA

=10kQ

Re=
EXAMPLE
Vi 2. Next we select R to set Vy =1V for tempera-
+10V ture stability. Using Ohm’s law, and taking
lo=le=1mA,we getRe=V¢/le=1V/1MA=1KkQ.
3. Now, choose R; and R, to set the voltage
divider to establish the quiescent base volt-
age of Vg = Ve + 0.6V, or 1.6 V. To find the
proper ratio between R; and R,, use the volt-
age divider (rearranged a bit):

R Vs 16V 1
Ri Vee—Ve 20V-16V 115

This means R; = 11.5R,. The size of these
resistors is found using the similar proce-
dure you used for the common-collector
amplifier; their parallel resistance should be
less than or equal to %oRin(ase) dc-

FIGURE 4.34
RR, 1

<— Rin
R1 N Rz 10 (base),dc

After plugging R; = 11.5R; into this expression and using Rinpase)ac = NeeRe, You find that R, = 10 kQ, which in turn means
R; =115 kQ (let’s say, 110 kQ is close enough for R;).
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. Next, choose R; for the desired gain, where

Rc B
Rell(re +Ry)
(The double line means to take R and (ry, + R3) in parallel.) To find ry, use r, = 0.026 /g = 0.026 V/IC = 0.026 V/1 mA = 26

Q. Now you can simplify the gain expression by assuming R “disappears”when ac signals are applied. This means the
gain can be simplified to

Re 10 k
fy+Rs 26 Q+R,
Solving this equation for R;, you get R; =74 Q.

Gain=— —-100

=-100

Gain=—

. Next, choose C, for filtering purposes such that C, = /4nf,4sRin. Here, R;, is the combined parallel resistance of the voltage-
divider resistors, and Rinpase)ac l00King in from the left into the voltage divider:
1 1 1 1 1 1 1
— =+ —+ = + +
Rm Ri R, he(ry+Rs) 110kQ 10kQ  100(26 Q+ 74 Q)
Solving this equation, you get R;, = 5 k. This means
1

~ 21(100 HZ)(5 kQ)

C =0.32 uF

. To choose C,, treat C, and r,, + R; as a high-pass filter (again, treat R: as being negligible during ac conditions). C, is given

by

o 1 ~ 1 ~
27 Onfas(ry + Rs)  2m(100 HZ)(26 Q + 74 Q)

16 uF

VOLTAGE REGULATOR

R

V. 0 AA . O V=V, The zener diode circuit here can be used to make a simple voltage regu-

(unregulated) lator. However, in many applications, the simple regulator has prob-

lems; V., isn’'t adjustable to a precise value, and the zener diode
provides only moderate protection against ripple voltages. Also, the
simple zener diode regulator does not work particularly well when the
load impedance varies. Accommodating large load variations requires a
= zener diode with a large power rating—which can be costly.
The second circuit in the figure, unlike the first circuit, does a better
Vou job of regulating; it provides regulation with load variations and pro-
(regulated) vides high-current output and somewhat better stability. This circuit

V. O . - . -
(unregdlnated) closely resembles the preceding circuit, except that the zener diode is
R connected to the base of an npn transistor and is used to regulate the col-
Rioad lect-to-emitter current. The transistor is configured in the emitter-
C Iy

follower configuration. This means that the emitter will follow the base
(except there is the 0.6-V drop). Using a zener diode to regulate the base
» = voltage results in a regulated emitter voltage. According to the transistor
V pener rules, the current required by the base is only 1/hg times the emitter-to-

I collector current. Therefore, a low-power zener diode can regulate the
= base voltage of of a transistor that can pass a considerable amount of
current. The capacitor is added to reduce the

Vout noise from the zener diode and also forms an

(regulated) RC filter with the resistor that is used to reduce
ripple voltages.
R In some instances, the preceding zener
oad

diode circuit may not be able to supply enough
base current. One way to fix this problem is to
add a second transistor, as shown in the third
= circuit. The extra transistor (the one whose
base is connected to the zener diode) acts to
amplify current sent to the base of the upper
transistor.

FIGURE 4.35
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DARLINGTON PAIR

Q0O

B hFEl
equivaent to
( { hFEZ

o
E
FIGURE 4.36
Types of Bipolar Transistors
SMALL SIGNAL
HIGH FREQUENCY (RF)
FIGURE 4.37

FE1 FE2

By attaching two transistors together as shown
here, a larger current-handling, larger he: equiv-
alent transistor circuit is formed. The combina-
tion is referred to as a Darlington pair. The
equivalent he: for the pair is equal to the product
of the individual transistor’s hg values (hg =
heesheez). Darlington pairs are used for large cur-
rent applications and as input stages for ampli-
fiers, where big input impedances are required.
Unlike single transistors, however, Darlington
pairs have slower response times (it takes
longer for the top transistor to turn the lower
transistor on and off) and have twice the base-
to-emitter voltage drop (1.2V instead of 0.6 V) as
compared with single transistors. Darlington
pairs can be purchased in single packages.

This type of transistor is used to amplify low-
level signals but also can be used as a switch.
Typical hg values range from 10 to 500, with
maximum | ratings from about 80 to 600 mA.
They come in both npn and pnp forms. Maxi-
mum operating frequencies range from about
1 to 300 MHz.

These transistors are used primarily as
switches but also can be used as amplifiers.
Typical hge values range from around 10 to 200,
with maximum I¢ ratings from around 10 to
1000 mA. They come in both npn and pnp
forms. Maximum switching rates range
between 10 and 2000 MHz.

These transistors are used for small signals
that run at high frequencies for high-speed
switching applications. The base region is very
thin, and the actual chip is very small. They are
used in HF, VHF, UHF, CATV, and MATV
amplifier and oscillator applications. They have
a maximum frequency rating of around 2000
MHz and maximum |¢ currents from 10 to 600
mA. They come in both npn and pnp forms.

These transistors are used in high-power
amplifiers and power supplies. The collector is
connected to a metal base that acts as a heat
sink. Typical power ratings range from around
10 to 300 W, with frequency ratings from about
1 to 100 MHz. Maximum Ic values range
between 1 to 100 A. They come in npn, pnp, and
Darlington (npn or pnp) forms.



Semiconductors 153

DARLINGTON PAIR

N These are two transistors in one. They provide

i© . more stability at high current levels. The effec-

= "\\\’f‘; tive hee for the device is much larger than that
§ § ) of a single transistor, hence allowing for a
¥ larger current gain. They come in npn (D-npn)

PP and pnp (D-pnp) Darlington packages.

PHOTOTRANSISTOR
This transistor acts as a light-sensitive bipolar

transistor (base is exposed to light). When light
@ comes in contact with the base region, a base
current results. Depending on the type of pho-
‘\J =) totransistor, the light may act exclusively as a
biasing agent (two-lead phototransistor) or
may simply alter an already present base cur-
rent (three-lead phototransistor). See Chap. 5
for more details.

TRANSISTOR ARRAY

This consists of a number of transistors com-
bined into a single integrated package. For

15 3 6 9 - .
b 1 ‘;‘ 5 8 l# example, the transistor array shown here is
2 4 7 made of three npn transistors and two pnp

1316

0 N O U~ WN

M13 .
transistors.
(712 10 13
myl 1 —{# 14 —[%)
110 12 15
9

FIGURE 4.37 (Continued)

Important Things to Know about Bipolar Transistors

The current gain of a transistor (hgg) is not a very good parameter to go by. It can vary
from, say, 50 to 500 within same transistor group family and varies with changes in
collector current, collector-to-emitter voltage, and temperature. Because hg is some-
what unpredictable, one should avoid building circuits that depend specifically on
hee values.

All transistors have maximum collector-current ratings (l¢ma), Maximum collec-
tor-to-base (BVcgo), collector-to-emitter (BVceo), and emitter-to-base (Veso) break-
down voltages, and maximum collector power dissipation (Pp) ratings. If these rating
are exceeded, the transistor may get zapped. One method to safeguard against BVgg
is to place a diode from the emitter to the base, as shown in Fig. 4.38a. The diode pre-
vents emitter-to-base conduction whenever the emitter becomes more positive than
the base (e.g., input at base swings negative while emitter is grounded). To avoid
exceeding BV g0, a diode placed in series with the collector (Fig. 4.38b) can be used to
prevent collector-base conduction from occurring when the base voltage becomes
excessively larger than the collector voltage. To prevent exceeding BV cgo, Which may
be an issue if the collector holds an inductive load, a diode placed in parallel with the
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FIGURE 4.38

FIGURE 4.39

load (see Fig. 4.38c) will go into conduction before a collector-voltage spike, created
by the inductive load, reaches the breakdown voltage.

V,

+

Pinouts for Bipolar Transistors

Bipolar transistors come in a variety of different package types. Some transistors come
with plastic housings; others come with metal can-like housings. When attempting to
isolate the leads that correspond to the base, emitter, and collector terminals, first
check to see if the package that housed the transistor has a pinout diagram. If no
pinout diagram is provided, a good cross-reference catalog (e.g., NTE Cross-Reference
Catalog for Semiconductors) can be used. However, as is often the case, simple switch-
ing transistors that come in bulk cannot be “looked up”—they may not have a label.
Also, these bulk suppliers often will throw together a bunch of transistors that all look
alike but may have entirely different pinout designations and may include both pnp
and npn polarities. If you anticipate using transistors often, it may be in your best
interest to purchase a digital multimeter that comes with a transistor tester. These mul-
timeters are relatively inexpensive and are easy to use. Such a meter comes with a
number of breadboard-like slots. To test a transistor, the pins of the transistor are
placed into the slots. By simply pressing a button, the multimeter then tests the tran-
sistor and displays whether the device is an npn or pnp transistor, provides you with
the pinout designations (e.g., “ebc,” “cbe,” etc.), and will give you the transistor’s hg.

Applications

RELAY DRIVER

+6V Here, an npn transistor is used to control a
relay. When the transistor’s base receives a
control voltage/current, the transistor will turn
on, allowing current to flow through the relay
coil and causing the relay to switch states. The

diode is used to eliminate voltage spikes cre-

ated by the relay’s coil. The relay must be cho-
p sen according to the proper voltage rating, etc.

control K
2N2222
voltage

i

1N914
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DIFFERENTIAL AMPLIFIER

VCC

+10V

Vout
Vl
100pA i % Re
100K
VEE
10V
FIGURE 4.40

The differential amplifier shown here is a device that com-
pares two separate input signals, takes the difference between
them, and then amplifies this difference. To understand how
the circuit works, treat both transistors as identical, and then
notice that both transistors are set in the common-emitter
configuration. Now, if you apply identical input signals to both
V; and V,, identical currents flow through each transistor. This
means that (by using V¢ = Ve — IcRc) both transistors’ collector
voltages are the same. Since the output terminals are simply
the left and right transistors’ collector voltages, the output
voltage (potential difference) is zero. Now, assume the signals
applied to the inputs are different, say V, is larger than V,. In
this case, the current flow through the right transistor will be
larger than the current flow through the left transistor. This
means that right transistor’s V¢ will decrease relative to the left
transistor’s V¢. Because the transistors are set in the common-
emitter configuration, the effect is amplified. The relationship
between the input and output voltages is given by

Vour = &V, -V,
tr

Rearranging this expression, you find that the gain is equal
to Rc/ry.

Understanding what resistor values to choose can be
explained by examining the circuit shown here. First, choose
R to center V¢ to %V¢c, or 5V, to maximize the dynamic range.
At the same time, you must choose a quiescent current (when
no signals are applied), say, lo = Ic =50 pA. By Ohm’s law R¢ =
10V - 5V/50 pA = 100 k. R is chosen to set the transistor’s
emitters (point A) as close to 0V as possible. Re is found by
adding both the right and left branch’s 50 pA and taking the
sum to be the current flow through it, which is 100 uA. Now,
apply Ohm’s law: Rg =0V — 10V/100 pA = 100 kQ. Next, find the
transresistance: r,, = 0.026 /I = 0.026 \V/50 nA =520 Q. The gain
then is equal to 100 kQ/520 Q =192.

In terms of applications, differential amplifiers can be used
to extract a signal that has become weak and which has picked
up considerable noise during transmission through a cable
(differential amplifier is placed at the receiving end). Unlike a
filter circuit, which can only extract a signal from noise if the
noise frequency and signal frequency are different, a differen-
tial amplifier does not require this condition. The only
requirement is that the noise be common in both wires.

When dealing with differential amplifiers, the term com-
mon-mode rejection ratio (CMRR) is frequently used to describe
the quality of the amplifier. A good differential amplifier has a
high CMRR (theoretically infinite). CMRR is the ratio of the
voltage that must be applied at the two inputs in parallel (V,
and V,) to the difference voltage (V, - V,) for the output to have
the same magnitude.
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COMPLEMENTARY-SYMMETRY AMPLIFIER

out

FIGURE 4.41 o)

= \Vj

crossover distortion

Vout /

Recall that an npn emitter follower acts to clip the output during negative swings in the input (the transistor turns off when
Vg < Ve + 0.6 V). Likewise, a pnp follower will clip the output during positive input swings. But now, if you combine an npn
and pnp transistor, as shown in the circuit shown here, you get what is called a push-pull follower, or complementary-symmetry
amplifier, an amplifier that provides current gain and that is capable of conducting during both positive and negative input
swings. For V;, =0V, both transistors are biased to cutoff (Iz = 0). For V;, > 0V, the upper transistor conducts and behaves like
an emitter follower, while the lower transistor is cut off. For Vi, < 0V the lower transistor conducts, while the upper tran-
sistor is cut off. In addition to being useful as a dc ampilifier, this circuit also conserves power because the operating point
for both transistors is near Ic = 0. However, at I = 0, the characteristics of he: and r,, are not very constant, so the circuit is
not very linear for small signals or for near-zero crossing points of large signals (crossover distortion occurs).

CURRENT MIRROR

+Vee

1K

load

i IIc»ad =1 controli

FIGURE 4.42 control

MULTIPLE CURRENT SOURCES
+Vee

[
D Qi &
| 71

load3

I control l

FIGURE 4.43

{1
{1

Here, two matched pnp transistors can be used
to make what is called a current mirror. In this cir-
cuit, the load current is a*“mirror image” of the
control current that is sunk out of the leftmost
transistor’s collector. Since the same amount of
biasing current leaves both transistors’ bases,
it follows that both transistors’ collector-to-
emitter currents should be the same. The con-
trol current can be set by, say, a resistor
connected from the collector to a lower poten-
tial. Current mirrors can be made with npn tran-
sistors, too. However, you must flip this circuit
upside down, replace the pnp transistors with
npn transistors, reverse current directions, and
swap the supply voltage with ground.

The circuit here is an expanded version of the
previous circuit, which is used to supply a“mir-
ror image” of control current to a number of
different loads. (Again, you can design such a
circuit with npn transistor, too, taking into con-
sideration what was mentioned in the last
example.) Note the addition of an extra transis-
tor in the control side of the circuit. This tran-
sistor is included to help prevent one transistor
that saturates (e.g., its load is removed) from
stealing current from the common base line
and hence reducing the other output currents.
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MULTIVIBRATORS (FLIP-FLOPS)

+Vee

+Vee

+Vee

FIGURE 4.44

BISTABLE MULTIVIBRATOR (1ST CIRCUIT) A bistable multivibrator is
a circuit that is designed to remain in either of two states indefinitely
until a control signal is applied that causes it to change states. After the
circuit switches states, another signal is required to switch it back to its
previous state. To understand how this circuit works, initially assume
that V, = 0V. This means that the transistor on the right has no base cur-
rent and hence no collector current. Therefore, all the current that flows
through R, flows into the base of the left-hand transistor, driving it into
saturation. In the saturation state, V; = 0, as assumed initially. Now,
because the circuit is symmetric, you can say it is equally stable with V,
= 0 and the right-hand transistor saturated. The bistable multivibrator
can be made to switch from one state to another by simply grounding
either V; or V, as needed. Bistable multivibrators can be used as memory
devices or as frequency dividers, since alternate pulses restore the cir-
cuit to its initial state.

MONOSTABLE MULTIVIBRATOR (2D CIRCUIT) A monostable multi-
vibrator is a circuit that is stable in only one state. It can be thrown into
its unstable state by applying an external signal, but it will automatically
return to its unstable state afterward. When V, = 0V, the circuit is in its
stable state. However, if you momentarily ground V,, the capacitor sud-
denly behaves like a short circuit (a capacitor likes to pass current when
the voltage across it changes suddenly) and causes the base current and
hence the collector current of the left-hand transistor to go to zero.Then,
all the current through R; flows into the base of the right-hand transis-
tor, holding it in its saturation state until the capacitor can recharge
through R. This in turn causes the circuit to switch back to its initial state.
This kind of circuit produces a square pulse of voltage at V; with a dura-
tion determined by the RC time constant and which is independent of
the duration and amplitude of the pulse that caused it to change states.

ASTABLE MULTIVIBRATOR (3D CIRCUIT) This circuit is not stable in
either state and will spontaneously switch back and forth at a prescribed
rate, even when no input signals are present. To understand how this cir-
cuit works, initially assume that V, is grounded. This means that the base
of the right-hand transistor also will be at ground, at least until C, can
charge up through R, to a high enough voltage to cause the right-hand
transistor to saturate. At this time, V, then goes to zero, causing the base
of the left-hand transistor to go to zero. V, then rises to a positive value,
at least until C, can charge up through R, to a high enough voltage to
cause the left-hand transistor to saturate. The cycle repeats itself over
and over again. The time spent in each state can be controlled by the RC
networks in the base section (R;C; and R,C, time constants set the time
duration). As you can see, an astable multivibrator is basically a simple
oscillator with an adjustable wave pattern (time spent in each state).



158 PRACTICAL ELECTRONICS FOR INVENTORS

FIGURE 4.45

FIGURE 4.46

TRANSISTOR LOGIC GATES

OR Gate AND Gate
+6V +6V
o]
2N2222
10K 2N2222 A
A
10K 2N2222 2N2222
B O—WWV
C
O C
A B C A B C
4.7K §
Low Low Low Low Low Low
Low High High Low High Low
L High Low High L High Low Low
High High High High High High

The two circuits here form logic gates. The OR circuit allows the output (C) to swing to a high volt-
age when either A or B or both A and B are high. In other words, as long as at least one of the tran-
sistors is biased (turned on), a high voltage will appear at the output. In the AND gate circuit, both
A and B must be high in order for C to go high. In other words, both transistors must be biased
(turned on) for a high voltage to appear at the output.

4.3.3 Junction Field-Effect Transistors

Junction field-effect transistors (JFETS) are three-lead semiconductive devices that are
used as electrically controlled switches, amplifier controls, and voltage-controlled
resistors. Unlike bipolar transistors, JFETs are exclusively voltage-controlled—they
do not require a biasing current. Another unique trait of a JFET is that it is normally
on when there is no voltage difference between its gate and source leads. However, if
a voltage difference forms between these leads, the JFET becomes more resistive to
current flow (less current will flow through the drain-source leads). For this reason,
JFETs are referred to as depletion devices, unlike bipolar transistors, which are
enhancement devices (bipolar transistors become less resistive when a current/volt-
age is applied to their base leads).

JFETs come in either n-channel or p-channel configurations. With an n-channel
JFET, a negative voltage applied to its gate (relative to its source lead) reduces current
flow from its drain to source lead. (It operates with V¢ > Vs.) With a p-channel JFET, a
positive voltage applied to its gate reduces current flow from its source to drain lead.
(It operates with Vs > V) The symbols for both types of JFETs are shown below.

n-channel JFET p-channel JFET
drain drain
D D
gate gate
S S
source source
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FIGURE 4.47

An important characteristic of a JFET that is useful in terms of applications is its
extremely large input impedance (typically around 10%° Q). This high input imped-
ance means that the JFET draws little or no input current (lower pA range) and there-
fore has little or no effect on external components or circuits connected to its gate—no
current is drawn away from the control circuit, and no unwanted current enters the
control circuit. The ability for a JFET to control current flow while maintaining an
extremely high input impedance makes it a useful device used in the construction of
bidirectional analog switching circuits, input stages for amplifiers, simple two-
terminal current sources, amplifier circuits, oscillators circuits, electronic gain-control
logic switches, audio mixing circuits, etc.

How a JFET Works

An n-channel JFET is made with an n-type silicon channel that contains two p-type sil-
icon “bumps” placed on either side. The gate lead is connected to the p-type bumps,
while the drain and source leads are connected to either end of the n-type channel (see
Fig. 4.47).

On More resistive

+V
Source [} Source
\ %) %]
. °5 . S
Drain = Drain * s
1% : 1
@ 2
o W L.Lu
R Depletion region
Conventional current flow (“pinch zone”)

When no voltage is applied to the gate of an n-channel JFET, current flows freely
through the central n-channel—electrons have no problem going through an n-
channel; there are a lot of negative charger carriers already in there just waiting to
help out with conduction. However, if the gate is set to a negative voltage—relative
to the source—the area in between the p-type semiconductor bumps and the center of
the n-channel will form two reverse-biased junctions (one about the upper bump,
another about the lower bump). This reverse-biased condition forms a depletion
region that extends into the channel. The more negative the gate voltage, the larger is
the depletion region, and hence the harder it is for electrons to make it through the
channel. For a p-channel JFET, everything is reversed, meaning you replace the nega-
tive gate voltage with a positive voltage, replace the n-channel with a p-channel semi-
conductor, replace the p-type semiconductor bumps with n-type semiconductors,
and replace negative charge carriers (electrons) with positive charge carriers (holes).

JFET Water Analogies

Here are water analogies for an n-channel and p-channel JFET. Pretend water flow is
conventional current flow and water pressure is voltage.
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N-CHANNEL JFET WATER ANALOGY

Source pressure

Accordion

Source

P-CHANNEL JFET WATER ANALOGY

14

Gate {
pressure '\

N

FIGURE 4.48

FIGURE 4.49
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Technical Stuff

When no pressure exists between the gate and
source of the n-channel water JFET, the device
is fully on; water can flow from the drain pipe
to the source pipe. To account for a real JFET’s
high input impedance, the JFET water analogy
uses a plunger mechanism attached to a mov-
ing flood gate. (The plunger prevents current
from entering the drain source channel, while
at the same time it allows a pressure to control
the flood gate.) When the gate of the n-channel
JFET is made more negative in pressure rela-
tive to the source tube, the plunger is forced to
the left. This in turn pulls the accordion-like
flood gate across the drain-source channel,
thus decreasing the current flow.

The p-channel water JFET is similar to the n-
channel water JFET, except that all currents
and pressures are reversed. The p-channel
JFET is fully on until a positive pressure, rela-
tive to the source, is applied to the gate tube.
The positive pressure forces the accordion
across the drain-source channel, hence reduc-
ing the current flow.

The following graph describes how a typical n-channel JFET works. In particular, the
graph describes how the drain current (Ip) is influenced by the gate-to-source voltage
(Ves) and the drain-to-source voltage (Vps). The graph for a p-channel JFET is similar
to that of the n-channel graph, except that I, decreases with an increasing positive
Vss. In other words, Vs is positive in voltage, and Vpgs is negative in voltage.

I (MA)

15 —

breakdown
saturation region

- J

ohmic region Vs =0V

+ I DDS

\%

Gs ™~ -v J

=-2v

VGS

Vg =-3V )
Vg = -4V

cutoff region
| | | |

5 10 15 20
Vos (V)
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Useful Formulas

N-CHANNEL JFET

FIGURE 4.50

When the gate voltage V; is set to the same voltage as the source (Vgs= Vg — Vs =
0V), maximum current flows through the JFET. Technically speaking, people call this
current (when Vgs = 0 V) the drain current for zero bias, or Ipss. Ipss is a constant and
varies from JFET to JFET. Now notice how the I, current depends on the drain-source
voltage (Vps = Vp — Vs). When Vi is small, the drain current I, varies nearly linearly
with Vps (looking at a particular curve for fixed V¢s). The region of the graph in which
this occurs is called the ohmic region, or linear region. In this region, the JFET behaves
like a voltage-controlled resistor.

Now notice the section of the graph were the curves flatten out. This region is
called the active region, and here the drain current I, is strongly influenced by the
gate-source voltage V¢s but hardly at all influenced by the drain-to-source voltage
Vps (You have to move up and down between curves to see it).

Another thing to note is the value of Vgs that causes the JFET to turn off (point
where practically no current flows through device). The particular Vs voltage that
causes the JFET to turn off is called the cutoff voltage (sometimes called the pinch-off
voltage Vp), and it is expressed as Vs of.

Moving on with the graph analysis, you can see that when Vs increases, there is
a point where Iy skyrockets. At this point, the JFET loses its ability to resist current
because too much voltage is applied across its drain-source terminals. In JFET lingo,
this effect is referred to as drain-source breakdown, and the breakdown voltage is
expressed as BVps.

For a typical JFET, lpss values range from about 1 mA to 1 A, Vs Values range
from around -0.5 to —10 V for an n-channel JFET (or from +0.5 to +10 V for a p-channel
JFET), and BV values range from about 6 to 50 V.

Like bipolar transistors, JFETs have internal resistance within their channels that
varies with drain current and temperature. The reciprocal of this resistance is referred
to as the transconductance g,,. A typical JFET transconductance is around a few thousand
Q™ where Q'=1/Qor U.

Another one of the JFET’s built-in parameters is its on resistance, or Rpso,. This
resistance represents the internal resistance of a JFET when in its fully conducting
state (when Vgs = 0). The Rpson Of @ JFET is provided in the specification tables and
typically ranges from 10 to 1000 Q.

N-CHAN CURVES OHMIC REGION JFET is just beginning to
| resist. It acts like a variable resistor.
D

15 vo—ov U SATURATION REGION  JFET is most strongly
Ipss o= 0 influenced by gate-source voltage, hardly at all

10. Vee= -1V J influenced by the drain-source voltage.
Ves=—2V CUTOFF VOLTAGE (Vesor) Particular gate-
5L Ves=—3V ) source voltage where JFET acts like an open
Vgs= 4V ) circuit (channel resistance is at its maximum).
| | | | BREAKDOWN VOLTAGE (BVps) The voltage

across the drain and source that caused cur-
rent to “break through” the JFET’s resistive
channel.
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P-CHANNEL JFET P-CHAN CURVES DRAIN-CURRENT FOR ZERO BIAS (lpss)
I Represents the drain current when gate-
0 15/ source voltage is zero volts (or gate is con-
Vge= OV U nected to source, Vgs =0V).
ID$

10L Vgs= +1V J TRANSCONDUCTANCE (g.) Represents the
+ Vo= +2V rate of change in the drain current with the
— gate-source voltage when the drain-to-source
S xes: zj / voltage is fixed for a particular Vps. It is analo-
— - gous to the transconductance (1/R,) for bipolar

- ‘ transistors.

L L |
FIGURE 450 (Continued) S 0 20y
DRAIN CURRENT Ip= IDSS[Z(l _ Ves ) Vos  _ ( Vos ﬂ An n-channel JFET’s
(OHMIC REGION) Vesoft/ —Vasoft  \ Vasoff Vs ot IS Negative.
A p-channel JFET’s
DRAIN CURRENT Vas 2 Vs ofr IS pOSitive.
Ip=1 1-
(ACTIVE REGION) ° Dss( Gsyoﬁ)
Vesort Ipss are typi-
DRAIN-SOURCE n_ Vos Vs o 1 cally the knowns
pS=— R =" ou get their values
RESISTANCE o 2loss(Ves ~ Vesor)  Gm S;/ Iogking them up
in a data table or on
ON RESISTANCE RDS,on = constant the package).
DRAIN-SOURCE Vps=Vp— Vs Typical JFET values:
VOLTAGE Ipsss L MAto 1A
Vs off:
TRANSCONDUCTANCE Al 1 05 to ~10V (n-channel)
9= IVes | Vos Ros 0.5 to 10V (p-channel)
Rps,on: 10 to 1000 Q
g (1o Yes \_g [ Mo
=0Omy| L — V. = Om, I BVps: 6 to 50V
GS,off Dss
gmat 1 mA:
TRANSCONDUCTANCE G = 2lpss 500 to 3000 umho
FOR SHORTED GATE ™" Vasor
Sample Problems
PROBLEM 1
Voo If an n-channel JFET has a lpss = 8 mA and Vgs ot = =4V, what will be the
+18V drain current Iy if R = 1 kQ and Vpp = +18 V? Assume that the JFET is in
o

the active region.
In the active region, the drain current is given by

\Y; 2
|D=|Dss<1— £ )

G VGS,off
GE Ves | Ves _ Ves®
s =8mA(1-—G\5/)=8mA<1+ﬁ+i)

2 16

O <
o

§ R Unfortunately, there is one equation and two unknowns. This means
that you have to come up with another equation. Here’s how you get the
other equation. First, you can assume the gate voltage is 0V because it’s
FIGURE 4.51 = ground. This means that

VGS:VG—VS:OV—VS:—VS

From this, you can come up with another equation for the drain current
by using Ohm’s law and treating Ip = Is:
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PROBLEM 2

+V,

Sl
Note: &5

FIGURE 4.52

Basic Operations

LIGHT DIMMER

RDS=1/gm

n-channel JFET

Ve Ves_ Ve

ID— -

R R  1kQ
This equation is then combined with the first equation to yield
VGS

T 1kQ
which simplifies to

VGSZ + 1OVGS + 16 = 0

The solutions to this equation are Vgs =-2V and Vgs = -8 V. But to be in

the active region, Vgs must be between —4 and 0V. This means that Vg =

-2V is the correct solution, so you disregard the —8-V solution. Now you

substitute Vgs back into one of the Ipeivey €quations to get

Ves _ (-2V)
R 1kQ

V, Ve
—:8mA<l+ﬂ+i>
2 16

=2mA

ID:—

If Vasor = —4V and lpss = 12 mA, find the values of I and g, and Rps when
Ves=—2V and when Vgs=+1V Assume that the JFET is in the active region.
When VGS = —2V,

V 2
e
-2V) \?
:12mA(1—( )>:3.0mA
. V)
To find g5, you first must find gy, (transconductance for shorted gate):
21 2(12 mA
G, =205 2IZ0A) _ ;506 25 - 6000 pmhos
Vs off (-4V)

Now you can find g

| . A
Gn=Gn, |2 =(0006T) =22 _ 0035 = 3000 umhos
Ioss 12.0 mA
To find the drain-source resistance (Rps), use
1 1
Rps=—=—"7"—=333Q
gn 0.0030

By applying the same formulas as above, you can find that when Vgs=+1
V, Ip =15.6 mA, g, = 0.0075 U = 7500 umhos, and Rps = 133 Q.

p-channel JFET

+\bp

I

OVO_@

fully
= on

1) dimmed

FIGURE 4.53

$) off

+ V$

I

OVO_@

fully
= on

The two circuits here demonstrate how a JFET acts like a voltage-controlled light dimmer. In the n-channel circuit, a more
negative gate voltage causes a larger source-to-drain resistance, hence causing the light bulb to receive less current. In the
p-channel circuit, a more positive gate voltage causes a greater drain-to-source resistance.
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FIGURE 4.54

FIGURE 4.55

BASIC CURRENT SOURCE AND BASIC AMPLIFIER

+V I (mA)

~ loss

| | | |
- - - - R
4 3 2 1 0 VGS v) § s

A simple current source can be constructed by shorting the source and gate terminals together
(this is referred to as self-biasing), as shown in the left-most circuit. This means that Vgs = Vs — Vs =
0V, which means the drain current is simply equal to Ipps. One obvious drawback of this circuit is
that the Ipps for a particular JFET is unpredictable (each JFET has its own unique lpps that is
acquired during manufacturing). Also, this source is not adjustable. However, if you place a resis-
tor between the source and ground, as shown in the right-most circuit, you can make the current
source adjustable. By increasing Rs, you can decrease |lp, and vice versa (see Problem 2). Besides
being adjustable, this circuit’s I, current will not vary as much as the left circuit for changes in Vps.
Though these simple JFET current sources are simple to construct, they are not as stable as a good
bipolar or op amp current source.

SOURCE FOLLOWER

+V

DD

The JFET circuit here is called a source follower, which is analogous to the bipolar emitter follower;
it provides current gain but not voltage gain. The amplitude of the output signal is found by
applying Ohm’s law: Vs = Rslp, where Ip = g,\Ves = gn(Ve — Vs). Using these equations, you get

= RsOm V.
1+RsOn

Since Vs =V, and Vs = Vi, the gain is simply Rsg./(1 + Regm). The output impedance, as you saw
in Problem 2, is 1/g,. Unlike the emitter follower, the source follower has an extremely larger
input impedance and therefore draws practically no input current. However, at the same time, the
JFET’s transconductance happens to be smaller than that of a bipolar transistor, meaning the out-
put will be more attenuated. This makes sense if you treat the 1/g,, term as being a small internal
resistance within the drain-source channel (see rightmost circuit). Also, as the drain current
changes due to an applied waveform, g,, and therefore the output impedance will vary, resulting
in output distortion. Another problem with this follower circuit is that V¢s is a poorly controlled
parameter (a result of manufacturing), which gives it an unpredictable dc offset.
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IMPROVED SOURCE FOLLOWER

+Vpp The source follower circuit from the preceding
? example had poor linearity and an unpre-
dictable dc offset. However, you can eliminate
these problems by using one of the two
arrangements shown here. In the far-left cir-
cuit, you replace the source resistor with a bipo-
lar current source. The bipolar source acts to fix
Vgs t0 a constant value, which in turn eliminates
the nonlinearities. To set the dc offset, you
adjust R;. (R, acts like Rs in the preceding cir-
cuit; it sets the gain.) The near-left circuit uses a
JFET current source instead of a bipolar source.
Unlike the bipolar circuit, this circuit requires
no adjusting and has better temperature stabil-
ity. The two JFETs used here are matched
(matched JFETs can be found in pairs, assem-
bled together within a single package). The
lower transistor sinks as much current as
FIGURE 4.56 Y, needed to make Vgs = 0 (shorted gate). This
means that both JFETS’ Vg values are zero,
making the upper transistor a follower with zero dc offset. Also, since the lower JFET responds directly to the upper JFET,
any temperature variations will be compensated. When R; and R, are set equal, V,, = Vi,. The resistors help give the circuit
better I linearity, allow you to set the drain current to some value other than Ipss, and help to improve the linearity. In terms
of applications, JFET followers are often used as input stages to amplifiers, test instruments, or other equipment that is con-
nected to sources with high source impedance.

JFET AMPLIFIERS

SOURCE-FOLLOWER AMP Recall the emitter-follower and common-
emitter bipolar transistor amplifiers from the
+Vop last chapter. These two amplifiers have JFET

counterparts, namely, the source-follower and
the common-source amplifier shown here.
(The source-follower amplifier provides cur-

Vin rent gain; the common-source amplifier pro-
% 0—| v, vides voltage gain.) If you were to set up the
ol . -
/b equations and do the math, you would find
that the gain for the amplifiers would be
.V R
Rioa Gain=—2=-—>2__ (source-follower
Vin  Rs+ /gy amp.)
- . Vou RoR,
Gain= =Qn——— common-source
FIGURE 4.57 V. 9"RoiR, ( S

where the transconductance is given by

| 21
Om = gmo —Dr gm‘7 = EE

IDDS VGS‘off

As with bipolar amplifiers, the resistors are used to set the gate voltages and set the quiescent currents, while the capac-
itors act as ac couplers/high-pass filters. Notice, however, that both JFET amplifiers only require one self-biasing resistor.
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COMMON-SOURCEAMP

+Vop

FIGURE 4.57 (Continued)

VOLTAGE-CONTROLLED RESISTOR

Vin
D VOUI VOLI!
Vcontrol RJFET
S
Electronic gain control
Vin O+
—0 V,
D -
Voontrol
s A\
R
FIGURE 4.58

Now, an important question to ask at this
point is, Why would you choose a JFET ampli-
fier over a bipolar amplifier? The answer is
that a JFET provides increased input imped-
ance and low input current. However, if
extremely high input impedances are not
required, it is better to used a simple bipolar
amplifier or op amp. In fact, bipolar amplifiers
have fewer nonlinearity problems, and they
tend to have higher gains when compared
with JFET amplifiers. This stems from the fact
that a JFET has a lower transconductance than
a bipolar transistor for the same current. The
difference between a bipolar’s transconduc-
tance and JFET’s transconductance may be as
large as a factor of 100. In turn, this means that
a JFET amplifier will have a significantly
smaller gain.

According to the graphs you saw earlier, if Vps drops low enough, the
JFET will operate within the linear (ohmic) region. In this region, the Ip
versus Vps curves follow approximate straight lines for Vps smaller
than Vgs — Vesor. This means that the JFET behaves like a voltage-
controlled resistor for small signals of either polarity. For example, if
you take a voltage-divider network and replace one of the resistors
with a JFET, you get a voltage-controlled voltage divider (see upper
left-hand figure). The range over which a JFET behaves like a tradi-
tional resistor depends of the particular JFET and is roughly propor-
tional to the amount by which the gate voltage exceeds Vgs . FOr a
JFET to be effective as a linearly responding resistor, it is important to
limit Vps to a value that is small compared with Vgs o, and it is impor-
tant to keep Vgs below Vs ofr. JFETS that are used in this manner are fre-
quently used in electronic gain-control circuits, electronic attenuators,
electronically variable filters, and oscillator amplitude-control circuits.
A simple electronic gain-control circuit is shown here. The voltage gain
for this circuit is given by gain = 1 + Re/Rpsn), Where Rps is the drain-
source channel resistance. If Rr = 29 kQ and Rps(on) = 1 KQ, the maximum
gain will be 30. As Vs approaches Vgs o, Ros Will increase and become
very large such that Rps >> Rg, causing the gain to decrease to a mini-
mum value close to unity. As you can see, the gain for this circuit can
be varied over a 30:1 ratio margin.

Practical Considerations

JFETSs typically are grouped into the following categories: small-signal and switching
JFETSs, high-frequency JFETs, and dual JFETs. Small-signal and switching JFETs are
frequently used to couple a high-impedance source with an amplifier or other device
such as an oscilloscope. These devices are also used as voltage-controlled switches.
High-frequency JFETs are used primarily to amplify high-frequency signals (with the
RF range) or are used as high-frequency switches. Dual JFETs contain two matched
JFETs in one package. As you saw earlier, dual JFETs can be used to improve source-
follower circuit performance.
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FIGURE 4.59

TYPES OF JFET PACKAGES

Small signal
and switching

High frequency

Dual FET package

Like bipolar transistors, JFETs also can be destroyed with excess current and volt-
age. Make sure that you do not exceed maximum current and breakdown voltages.
Table 4.2 is a sample of a JFET specification table designed to give you a feel for what
to except when you start searching for parts.

TABLE 4.2 Portion of a JFET Specification Table

’DSS VGS,DFF
(MA) V)

MIN MAX MAX Gy TYPICAL Ciss Crss
TYPE POLARITY BVss (V) (mA) (mA) ) (umhos) (PF) (PF)
2N5457 n-ch 25 1 5 -6 3000 7 3
2N5460 p-ch 40 1 5 6 3000 7 2
2N5045 Matched-pair 50 0.5 8 -4.5 3500 6 2

n-ch

FIGURE 4.60

Applications

RELAY DRIVER

+10V

2N3819

Here, an n-channel JFET is used to switch a
relay. When the switch is set to position A, the
JFET is on (gate isn’'t properly biased for a
depletion effect to occur). Current then passes
through the JFET’s drain-source region and
through the relay’s coil, causing the relay to
switch states. When the switch is thrown to
position B, a negative voltage—relative to the
source—is set at the gate. This in turn causes
the JFET to block current flow from reaching
the relay’s coil, thus forcing the relay to switch
states.
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AUDIO MIXER/AMPLIFIER

+10V

in
put 1

M 4—’\/V\/—
470Q

input 2 ]

s le

100Q

0.1uF

output

T
|

in
put 3

47uF

M 4—’\/V\/—

.|H

FIGURE 4.61

ELECTRICAL FIELD METER
+10V

antenna
— meter R

FIGURE 4.62

This circuit uses a JFET—set in the common-
source arrangement—to combine (mix) signals
from a number of different sources, such as
microphones, preamplifiers, etc. All inputs are
applied through ac coupling capacitors/filters.
The source and drain resistors are used to set
the overall amplification, while the 1-MQ poten-
tiometers are used to control the individual
gains of the input signals.

Here, a JFET is used to construct a simple static
electricity detector. When the antenna (simple
wire) is placed near a charged object, the elec-
trons in the antenna will be draw toward or
away from the JFET’s gate, depending of
weather the object is positively or negatively
charged. The repositioning of the electrons sets
up a gate voltage that is proportional to the
charge placed on the object. In turn, the JFET
will either begin to resist or allow current to
flow through its drain-source channel, hence
resulting in ammeter needle deflection. R; is
used to protect the ammeter, and R, is used to
calibrate it.

4.3.4 Metal Oxide Semiconductor Field-Effect Transistors

Metal oxide semiconductor field-effect transistors (MOSFETs) are incredibly popular
transistors that in some ways resemble JFETs. For instance, when a small voltage is
applied at its gate lead, the current flow through its drain-source channel is altered.
However, unlike JFETS, MOSFETs have larger gate lead input impedances (=10* Q
as compared with ~10° Q for JFETs), which means that they draw almost no gate cur-
rent whatsoever. This increased input impedance is made possible by placing a metal
oxide insulator between the gate-drain/source channel. There is a price to pay for
this increased amount of input impedance, which amounts to a very low gate-to-
channel capacitance (a few pF). If too much static electricity builds up on the gate of

Enhancement MOSFETSs
drain drain
ate @ gate @ gate
source source

FIGURE 4.63 n-channel p-channel

Depletion MOSFETs
drain drain
gate
source source
n-channel p-channel
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certain types of MOSFETs during handling, the accumulated charge may break
through the gate and destroy the MOSFET. (Some MOSFETs are designed with safe-
guards against this breakdown—but not all.)

The two major kinds of MOSFETs include enhancement-type MOSFETs and depletion-
type MOSFETSs (see Fig. 4.63). A depletion-type MOSFET is normally on (maximum
current flows from drain to source) when no difference in voltage exists between the
gate and source terminals (Vgs = Vg — Vs =0 V). However, if a voltage is applied to its
gate lead, the drain-source channel becomes more resistive—a behavior similar to a
JFET. An enhancement-type MOSFET is normally off (minimum current flows from
drain to source) when Vgs = 0 V. However, if a voltage is applied to its gate lead, the
drain-source channel becomes less resistive.

Both enhancement-type and depletion-type MOSFETs come in either n-channel or
p-channel forms. For an n-channel depletion-type MOSFET, a negative gate-source
voltage (V¢ < Vs) increases the drain-source channel resistance, whereas for a p-channel
depletion-type MOSFET, a positive gate-source voltage (V¢ > V) increases the channel
resistance. For an n-channel enhancement-type MOSFET, a positive gate-source volt-
age (V¢ > Vs) decreases the drain-source channel resistance, whereas for a p-channel
enhancement-type MOSFET, a negative gate-source voltage (V¢ < Vs) decreases the
channel resistance.

MOSFETs are perhaps the most popular transistors used today; they draw very
little input current, are easy to make (require few ingredients), can be made extremely
small, and consume very little power. In terms of applications, MOSFETSs are used in
ultrahigh input impedance amplifier circuits, voltage-controlled “resistor” circuits,
switching circuits, and found with large-scale integrated digital ICs.

Like JFETs, MOSFETs have small transconductance values when compared with
bipolar transistors. In terms of amplifier applications, this can lead to decreased gain
values. For this reason, you will rarely see MOSFETs in simple amplifier circuits,
unless there is a need for ultrahigh input impedance and low input current features.

How MOSFETs Work

(a) N-Channel (b) P-Channel Both depletion and enhancement MOSFETSs
depletion MOSFET depletion MOSFET use an electrical field—produced by a gate volt-

Gate age—to alter the flow of charge carriers through
Q

Eezpi:)e:ion the semiconductive drain-source channel. With

depletion-type MOSFETs, the drain-source

y channel is inherently conductive; charge carri-
J:Drain Sou ) _ Drain  ers such as electrons (n-channel) or holes

(p-channel) are already present within the
n-type or p-type channel. If a negative gate-
source voltage is applied to an n-channel deple-
tion-type MOSFET, the resulting electrical field

(c) N-Channel (d) P-Channel acts to “pinch off” the flow of electrons through
enhancement MOSFET enhancement MOSFET the channel (see Fig. 4.64a). A p-channel deple-
Gate tion-type MOSFET uses a positive gate-source

A7 ﬁ.x

L
channel P -\

FIGURE 4.64

Drain  Source Drain

voltage to “pinch off” the flow of holes through
its channel (see Fig. 4.64b). (The pinching-off
effect results from depletion regions forming
2 about the upper and lower gate contacts.)

Induced N O Enhancement MOSFETs, unlike depletion
channel \ MOSFETSs, have a normally resistive channel;
there are few charge carriers within it. If a posi-

tive gate-source voltage is applied to an

Electrons Holes
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n-channel enhancement-type MOSFET, electrons within the p-type semiconductor region migrate into the channel and
thereby increase the conductance of the channel (see Fig. 4.64c). For a p-channel enhancement MOSFET, a negative gate-
source voltage draws holes into the channel to increase the conductivity (see Fig. 4.64d).

Basic Operation

n-channel (enhancement) p-channel (enhancement) The circuits shown

here demonstrate

+10V +}>0V how MOSFETs can
bt be used to control
current flow through
) . a light bulb. The
Off Dimmed Fully on Off Dimmed Fully on
= Y = = r) Fully desired dimming
effects produced by
= ( = ( = = the gate voltages may
o v v o - -2V vary depending on
4 1 1 4 4 1 the specific MOSFET
B B you are working with.
n-channel (depletion) p-channel (depletion)
+10V +10v
(i) o
7)) Fully on Dimmed off ) Fullyon ) bimmed ) Off

FIGURE 4.65
Theory

In terms of theory, you can treat depletion-type MOSFETs like JFETSs, except you must
give them larger input impedances. The following graphs, definitions, and formulas

FIGURE 4.66 summarize the theory.

N-CHANNEL DEPLETION-TYPE MOSFET

+0.5V

-2V

/\ 1 1 1 1 1 1 |
0 4 810121416 \ ()

P-CHANNEL DEPLETION-TYPE MOSFET

-0.5v

0 4 810121416 \ _(v)

OHMIC REGION MOSFET is just beginning
to resist. In this region, the MOSFET behaves
like a resistor.

ACTIVE REGION MOSFET is most strongly
influenced by gate-source voltage (Vgs) but
hardly at all influenced by drain-source volt-
age (Vos).

CUTOFFVOLTAGE (Vescor) Often referred to as
the pinch-off voltage (V). Represents the particu-
lar gate-source voltage that causes the MOSFET
to block most all drain-source current flow.

BREAKDOWN VOLTAGE (BVy,s) The drain-
source voltage (Vps) that causes current to
“break through” MOSFET’s resistive channel.

DRAIN CURRENT FOR ZERO BIAS (lpss)
Represents the drain current when gate-
source voltage is zero volts (or when gate is
shorted to source).

TRANSCONDUCTANCE  (g.) Represents

the rate of change in the drain current with
change in gate-source voltage when drain-
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source voltage is fixed for a particular Vpg. It is analogous to the transconductance (I/R,) for bipo-
lar transistors.

Useful Formulas for Depletion-Type MOSFETs

DRAIN CURRENT
(OHMIC REGION)

DRAIN CURRENT
(ACTIVE REGION)

DRAIN-SOURCE
RESISTANCE

ON RESISTANCE

DRAIN-SOURCE
VOLTAGE

TRANSCONDUCTANCE

TRANSCONDUCTANCE
FOR SHORTED GATE

VDS

Vs An n-channel JFET’s

ID = IDSS|:2(1 -

Ves \?
Ip= |Dss<1 - )
VGS,off

VDS

VGS‘off

Rps.on = CONStant

Vps=Vp — Vs
_dlp 1
Gn = 0Ves |Vbs  Rps

:gm0<1_h):gmo Ip
Vs ot V loss

_ 2lpss
my =
Vst

VGS )
VGS.off _VGS,off

lo  2loss(Ves — Vasor)

i

Om their values by look-

/]
VGS,off

1

Vas,orf IS Negative.
A p-channel JFET’s
Vesoft IS POSitive.

Vas,oiir Ipss are typically
the knowns (you get

ing them up in a data
table or on the pack-

age).

Typical JFET values:
Ipsss 1MAtol A

Vs off:
—0.5to 10V (n-channel)
0.5to 10V (p-channel)

Rps,on: 10 to 1000 2
BVps: 6 t0 50V

gmat1l mA:
500 to 3000 umho

Technical Info and Formulas for Enhancement-Type MOSFETs

Predicting how enhancement-type MOSFETs will behave requires learning some

FIGURE 4.67
VD
D
|
vy I
S
VS
VD
D
v, I
S
v

Vg = 14V

Vs = 14V

A S ——
02 46 810\ V)

new concepts and formulas. Here’s an overview of the theory.

OHMIC REGION MOSFET is just beginning
to conduct. Acts like a variable resistor.

ACTIVE REGION MOSFET is most strongly
influenced by gate-source voltage Vgs but hardly
at all influenced by drain-source voltage Vps.

THRESHOLD VOLTAGE (Vesw) Particular
gate-source voltage where MOSFET is just
beginning to conduct.

BREAKDOWN VOLTAGE (BVps) The voltage
across drain source (Vps) that causes current to
“break through” MOSFET’s resistance channel.

DRAIN-CURRENT FOR GIVEN BIAS (Ipon)
Represents the amount of current I, at a partic-
ular Vgs, which is given on data sheets, etc.

TRANSCONDUCTANCE (g.) Represents the
rate of change in the drain current with the
change is gate-source voltage when drain-
source voltage is fixed. It is analogous to the
transconductance (I/Ry,) for bipolar transistors.
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DRAIN CURRENT
(OHMIC REGION)

DRAIN CURRENT
(ACTIVE REGION)

CONSTRUCTION

ID = k[Z(VGS - VGS,th)VDS - 1/ZVDSZ]

Ip= k(VGS - VGs.th)2

ke o
PARAMETER (Vs — Vasm)?

e

"~ (Voson— Vesu)?
TRANSCONDUCTANCE ol 1

gm - aVGS VDS - RiDS

=2K(Ves — Vesn) = 2VKIp

Io

= gm0 T
lDo
RESISTANCE OF Rps = 1/0m
DRAIN-SOURCE CHANNEL
R.. = Ve, = Vasth
DS, =7, .,  ©‘bs
’ Ve, = Vasth '

Sample Problems

The value of the construction parameter Kk is
proportional to the width/length ratio of the
transistor’s channel and is dependent on tem-
perature. It can be determined by using the
construction parameter equations to the left.

Vs IS positive for n-channel enhancement
MOSFETSs.
Vs IS Negative for p-channel enhancement
MOSFETSs.

Typical values

Ibon: 1MAto1A
Rps(on): 1 Q to 10 kQ
Visof: 0.5 t0 10V
BVpsw: 6 10 50V
BVssr: 6 10 50V

Vesth, Ibons Om at @ particular I are typically
“knowns” you can find in the data tables or
on package labels.

Rps, is the known resistance at a given volt-
age Vg, Ros, is the resistance you calculate at
another gate voltage Vg,

PROBLEM 1

An n-channel depletion-type MOSFET has an Ipps = 10 mA and a Vgs o = —4 V. Find
the values of Ip, gn, and Rps when Vgs = -2 V and when Vgs = +1 V. Assume that the
MOSFET is in the active region.

*+Vop

FIGURE 4.68

PROBLEM 2

When considering Vgs = -2V, use the following:

Ves \2 —2V) 2
|D=|DSS<1— es )lemA[l—( )}:Z.SmA
VGS,off (_4\/)

Before you can find g,,, you must find g, —here’s what you use:

20 2(10 mA
_ 2loss __200MA) _ 55 mhos = 5000 mhos
VGS,Off _4V

Mo

Now you can substitute gy, into the following expression to find g

V. Y
O = gmo(l L ) = (5000 umhos)(l - W) = 2500 umhos

GS,off -

The drain-source resistance is then found by using Rps = 1/g,, = 400 Q.
If you do the same calculations for Vgs=+1V, you get I, =15.6 mA, g, = 6250
umhos, and Rps = 160 Q.

An n-channel enhancement-type MOSFET has a Vgsin = +2 V and an I = 12 mA.
When Vg5 = +4 V, find parameters k, g,,, and Rps. Assume that the MOSFET is in the

active region.
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FIGURE 4.69

FIGURE 4.70

FIGURE 4.71

v Ro=

+Vop To find k, use the expression for the drain current in the active region:
Ip= k(VGS - V(ss,th)2
D LID Rearranging this equation and plugging in the knowns, you get
ke Ib __L2mA
° (Ves = Vesm)®  (4V —-2VY
vV, To find g,,, use the following:
Om = 2k(Vas — Vesn) = 2VKlp
=2V/(3000 umhos/V)(12 mA) = 0.012 mhos = 12,000 pmhos

The drain-source resistance is then found by using Rps = 1/g,, = 83 Q.

=0.003 mhos/V = 3000 umhos/V

PROBLEM 3

In the following n-channel depletion-type MOSFET circuit, lpss = 10 MA, Vs o = —4
V, Rp =1kQ, and Vpp =+20V, find Vp and the gain Vo, / Vin.

+Vop Applying Ohm’s and Kirchhoff’s laws, you can
come up with the following expressions:

Voo = Vos + IbRp
Voo = Vb + IpRp

where the last expression takes into account
the grounded source terminal. (Note the 1-MQ
resistor. It is a self-biasing resistor and is used
to compensate leakage currents and other
parameters that can lead to MOSFET instabil-
ity. The voltage drop across this resistor can be
neglected because the gate leakage current is
very small, typically in the nA or pA range.)
Now, if you assume that there is no input volt-
age, you can say that I = lpps. This means that

Vb = Voo = lopsRp
=20V - (10 mA)(1 kQ) = 10V

To find the gain, use the following formula:

. V
Gain=—"=¢,Ro
where

21 2(10 mA
G, = —— =~ ( ) _ 5000 umhos
Vs off -4V
Substituting g, back into the gain formula, you

get a resulting gain of 5.

PROBLEM 4

In the following n-channel enhancement-type MOSFET circuit, if k = 1000 umhos/V,
Vpp =20V, Vs =2V, and Vgs =5V, what should the resistance of Ry, be to center Vp,
to 10 V? Also, what is the gain for this circuit?

+Vpp First, determine the drain current:
Io =K(Ves — VGs,th)2
Ro = (1000 umhos/V)(5V - 2V)2 =9 mA

Next, to determine the size of Ry that is needed
to set Vp to 10V, use Ohm’s law:

Voo —Vo 20V -10V
in b  9mA

™M
=1100 Q

(The 1-MQ resistor has the same role as the
1-MQ resistor in the last example.)



174 PRACTICAL ELECTRONICS FOR INVENTORS

FIGURE 4.72

To find the gain, first find the transconductance:
Om = 2k(Ves — Vash) = 2(1000 umhos/V)(5V - 2V) = 6000 umhos
Next, substitute g, into the gain expression:

. V,
Gain=—**=g,Rp = 6.6

in

Important Things to Know about MOSFETs

MOSFETs may come with a fourth lead, called the body terminal. This terminal
forms a diode junction with the drain-source channel. It must be held at a noncon-
ducting voltage [say, to the source or to a point in a circuit that is more negative
than the source (n-channel devices) or more positive than the source (p-channel
devices)]. If the base is taken away from the source (for enhancement-type MOS-
FETs) and set to a different voltage than that of the source, the effect shifts the
threshold voltage Vgs by an amount equal to %Vgs/? in the direction that tends to
decrease drain current for a given Vgs. Some instances when shifting the threshold
voltage becomes important are when leakage effects, capacitance effects, and signal
polarities must be counterbalanced. The body terminal of a MOSFET is often used
to determine the operating point of a MOSFET by applying an incremental ac sig-
nal to its gate.

D D D D
body body body body
G G G G
s s s s

Damaging a MOSFET Is Easy

MOSFETs are extremely fragile. Their delicate gate-channel oxide insulators are sub-
ject to electron bombardment from statically charged objects. For example, it is possi-
ble for you to blow a hole through one of these insulators simply by walking across a
carpet and then touching the gate of the MOSFET. The charge you pick up during
your walk may be large enough to set yourself at a potential of a few thousand volts.
Although the amount of current discharged during an interaction is not incredibly
large, it does not matter; the oxide insulator is so thin (the gate-channel capacitance is
so small, typically a few pF) that a small current can be fatal to a MOSFET. When
installing MOSFETSs, it is essential to eliminate all static electricity from your work
area. In Chap. 14 you’'ll find guidelines for working with components subject to elec-
trostatic discharge.

Kinds of MOSFETs

Like the other transistors, MOSFETs come in either metal can-like containers or plas-
tic packages. High-power MOSFETs come with metal tabs that can be fastened to
heat sinks. High/low MOSFET driver ICs also are available. These drivers (typically
DIP in form) come with a number of independent MOSFETSs built in and operate with
logic signals.
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FIGURE 4.73

FIGURE 4.74

FIGURE 4.75

Switching High power High/low driver ICs

Things to consider when purchasing a MOSFET include breakdown voltages,
Ipmaxs Rosem,maxs POWer dissipation, switching speed, and electrostatic discharge
protection.

Applications

LIGHT DIMMER

+Vop Here, an n-channel enhancement-type power
ev MOSFET is used to control the current flow
through a lamp. The voltage-divider resistor R,
sets the gate voltage, which in turn sets the

4to 6V drain current through the lamp.
lamp
power
MOSFET
CURRENT SOURCE
+Vpp In the circuit shown here, an op amp is com-

bined with an n-channel depletion-type MOS-
FET to make a highly reliable current source
(less than 1 percent error). The MOSFET passes
the load current, while the inverting input of
the op amp samples the voltage across Rs and
then compares it with the voltage applied to
the noninverting input. If the drain current
i ioad attempts to increase or decrease, the op amp
will respond by decreasing or increasing its
output, hence altering the MOSFETSs gate volt-
age in the process. This in turn controls the
load current. This op amp/MOSFET current
Rs source is more reliable than a simple bipolar
K transistor-driven source. The amount of leak-
age current is extremely small. The load cur-
- rent for this circuit is determined by applying
Ohm’s law (and applying the rules for op amps
discussed in Chap. 7):

load

licad = Vin/RS
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AMPLIFIERS

common-source amplifier
(depletion MOSFET)

source-follower amplifier
(depletion MOSFET)

+Vop

+Voo

common-source amplifier source-follower amplifier

(enhancement MOSFET) (enhancement MOSFET)
+VDD + VDD

FIGURE 4.76

AUDIO AMPLIFIER

Common-source and source-follower ampli-
fiers can be constructed using both depletion-
and enhancement-type MOSFETs. The de-
pletion-type amplifiers are similar to the
JFET amplifiers discussed earlier, except that
they have higher input impedances. The
enhancement-type MOSFET amplifiers essen-
tially perform the same operations as the
depletion-type MOSFET amplifiers, but they
require a voltage divider (as compared with a
single resistor) to set the quiescent gate volt-
age. Also, the output for the enhancement-type
common-source MOSFET amplifier is inverted.
The role of the resistors and capacitors within
these circuits can be better understood by
referring to the amplifier circuits discussed
earlier.

input

+Vpp
oV

%RD
R

g K
47K
]
>
i~
2

$n
M

Cl

i—o i

FIGURE 4.77

In this circuit, an n-channel enhancement-type MOSFET is used to
amply an audio signal generated by a high-impedance microphone and
then uses the amplified signal to drive a speaker. C; acts as an ac cou-
pling capacitor, and the R, voltage divider resistor acts to control the
gain (the volume).
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RELAY DRIVER (DIGITAL-TO-ANALOG

CONVERSION)

logic
inputs

FIGURE 4.78

+Vpp The circuit shown here uses an n-channel depletion-type MOSFET as an
interface between a logic circuit and an analog circuit. In this example,
an AND gate is used to drive a MOSFET into conduction, which in turn
activates the relay. If inputs A and B are both high, the relay is switched
to position 2. Any other combination (high/low, low/high, low/low) will
put the relay into position 1. The MOSFET is a good choice to use as a
digital-to-analog interface; its extremely high input resistance and low
input current make it a good choice for powering high-voltage or high-
current analog circuits without worrying about drawing current from
the driving logic.

DIRECTION CONTROL OF A DC MOTOR

Direction
control

1 = Forward J_ |::
0= Reverse

=

FIGURE 4.79

FIGURE 4.80

Logic input signals applied to this circuit act to
control the direction of rotation of a dc motor.
When the input is set high, the upper NAND
gate outputs a low in response, turning transis-
tors 1 and 4 on. At the same time, the high out-
put from this gate is sent to the input of the
lower NAND gate. The lower gate responses by
outputting a low, thereby turning off transistors
2 and 3. Now, the only direction in which current
can flow through the circuit is from the power
supply through transistor 1, through the motor,
and through transistor 4 to ground. This in turn
causes the motor to turn in one direction. How-
ever, if you now apply a low to the input, tran-
sistors 2 and 3 turn on, while transistors 4 and 1
remain off. This causes current to flow through
the motor in the opposite direction, thereby
reversing the motor’s direction of rotation.

4.3.5 Unijunction Transistors

Unijunction transistors (UJTs) are three-lead devices that act exclusively as electri-
cally controlled switches (they are not used as amplifier controls). The basic opera-
tion of a UJT is relatively simple. When no potential difference exists between its
emitter and either of its base leads (B, or B,), only a very small current flows from B,
to B;. However, if a sufficiently large positive trigger voltage—relative to its base
leads—is applied to the emitter, a larger current flows from the emitter and combines
with the small B,-to-B; current, thus giving rise to a larger B; output current. Unlike
the other transistors covered earlier—where the control leads (e.g., emitter, gate) pro-
vided little or no additional current—the UJT is just the opposite; its emitter current
is the primary source of additional current.
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FIGURE 4.81

FIGURE 4.82

How UJTs Work

A simple model of a UJT is shown in Fig. 4.80. It consists of a single bar of n-type
semiconductor material with a p-type semiconductor “bump” in the middle. One
end of the bar makes up the base 1 terminals, the other end the base 2 terminal, and
the “bump” represents the emitter terminal. Below is a simple “how it works”

explanation.

UJT is off

Emter

/ VE < Vtrigger
AN
i
0

- 0

Small number
of electrons

<—— Conventional current flow

With no voltage applied to the emitter, only a
relatively small number of electrons makes it
through the n-region between base 1 and base
2. Normally, both connectors to bases 1 and 2
are resistive (each around a few thousand
ohms).

UJT is on
Emitter

T / VE > Vtrigger
|

J

,./}/

Large number
of electrons
enter emitter

When a sufficiently large voltage is applied to
the emitter, the emitter-channel pn junction is
forward-biased (similar to forward-biasing a
diode). This in turn allows a large number of
base 1 electrons to exit through the emitter.
Now, since conventional currents are defined

to be flowing in the opposite direction of elec-
tron flow, you would say that a positive current
flows from the emitter and combines with
channel current to produce a larger base 1 out-
put current.

Technical Info

B. B.
v, 2 2
Rez
E
equivalent to E
Rt
I |
E B, B,

Figure 4.82 shows a typical Vg versus I graph of an UJT, as well as a UJT equivalent circuit. In
terms of the UJT theory, if B, is grounded, a voltage applied to the emitter will have no effect (does
not increase conductance from one base to another) until it exceeds a critical voltage, known as
the triggering voltage. The triggering voltage is given by the following expression:

Rs

1
——— V=1 Vg,

Vyrig =
" Re1 + Rez

In this equation, Rz, and Rg, represent the inherent resistance within the region
between each base terminal and the n-channel. When the emitter is open-circuited,
the combined channel resistance is typically around a few thousand ohms, where Rg,;
is somewhat larger than Rg,. Once the trigger voltage is reached, the pn junction is for-
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ward-biased (the diode in the equivalent circuit begins to conduct), and current then
flows from the emitter into the channel. But how do we determine Rg; and Rg,? Will
the manufacturers give you these resistances? They most likely will not. Instead, they
typically give you a parameter called the intrinsic standoff ratio 1. This intrinsic stand-
off ratio is equal to the Rg;/(Rs; + Rg,) term in the preceding expression, provided the
emitter is not conducting. The value of i is between 0 to 1, but typically it hangs out
at a value around 0.5.

TYPICAL APPLICATION (RELAXATION OSCILLATOR)

Ves Most frequently, UJTs are used in oscillator cir-
+10V cuits. Here, a UJT, along with some resistors
T and a capacitor, makes up a relaxation oscilla-
tor that is capable of generating three different

output waveforms. During operation, at one
instant in time, C; charges through Rg until the
voltage present on the emitter reaches the trig-
gering voltage. Once the triggering voltage is
exceeded, the E-to-B; conductivity increases
sharply, which allows current to pass from the
capacitor-emitter region, through the emitter-
base 1 region, and then to ground. C¢ suddenly
loses its charges, and the emitter voltage sud-
denly falls below the triggering voltage. The
. cycle then repeats itself. The resulting wave-
l forms generated during this process are shown
= in the figure. The frequency of oscillation is
determined by the RC charge-discharge period
and is given by

oy
" ReCe In[1/(1-1)]

For example, if R =100 kQ, Cc =0.1 uF,and n =
0.61, then f =106 Hz.

saw-tooth 100K

FIGURE 4.83

Kinds of UJTs

BASIC SWITCHING

These UJTs are used in oscillatory, timing, and
level-detecting circuits. Typical maximum rat-
ings include 50 mA for Ig, 35 to 55 V for the
interbase voltage (Vgg), and 300 to 500 mWw for
power dissipation.

FIGURE 4.84

PROGRAMMABLE (PUTSs)

anode o= APUT is similar to a UJT, except that Rgg, Iy (val-
gate g ley current level), I, (peak current level), and n
Y 0 0 Q (intrinsic standoff ratio) can be programmed by

\/ means of an external voltage divider. Being able

Anode cathode 1O alter these parameters is often essential in

cathode Gate order to eliminate circuit instability. The elec-
tronic symbol for a PUT looks radically differ-

ent when compared with a UJT (see figure). The

lead names are also different; there is a gate
lead, a cathode lead, and an anode lead. PUTs

FIGURE 4.85
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are used to construct timer circuits, high-gain phase-control circuits, and oscillator circuits. | have
included a simple PUT application in the applications section that follows.

Applications

TIMER/RELAY DRIVER

The circuit here causes a relay to throw its
switch from one position to another in a repet-
itive manner. The positive supply voltage
charges up the capacitor. When the voltage
across the capacitor reaches the UJT’s trigger-
ing voltage, the UJT goes into conduction. This
causes the relay to throw its switch to position
2. When the capacitor’s charge runs out, the
voltage falls below the triggering voltage, and
the UJT turns off. The relay then switches to
position 1. R; controls the charging rate of the
capacitor, and the size of the capacitor deter-
mines the amount of voltage used to trigger the
UJT. C also determines the charge rate.

FIGURE 4.86
RAMP GENERATOR WITH AMPLIFIER
V+
v
Rl
100Q
2N4891
B2 2N2222
R4
10K
IR C1
0.001 -22uF
§ R,
47Q £ L
FIGURE 4.87 =

Here, a UJT is combined with a few resistors, a bipolar transistor, and a capacitor to make an oscil-
latory sawtooth generator that has controlled amplification (set by the bipolar transistor). Like the
preceding oscillators, C; and R; set the frequency. The bipolar transistor samples the voltage on
the capacitor and outputs a ramp or sawtooth waveform.
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FIGURE 4.88

4.4 Thyristors

PUT RELAXATION OSCILLATOR

444
(I

CALCULATIONS
PUT begins to conduct when

Va=Vs+0.7V

Here, a PUT is programmed by R; and R; to set
the desired triggering voltage and anode cur-
rent. These two resistors form a voltage divider
that sets the gate voltage V¢ (terminal used to
turn PUT on or off). For a PUT to conduct, the
anode voltage must exceed the gate voltage by
at least 0.7 V. At a moment when the capacitor
is discharged, the gate is reverse-biased, and
the PUT is turned off. Over time, the capacitor
begins charging through R,, and when enough
charge is collected, a large enough voltage will
be present to forward bias the gate. This then
turns the PUT on (i.e., if the anode current I,
exceeds the peak current Ip). Next, the capaci-
tor discharges through the PUT and through
Ra. (Note: When a PUT is conducting, the volt-
age from the anode to the cathode is about 1V.)
As the capacitor reaches full discharge, the
anode current decreases and finally stops

when the gate no longer has a sufficient volt-

where Vs is set by the voltage divider: . . X
age applied to it. After that, the charging

Vo= R A begins again, and the cycle repeats itself, over
Re+ Ry and over again. By taping the circuit at the gate

When V, is reached, the anode current becomes: and source terminals, you can output both a
V.V, spiked and sawtooth wave pattern.

" R+R

4.4.1 Introduction

Thyristors are two- to four-lead semiconductor devices that act exclusively as
switches—they are not used to amplify signals, like transistors. A three-lead thyristor
uses a small current/voltage applied to one of its leads to control a much larger cur-
rent flow through its other two leads. A two-lead thyristor, on the other hand, does
not use a control lead but instead is designed to switch on when the voltage across its
leads reaches a specific level, known as the breakdown voltage. Below this breakdown
voltage, the two-lead thyristor remains off.

You may be wondering at this point, Why not simply use a transistor instead of a
thyristor for switching applications? Well, you could—often transistors are indeed
used as switches—but compared with thyristors, they are trickier to use because they
require exacting control currents/voltages to operate properly. If the control cur-
rent/voltage is not exact, the transistor may lay in between on and off states. And
according to common sense, a switch that lies in between states is not a good switch.
Thyristors, on the other hand, are not designed to operate in between states. For these
devices, it is all or nothing—they are either on or off.

In terms of applications, thyristors are used in speed-control circuits, power-
switching circuits, relay-replacement circuits, low-cost timer circuits, oscillator cir-
cuits, level-detector circuits, phase-control circuits, inverter circuits, chopper circuits,
logic circuits, light-dimming circuits, motor speed-control circuits, etc.
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TABLE 4.3 Major Kinds of Thyristors

TYPE

SYMBOL MODE OF OPERATION

Silicon-controlled
rectifier (SCR)

Normally off, but when a small current enters its gate (G), it turns on.
Even when the gate current is removed, the SCR remains on.To turn it

c off, the anode-to-cathode current flow must be removed, or the anode
must be set to a more negative voltage than the cathode. Current flows
in only one direction, from anode (A) to cathode (C).

Silicon-controlled
switch (SCS)

¢ voltage pulse to a four-lead, called the anode gate. This device also can
be made to trigger on when a negative voltage is applied to the anode-
anode gate gate lead. Current flows in one direction, from anode (A) to cathode (C).

G
-

G! Similar to an SCR, but it can be made to turn off by applying a positive
A

Triac

Similar to a SCR, but it can switch in both directions, meaning it can
switch ac as well as dc currents. A triac remains on only when the gate
is receiving current, and it turns off when the gate current is removed.
Current flows in both directions, through MT1 and MT2.

Four-layer diode

It has only two leads.When placed between two points in a circuit, it acts

leads is below a specific breakdown voltage, it remains off. However,
when the voltage difference exceeds the breakdown point, it turns on.
Conducts in one direction, from anode (A) to cathode (C).

Diac

Similar to the four-layer diode but can conduct in both directions.
Designed to switch either ac or dc.

G
as a voltage-sensitive switch.As long as the voltage difference across its
A —®‘ C

FIGURE 4.89

Table 4.3 provides an overview of the major kinds of thyristors. When you see the
phrase turns it on, this means a conductive path is made between the two conducting
leads [e.g., anode (A) to cathode (C), MT1 to MT2). Normally off refers to the condition
when no voltage is applied to the gate (the gate is open-circuited). | will present a
closer look at these thyristors in the subsections that follow.

4.4.2 Silicon-Controlled Rectifiers

SCRs are three-lead semiconductor devices that act as electrically controlled switches.
When a specific positive trigger voltage/current is applied to the SCR’s gate lead (G),
a conductive channel forms between the anode (A) and the cathode (C) leads. Current
flows in only one direction through the SCR, from anode to cathode (like a diode).

G

anode gate

Another unique feature of an SCR, besides its current-controlled switching, has to
do with its conduction state after the gate current is removed. After an SCR is trig-
gered into conduction, removing the gate current has no effect. That is, the SCR will
remain on even when the gate current/voltage is removed. The only way to turn the
device off is to remove the anode-to-cathode current or to reverse the anode and cath-
odes polarities.
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In terms of applications, SCRs are used in switching circuits, phase-control cir-
cuits, inverting circuits, clipper circuits, and relay-control circuits, to name a few.

How SCRs Work

An SCR is essentially just an npn and a pnp bipolar transistor sandwiched together, as
shown in Fig. 4.90. The bipolar transistor equivalent circuit works well in describing
FIGURE 4.90 how the SCR works.

"anode"
o
anode
equivalent to "gate' O———+o
-PE e
cathode
(o]
"cathode"

THE SCR IS OFF

Using the bipolar equivalent circuit, if the gate is not set to a specific positive voltage needed to turn the npn transistor on,
the pnp transistor will not be able to“sink” current from its own base. This means that neither transistor will conduct, and
hence current will not flow from anode to cathode.

THE SCR IS ON

If a positive voltage is applied to the gate, the npn transistor’s base is properly biased, and it turns on. Once on, the pnp tran-
sistor’s base can now “sink” current though the npn transistor’s collector—which is what a pnp transistor needs in order to
turn on. Since both transistors are on, current flows freely between anode and cathode. Notice that the SCR will remain on
even after the gate current is removed. This—according to the bipolar equivalent circuit—results from the fact that both
transistors are in a state of conduction when the gate current is removed. Because current is already in motion through the
pnp transistors base, there is no reason for the transistors to turn off.

Basic SCR Applications
BASIC LATCHING SWITCH

Vv, Here, an SCR is used to construct a simple
latching circuit. S; is a momentary contact, nor-
mally open pushbutton switch, while S, is a

S, momentary contact, normally closed pushbut-

normally ton switch. When S; is pushed in and released,

S, @) closed a small pulse of current enters the gate of the

normally _| SCR, thus turning it on. Current will then flow
open 0

through the load. The load will continue to
receive current until the moment S, is pushed,
§ Rs at which time the SCR turns off. The gate resis-

tor acts to set the SCR’s triggering voltage/cur-
rent. We'll take a closer look at the triggering
specifications in a second.

load

FIGURE 4.91 =
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FIGURE 4.92

FIGURE 4.93

ADJUSTABLE RECTIFIER

: N ala
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Here, an SCR is used to rectify a sinusoidal signal that is to be used to power a load. When a sinu-
soidal waveform is applied to the gate, the SCR turns on when the anode and gate receive the pos-
itive going portion of the waveform (provided the triggering voltage is exceeded). Once the SCR
is on, the waveform passes through the anode and cathode, powering the load in the process.
During the negative going portion of the waveform, the SCR acts like a reverse-biased diode; the
SCR turns off. Increasing R; has the effect of lowering the current/voltage supplied to the SCR’s
gate. This in turn causes a lag in anode-to-cathode conduction time. As a result, the fraction of the
cycle over which the device conducts can be controlled (see graph), which means that the average
power dissipated by Rj,.q can be adjusted. The advantage of using an SCR over a simple series
variable resistor to control current flow is that essentially no power is lost to resistive heating.

DC MOTOR SPEED CONTROLLER

+10V +3to 6V An SCR along with a few resistors, a capacitor,
and a UJT can be connected together to make a
variable-speed control circuit used to run a dc
motor. The UJT, the capacitor, and the resistors

dcmotor make up an oscillator that supplies an ac volt-
age to the SCR’s gate. When the voltage at the
gate exceeds the SCR’s triggering voltage, the
SCR turns on, thus allowing current to flow
through the motor. Changing the resistance of
R; changes the frequency of the oscillator and
hence determines the number of times the
SCR’s gate is triggered over time, which in turn
controls the speed of the motor. (The motor
appears to turn continuously, even though it is
receiving a series of on/off pulses. The number
of on cycles averaged over time determines the
speed of the motor.) Using such a circuit over a
simple series variable resistor to control the
speed of the motor wastes less energy.

Kinds of SCRs

Some SCRs are designed specifically for phase-control applications, while others are
designed for high-speed switching applications. Perhaps the most distinguishing fea-
ture of SCRs is the amount of current they can handle. Low-current SCRs typically
come with maximum current/voltage ratings approximately no bigger than 1 A/100
V. Medium-current SCRs, on the other hand, come with maximum current/voltage
ratings typically no bigger than 10 A/100 V. The maximum ratings for high-current
SCRs may be several thousand amps at several thousand volts. Low-current SCRs
come in plastic or metal can-like packages, while medium and high-current SCRs
come with heat sinks built in.
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Technical Stuff

Here are some common terms used by the manufacturers to describe their SCRs:

VDRM

IDRM

VRMM

IRMM

On state-voltage. The anode-to-cathode voltage present when the SCR is on.

Gate trigger current. The minimum gate current needed to switch the SCR on.

Gate trigger voltage. The minimum gate voltage required to trigger the gate trigger current.
Holding current. The minimum current through the anode-to-cathode terminal required
to maintain the SCR’s on state.

Peak gate power dissipation. The maximum power that may be dissipated between the
gate and the cathode region.

Repetitive peak off-state voltage. The maximum instantaneous value of the off-state volt-
age that occurs across an SCR, including all repetitive transient voltages but excluding
all nonrepetitive transient voltages.

Repetitive peak off-state current. The maximum instantaneous value of the off-state cur-
rent that results from the application of repetitive peak off-state voltage.

Repetitive peak reverse voltage. The maximum instantaneous value of the reverse voltage
that occurs across an SCR, including all repetitive transient voltages but excluding all
nonrepetitive transient voltages.

Repetitive peak reverse current. Maximum instantaneous value of the reverse current that
results from the application of repetitive peak reverse voltage.

Here’s a sample section of an SCR specifications table to give you an idea of what to expect
(Table 4.4).

TABLE 4.4 Sample Section of an SCR Specifications Table

VDRM ’DRM ’RRM ’GT VGT ’H
(MIN) (MAX) (MAX) v (TYPIMAX) (TYP/MAX) (TYP/IMAX) Per
MNFR # ) (MA) (mA) ) (mA) ) (MA) W)
2N6401 100 2.0 2.0 17 5.0/30 0.7/1.5 6.0/40 5

4.4.3 Silicon-Controlled Switches

A silicon-controlled switch (SCS) is a device similar to an SCR, but it is designed to
turn off when a positive voltage/input current pulse is applied to an additional anode
gate lead. The device also can be triggered into conduction by applying a negative
voltage/output current pulse to the same lead. Other than this, the SCS behaves just
like an SCR (see last section for the details). Figure 4.95 shows the symbol for an SCS.
Note that the lead names may not appear as cathode, gate, and anode gate. Instead, they
may be referred to as emitter (cathode), base (gate), and collector (anode gate).

anode

FIGURE 4.95

gae
(base)

cathode
(emitter)

anode gate

(collector)
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SCSs are used in counters, lamp drivers, power-switching circuits, and logic cir-
cuits, as well as in essentially any circuit that requires a switch that can be turned on
and off by two separate control pulses.

How an SCS Works

Figure 4.96 shows a basic n-type/p-type silicon model of an SCS, along with its bipo-
lar equivalent circuit. As you can see, the equivalent circuit looks a lot that the SCR
equivalent circuit, with the exception of the anode gate connection. When a positive
pulse of current is applied to the gate, the npn transistor turns on. This allows current
to exit the pnp transistor’s base, hence turning the pnp transistor on. Now that both
transistors are on, current can flow from anode to cathode—the SCS is turned on. The
SCS will remain on until you remove the anode-to-cathode current, reverse the anode
and cathode polarities, or apply a negative voltage to the anode gate. The negative
anode gate voltage removes the transistor’s self-sustaining biasing current.

"anode”

Gate | P // gate

anode

anode

F} Anode gate gate ¢——0 "anode gate”
equivalent to "gate"

N cathode fe)
1 "cathode'
Cathode

FIGURE 4.96

FIGURE 4.97

Specifications

When buying an SCS, make sure to select a device that has the proper breakdown
voltage, current, and power-dissipation ratings. A typical specification table will pro-
vide the following ratings: BVcg, BVeg, BV, Ig, ¢, Iy (holding current), and Py, (power
dissipation). Here | have assumed the alternate lead name designations.

4.4.4 Triacs

Triacs are devices similar to SCRs—they act as electrically controlled switches—but
unlike SCRs, they are designed to pass current in both directions, therefore making
them suitable for ac applications. Triacs come with three leads, a gate lead and two
conducting leads called MT1 and MT2. When no current/voltage is applied to the
gate, the triac remains off. However, if a specific trigger voltage is applied to the gate,
the device turns on. To turn the triac off, the gate current/voltage is removed.

gate

MT14@7 MT2
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FIGURE 4.98

FIGURE 4.99

Triacs are used in ac motor control circuits, light-dimming circuits, phase-control
circuits, and other ac power-switching circuits. They are often used as substitutes for
mechanical relays.

How a Triac Works

Figure 4.98 shows a simple n-type/p-type silicon model of a triac. This device resem-
bles two SCRs placed in reverse parallel with each other. The equivalent circuit
describes how the triac works.

MT2 "MT2"
s
.
N J equivalentto )
7 gate
7
Gate P |
/ MT1 "gate" "MT1"

TRIAC IS OFF

Using the SCR equivalent circuit, when no current/voltage is applied to the gate lead, neither of
the SCRs’ gates receives a triggering voltage; hence current cannot flow in either direction
through MT1 and MT2.

TRIAC IS ON

When a specific positive triggering current/voltage is applied to the gate, both SCRs receive suf-
ficient voltage to trigger on. Once both SCRs are on, current can flow in either direction through
MT1 to MT2 or from MT2 to MT1. If the gate voltage is removed, both SCRs will turn off when the
ac waveform applied across MT1 and MT2 crosses zero volts.

Basic Applications

SIMPLE SWITCH

load Here is a simple circuit showing how a triac

o [} acts to permit or prevent current from reaching

T a load. When the mechanical switch is open, no
current enters the triac’s gate; the triac remains

acinput 9 off, and no current passes through the load.
(eg. 120V) Rs When the switch is closed, a small current slips
l J_O/ through Rg, triggering the triac into conduction

o s (provided the gate current and voltage exceed

the triggering requirements of the triac). The
alternating current can now flow through the
triac and power the load. If the switch is open
again, the triac turns off, and current is pre-
vented from flowing through the load.
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FIGURE 4.100

FIGURE 4.101

FIGURE 4.102
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Atriac along with a variable resistor and a capacitor can be used to construct an adjustable full-wave
rectifier. The resistance R of the variable resistor sets the time at which the triac will trigger on.
Increasing R causes the triac to trigger at a later time and therefore results in a larger amount of clip-
ping (see graph).The size of C also determines the amount of clipping that will take place. (The capac-
itor acts to store charge until the voltage across its terminals reaches the triac’s triggering voltage. At
that time, the capacitor will dump its charge.) The reason why the capacitor can introduce additional
clipping results from the fact that the capacitor may cause the voltage at the gate to lag the MT2-to-
MT1 voltage (e.g., even if the gate receives sufficient triggering voltage, the MT2-to-MT1 voltage may
be crossing zero volts). Overall, more clipping results in less power supplied to the load. Using this
circuit over asimple series variable resistor connected to a load saves power. A simple series variable
resistor gobbles up energy. This circuit, however, supplies energy-efficient pulses of current.

AC LIGHT DIMMER

120V This circuit is used in many household dimmer

@ 100w switches. The diac—described in the next sec-

o *t tion—acts to ensure accurate triac triggering.
R (The diac acts as a switch that passes current

1K triac when the voltage across its leads reaches a set

R, diac > breakdown value. Once the breakdown voltage
120V 500K A is reached, the diac release a pulse of current.)
ac In this circuit, at one moment the diac is off.
However, when enough current passes through
0.1uF the resistors and charges up the capacitor to a
50v T voltage that exceeds the diac’s triggering volt-
o * age, the diac suddenly passes all the capacitor’s
charge into the triac’s gate. This in turn causes
the triac to turn on and thus turns the lamp on.
After the capacitor is discharged to a voltage
below the breakdown voltage of the diac, the
diac turns off, the triac turns off, and the lamp
turns off. Then the cycle repeats itself, over and
over again. Now, it appears that the lamp is on
(or dimmed to some degree) because the on/off
cycles are occurring very quickly. The lamp’s
brightness is controlled by R,.

AC MOTOR CONTROLLER

motor

This circuit has the

I R, triac same basic structure
100K 100Q as the light dimmer

120V ’_» 2w m 12w c_i rcuit, with the excep-
a w tion of the tranS@nt
c, i - c, suppressor  section

J 0.1uF diac 0.22uF (R:C;). The speed of
100V T T 200V the motor is adjusted

(e} - -

by varying R;.



Semiconductors 189

FIGURE 4.103

FIGURE 4.104

Kinds of Triacs

Triacs come in low-current and medium-current forms. Low-current triacs typically
come with maximum current/voltage ratings no bigger than 1 A/(several hundred
volts). Medium-current triacs typically come with maximum current/voltage rating
of up to 40 A/(few thousand volts). Triacs cannot switch as much current as high-
current SCRs.

Low current High current

Technical Stuff

Here are some common terms used by the manufacturers to describe their triacs:

ltrusmax ~ RMS on-state current. The maximum allowable MT1-to-MT2 current

loT max DC gate trigger current. The minimum dc gate current needed to switch the triac on

Vot max DC gate trigger voltage. The minimum dc gate voltage required to trigger the gate trig-
ger current

Iy DC holding current. The minimum MT1-to-MT2 dc current needed to keep the triac in
its on state

Pom Peak gate power dissipation. The maximum gate-to-MT1 power dissipation

lsurge Surge current. Maximum allowable surge current

Here’s a sample section of a triac specifications table to give you an idea of what to expect
(Table 4.5).

TABLE 4.5 Sample Section of a Triac Specifications Table

’T,RMS Ior Ver

MAX. MAX. MAX. Veon Iy Isurce
MNFR # (A) (MA) ) ) (MA) (A)
NTE5600 4.0 30 25 2.0 30 30

4.4.5 Four-Layer Diodes and Diacs

Four-layer diodes and diacs are two-lead thyristors that switch current without the
need of a gate signal. Instead, these devices turn on when the voltage across their
leads reaches a particular breakdown voltage (or breakover voltage). A four-layer diode
resembles an SCR without a gate lead, and it is designed to switch only dc. A diac
resembles a pnp transistor without a base lead, and it is designed to switch only ac.

four-layer diode

diac
anode 4@7 cathode 4@7
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FIGURE 4.105

Four-layer diodes and diacs are used most frequently to help SCRs and triacs trig-
ger properly. For example, by using a diac to trigger a triac’s gate, as shown in Fig.
4.1053, you can avoid unreliable triac triggering caused by device instability resulting
from temperature variations, etc. When the voltage across the diac reaches the break-
down voltage, the diac will suddenly release a “convincing” pulse of current into the
triac’s gate.

FULL-WAVE PHASE
CONTROL CIRCUIT

CIRCUIT USED TO MEASURE DIAC
CHARACTERISTICS

0—: diac under test
100K
load 33K 7K m

(<1500W) triac w
diac

120VAC 200K § 120V, O1LF

60 Hz 60 Hz S

[
0.1uF ¢
woov T '

(e} L

The circuit in Fig. 4.105 right is used to measure diac characteristics. The 100-kQ
variable resistor is adjusted until the diac fires once for every half-cycle.

Specifications

Here’s a typical portion of a specifications table for a diac (Table 4.6).

TABLE 4.6 Sample Section of a Diac Specifications Table

’BD
VBo MAX ’PULSE VSWITCH Pp
MNFR # W) (LA) A) ) (mw)
NTE6411 40 100 2 6 250

Here, Vg, is the breakover voltage, lgo is the breakover current, Iy is the maximum
peak pulse current, Vg,icn is the maximum switching voltage, and Py, is the maximum
power dissipation.



CHAPTER 5

FIGURE 5.1

Optoelectronics

Optoelectrics is a branch of electronics that deals with light-emitting and light-
detecting devices. Light-emitting devices, such as lamps and light-emitting diodes
(LEDs), create electromagnetic energy (e.g., light) by using an electric current to
excite electrons into higher energy levels (when an electron changes energy levels, a
photon is emitted). Light-detecting devices such as phototransistors and photoresis-
tors, on the other hand, are designed to take incoming electromagnetic energy and
convert it into electric currents and voltages. This is usually accomplished using pho-
tons to liberate bound electrons within semiconductor materials. Light-emitting
devices typically are used for illumination purposes or as indicator lights. Light-
detecting devices are used primarily in light-sensing and communication devices,
such as dark-activated switches and remote controls. This chapter examines the fol-
lowing optoelectronic devices: lamps, LEDs, photoresistors, photodiodes, solar cells,
phototransistors, photothyristors, and optoisolators.

@ ,, // 7 i
= ©'/ %
Lamp LED Photoresistor Phototransistor, Solar cell Optoisolators
photodiode,
photothyristor

5.1 A Little Lecture on Photons

Photons are the elemental units of electromagnetic radiation. White light, for example,
is composed of a number of different kinds of photons; some are blue photons, some
are red photons, etc. It is important to note that there is no such thing as a white pho-
ton. Instead, when the combination of the various colored photons interacts with our
eye, our brain perceives what we call white light.

191
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Photons are not limited to visible light alone. There are also radiofrequency pho-
tons, infrared photons, microwave photons, and other kinds of photons that out eyes
cannot detect.

In terms of the physics, photons are very interesting creatures. They have no rest
mass, but they do carry momentum (energy). A photon also has a distant wavelike
character within its electromagnetic bundle. The wavelength of a photon (horizontal
distance between consecutive electrical or magnetic field peaks) depends on the
medium in which it travels and on the source that produced it. It is this wavelength
that determines the color of a photon. A photon’s frequency is related to its wave-
length by A = v/f, where v is the speed of the photon. In free space, v is equal to the
speed of light (c = 3.0 x 108 m/s), but in other media, such as glass, v becomes smaller
than the speed of light. A photon with a large wavelength (or small frequency) is less
energetic than a photon with a shorter wavelength (or a higher frequency). The
energy of a photon is equal to E = hf, where h is Planck’s constant (6.63 x 107** J-s).

The trick to “making” a photon is to accelerate/decelerate a charged particle. For
example, an electron that is made to vibrate back and forth within an antenna will pro-
duce radiofrequency photons that have very long wavelengths (low energies) when
compared with light photons. Visible light, on the other hand, is produced when outer-
shell electrons within atoms are forced to make transitions between energy levels, accel-
erating in the process. Other frequency photons may be created by vibrating or rotating
molecules very quickly, while still others, specifically those with very high energy (e.g.,

FIGURE 5.2 gamma rays), can be created by the charge accelerations within the atomic nuclei.
Electromagnetic Spectrum
Frequency Wavelength Photon energy PhYSi_Cfil Artificial
(H2) (m) Q@ origin generation
— ] . Atomic nuclei Accelerators
e — 10% —| 10% grays
] — — Inner electrons
| 1018 - 10710 — 10-15 X_rays X-ray tubes
a 1nm _| ] Inner and
outer electrons
_1 10% — 107 — 108 Ultraviolet Lasers
1um nght Outer electrons Arcs
] = ] Sparks
_] | Molecular vibrations Lamps
] Infrared and rotations _
1THz —| 4o — 10* — 10 Hot bodies
] o N . Electron spin
| lem _| _ Microwaves Nuclear spin
1GHz _| 10 — 1o* | 10%
— m - — — Electronic
] ] circuits
1MHz | 10° — 10° — 107
1km _| _| Radiofrequency
1kHz —{ 108 - 10° — 10%
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5.2 Lamps

Figure 5.2 shows the breakdown of the electromagnetic spectrum. Radiofrequency
photons extend from a few hertz to about 10° Hz (wavelengths from kilometers to
about 0.3 m). They are often generated by alternating currents within power lines and
electric circuits such as radio and television transmitters.

Microwave photons extend from about 10° up to 3 x 10" Hz (wavelengths from 30
cm to 1 mm). These photons can penetrate the earth’s atmosphere and hence are used
in space vehicle communications, radio astronomy, and transmitting telephone con-
versations to satellites. They are also used for cooking food. Microwaves are often
produced by atomic transitions and by electron and nuclear spins.

Infrared photons extend from about 3 x 10" to 4 x 10* Hz. Infrared radiation is cre-
ated by molecular oscillations and is commonly emitted from incandescent sources
such as electric heaters, glowing coals, the sun, human bodies (which radiate photons
in the range of 3000 to 10,000 nm), and special types of semiconductor devices.

Light photons comprise a narrow frequency band from about 3.84 x 10* to about
7.69 x 10* Hz and are generally produced by a rearrangement of outer electrons in
atoms and molecules. For example, in the filament of an incandescent light bulb,
electrons are randomly accelerated by applied voltages and undergo frequent colli-
sion. These collisions result in a wide range of electron acceleration, and as a result,
a broad frequency spectrum (within the light band) results, giving rise to white
light.

Ultraviolet photons extend from approximately 8 x 10 to 3.4 x 10%* Hz and are
produced when an electron in an atom makes a long jump down from a highly
excited state. The frequency of ultraviolet photons—unfortunately for us—tend to
react badly with human cell DNA, which in turn can lead to skin cancer. The sun
produces a large output of ultraviolet radiation. Fortunately for us, protective
ozone molecules in the upper atmosphere can absorb most of this ultraviolet radia-
tion by converting the photon’s energy into a vibrating motion within the ozone
molecule.

X-rays are highly energetic photons that extend from about 2.4 x 10 to 5 x 10* Hz,
making their wavelengths often smaller than the diameter of an atom. One way of
producing x-rays is to rapidly decelerate a high-speed charged particle. X-rays tend
to act like bullets and can be used in x-ray imagery.

Gamma rays are the most energetic of the photons, whose frequency begins
around 5 x 10% Hz. These photons are produced by particles undergoing transitions
within the atomic nuclei. The wavelike properties of gamma rays are extremely diffi-
cult to observe.

Lamps are devices that convert electric current into light energy. One approach used
in the conversion process is to pass a current through a special kind of wire filament.
As current collides with the filament’s atoms, the filament heats up, and photons are
emitted. (As it turns out, this process produces a variety of different wavelength pho-
tons, so it appears that the emitted light is white in color.) Another approach used to
produce light involves placing a pair of electrodes a small distance apart within a
glass gas-enclosed bulb. When a voltage is set across the electrodes, the gas ionizes
(electrons are striped from the gas atoms) emitting photons in the process. Here’s an
overview of some of the major kinds of lamps.



194 PRACTICAL ELECTRONICS FOR INVENTORS

Incandescent

These lamps use a tungsten wire filament to
Tungsten produce a glowing white light when current
filament passes through it. The filament is enclosed in
an evacuated glass bulb filled with a gas such
as argon, krypton, or nitrogen that helps
increase the brilliance of the lamp and also
helps prevent the filament from burning out
¥ — Insulator (as would be the case in an oxygen-rich envi-

- Electrode 2

Eleckrodel ronment). Incandescent lamps are used in
flashlights, home lighting, and as indicator
lights. They come in a variety of different sizes
and shapes, as well as various current, voltage,
and candlelight power ratings.

Halogen

Similar to a typical incandescent lamp, these
lamps provide ultrabright output light. Unlike
a typical incandescent lamp, the filament is
coated on the inside of a quartz bulb. Within
this bulb, a halogen gas, such as bromine or
iodine, is placed. These lamps are used in pro-
jector lamps, automotive headlights, strobe
lights, etc.

s

Gas-Discharge

Electrodes This lamp produces a dim, pale light that results
from the ionization of neon gas molecules
between two electrodes within the bulb. Types
of gas-discharge lamps include neon, xenon
flash, and mercury vapor lamps. Gas-discharge
lamps have a tendency to suddenly switch on
when a particular minimum operating voltage
is met. For this reason, they are sometimes used
in triggering and voltage-regulation applica-
tions. They are also used as indicator lights and
for testing home ac power outlets.

Fluorescent

i

/n
Al

Y

This is a lamp consisting of a mercury vapor—filled glass tube whose inner wall is coated with a
material that fluoresces. At either end of the tube are cathode and anode incandescent filaments.
When electrons emitted from an incandescent cathode electrode collide with the mercury atoms,
ultraviolet (UV) radiation is emitted. The UV radiation then collides with the lamp’s florescent
coating, emitting visible light in the process. Such lamps require an auxiliary glow lamp with
bimetallic contacts and a choke placed in parallel with the cathode and anode to initiate discharge
within the lamp. These are highly efficient lamps that are often used in home lighting applications.

it

-»i-ul(mm[/

FIGURE 5.3
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Xenon Flash Lamp

This is a gas-discharge lamp that is filled with
= Trigger axenon gas that ionizes when a particular volt-
-, — electrode age is applied across its electrodes. These
lamps come with three leads: an anode, a cath-
ode, and a trigger-voltage lead. Normally, a

particular voltage is applied across the anode

FIGURE 5.3 (Continued) and cathode leads, and the lamp is off. However, when a particular volt-

age is applied to the trigger lead, the gas suddenly ionizes and releases
an extremely bright flash. These lamps are used in photographic appli-
cations and in special-effects lighting projects.

Technical Stuff about Light Bulbs

Alamp’s brightness is measured in what is called the mean spherical candle power (MSCP).
Bulb manufacturers place a lamp at the center of an integrating sphere that averages the
lamp’s light output over its surface. The actual value of the MSCP for a lamp is a func-
tion of color temperature of the emitting surface of the lamp’s filament. For a given tem-
perature, doubling the filament’s surface area doubles the MSCP. Other technical things
to consider about lamps include voltage and current ratings, life expectancy, physical
geometry of the bulb, and filament type. Table 5.1 shows typical specifications for an
incandescent lamp. Figure 5.4 shows a number of different bulb types.

TABLE 5.1 Typical Incandescent Lamp Specifications

DESIGN FILAMENT  LIFE EXPECTANCY
MNFR # VOLTAGE LIFE AMPS MSCP (HOURS) FILAMENT TYPE
PR2 2.38 0.500 0.800 15 C-2R
Incandescent bulbs Filaments
% é C-6
. Midget screw
. - i Midget

T-3/4wire  T-3/4 Bi-pin '\fll'gjnggeg groove gc_m

gg é C-2F
g;w)?

CC-6
P

CC-2F

Dgpa
e

Bi-pin Midget screw Bayonet Screw—insulated
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5.3 Light-Emitting Diodes

FIGURE 5.5

FIGURE 5.6

Light-emitting diodes (LEDs) are two-lead devices that are similar to pn-junction
diodes, except that they are designed to emit visible or infrared light. When a LED’s
anode lead is made more positive in voltage than its cathode lead (by at least 0.6 to
2.2 V), current flows through the device and light is emitted. However, if the polari-
ties are reversed (anode is made more negative than the cathode), the LED will not
conduct, and hence it will not emit light. The symbol for an LED is shown below.

&
anode N @ B cathode

Unlike lamps, which give off a wide range of different colored photons—yielding
white light—LEDs only give off a particular color photon. Typical emitted photon
colors are red, yellow, green, and infrared. In terms of applications, LEDs are fre-
qguently used as indicator lights for displays or for low-level lighting applications
(e.g., bicycle signal lights). Often, LEDs (especially infrared LEDs) are used as trans-
mitting elements in remote-control circuits (e.g., TV remote control). The receiving
element in this case may be a phototransistor that responds to changes in LED light
output by altering the current flow within the receiving circuit.

5.3.1 How an LED Works

_— Epoxy lens
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The light-emitting section of an LED is made by joining n-type and p-type semicon-
ductors together to form a pn junction. When this pn junction is forward-biased, elec-
trons in the n side are excited across the pn junction and into the p side, where they
combine with holes. As the electrons combine with the holes, photons are emitted.
Typically, the pn-junction section of an LED is encased in an epoxy shell that is doped
with light-scattering particles to diffuse the light and make the LED appear brighter.
Often a reflector placed beneath the semiconductor is used to direct light upward.
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The cathode and anode leads are made from a heavy-gauge conductor to help wick
heat away from the semiconductor.

FIGURE 5.7 5.3.2 Kinds of LEDs

Visible-Light LEDs

Blinking LEDs

green

Cathode

LED Displays

LED elements

a = Anode
N.C. = No connection

These LEDs are inexpensive and durable devices that typically are used
as indicator lights. Common colors include green (~565 nm), yellow
(~585 nm), orange (~615 nm), and red (~650 nm). Maximum forward volt-
ages are about 1.8V, with typical operating currents from 1 to 3 mA. Typi-
cal brightness levels range from 1.0 to 3.0 mcd/1 mA to 3.0 mcd/2 mA.
High-brightness LEDs also exist that are used in high-brightness flashers
(e.g., bicycle flashers).

These LEDs are designed to emit infrared photons that have wavelength
between approximately 880 and 940 nm. They are used in conjunction
with a photosensor (e.g., photodiode, photoresistor, phototransistor) in
remote-control circuits (e.g., TV remotes, intrusion alarms). They tend to
have a narrower viewing angle when compared with a visible-light LED
so that transmitted information can be directed efficiently. Photon output
is characterized in terms of output power per specific forward current.
Typical outputs range from around 0.50 mW/20 mA to 8.0 mW/50 mA.
Maximum forward voltages at specific forward currents range from about
1.60V at 20 mA to 2.0V at 100 mA.

These LEDs contain a miniature integrated circuit within their package
that causes the LED to flash from 1 to 6 times each second. They are used
primary as indicator flashers, but may be used as simple oscillators.

These devices behave like two LEDs placed in parallel but facing opposite
directions. One LED is typically red or orange in color, while the other is
green. When current flows through the device in one direction, one of the
LEDs turns on, while the other is reversed-biased (off). When the direc-
tion of current is reverse, the first LED turns off, and the second one turns
on. They are used as a polarity indicator and usually come with a maxi-
mum voltage rating of about 3V and operating range from 10 to 20 mA.

These are used for displaying numbers and other characters. In the LED
display shown here, seven individual LEDs are used to make up the dis-
play. When a voltage is applied across one of the LEDs, a portion of the
8 lights up. Unlike liquid-crystal displays, LED displays tend to be more
rugged, but they also consume more power. Displays are discussed in
greater detail in Appendix I.
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FIGURE 5.8

5.3.3 Technical Stuff about LEDs

Like conventional pn-junction diodes, LEDs are current-dependent devices. To con-
trol an LED’s output intensity, the current that enters the diode (called the forward
current, or I¢) is varied. The maximum amount of current an LED can handle under
continuous drain is relatively small, perhaps as much as 100 mA. However, LEDs can
handle a considerable amount of pulsed current, perhaps as large as 10 A.

To protect a diode from excessive current, a resistor is placed in series with the
LED. The value of the series resistor Rs depends on the forward voltage V¢ of the LED,
the supply voltage V., and the desired forward current I;. To find the value of R,
apply Ohm’s law, as shown in Fig. 5.8a.

CURRENT LIMITING REVERSE-VOLTAGE
RESISTOR PROTECTION
V,=6v
RS
V.-V,
Rs= £
.= 20mA Ry= 2200 le
6V -16V
Rs= 720 A =220Q
Vo= 16V X

Like conventional pn-junction diodes, LEDs have a reversed breakdown voltage
Vi that, if exceeded, may result in a zapped semiconductor. The reversed breakdown
voltage for LEDs is relatively small, typically around 5 V. To provide reverse polarity
protection to a LED, a diode can be placed in series and in the reverse direction with
respect to the LED; the diode will conduct before the reversed voltage across the LED
becomes dangerously large (see Fig. 5.8b). It is important to note that LEDs provide a
small voltage drop when placed in circuits—a result of the pn junction. The magni-
tude of this voltage drop is equal to the forward voltage V¢ and may vary from 0.6 V
to around 2.2 V depending of the type of semiconductors used. Table 5.2 shows a typ-
ical specification listing for a few types of LEDs.
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TABLE 5.2 Typical LED Specifications

TYPICAL MAX.
FORWARD REVERSE MAX. DC MAX.
TYPICAL LUMINOUS VOLTAGE BREAKDOWN FORWARD POWER
VIEWING INTENSITY DROP VOLTAGE CURRENT DISSIPATION
TYPE OF ANGLE (MCD) ) ) (mA) (mw)
MNFR # LED PACKAGE (DEGREES) COLOR Iy Ve Va I Py
NTE3000 Indicator T 80 Clear red 14 1.65 5 40 80
NTE3010 Indicator T1 90 Green 1 2.2 5 35 105
NTE3026 Tristate T1% 50 Red/green 1.5, red 1.65, red — 70, red 200
0.5, green 2.2,green — 35, green
NTE3130 Blinker (3 Hz) T-1% 30 Yellow blinking 3 5.25 0.4 20 —
NTE3017 Infrared — — 900 nm — 1.28 6 100 175
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5.3.4 Basic LED Operations

LED Brightness Control

breakdown  Here, a 1-k variable resistor is used to control

100 - region the amount of current that passes through the
__ 80 LED and in turn acts to control the brightness.
g 0 Rs is used to protect the LED from excessive
= current and is found by using

40

R5:V+—VF/IF

V+
20 -~
1K \ When an LED begins to conduct, the voltage
1 2 3 increases gradually, while the current increases
Ve (V) rapidly. Too much current will overheat the
Rs LED.
\\ linear region
overheating

\ \ \ \ \
20 40 60 80 100

I (mA)

Light output

Voltage-Level Indicator

diod . . .
lode come with various breakdown voltages, so it is
possible to connect a number of these types of
circuits in parallel to form a voltage indicator

\A The circuit shows how an LED along with a
zener diode can be used to make a voltage-
level indicator circuit. Whenever the voltage V,
Rs exceeds the breakdown voltage of the zener
diode, the zener diode conducts and allows
zener current to pass through the LED. Zener diodes
\\ display.

Logic Probes

The circuit shown here indicates how an LED

V+
can be used to display the status of a logic gate.
v When the output of a logic gate is attached to
2200 T the input of this circuit, a high will turn on the
transistors and will light the LED. However, a
100K low applied to the input will turn the LED off.
input The rightmost circuit shows how a flasher LED
A 4 can be used to do the same thing. This circuit
works with TTL gates and with high-output
input —|:>o— CMOS gates.
R
R

FIGURE 5.9

I'(s
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Tristate Polarity Indicator
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FIGURE 5.9 (Continued) =

5.4 Photoresistors

Here, a tristate LED is used to indicate the
direction and type of current flow. If V is a pos-
itive dc voltage, the device emits red light.
However, if V is a negative dc voltage, the
device emits green light. If a high-frequency ac
voltage is applied, it appears as if the device
emits a yellow light. R; and R, are chosen to
protect the LEDs, and the diode is used to pro-
vide reversed-voltage protection when the
applied voltage exceeds the maximum
reversed voltage. The formulas show how to
calculate R; and R,. (In the equations, V is the
applied voltage, Vi and Vg are the forward volt-
ages for the LED, and Vj, is the forward voltage
of the diode (0.6 V.)

A flasher LED does not require a current-
limiting resistor like the other LEDs. Typically,
a voltage between 3 and 7V is used to drive a
flasher LED. To protect a flasher LED from
excessive forward voltage, a zener diode
placed in parallel can be added (a typical value
for a zener would be around 6 V). A single
flasher LED as shown in the near left circuit
can be used to flash a number of ordinary
LEDs.

Here, a flasher LED is used to supply a series of
on/off pulses of current/voltage to the base of a
transistor. When the flasher LED goes into con-
duction, the bipolar transistor’s base receives a
positive voltage and input current needed to
turn it on, thus providing power to drive the
relay. R; sets the biasing voltage for the transis-
tor, and R sets the collector current.

Photoresistors are light-controlled variable resistors. In terms of operation, a photo-
resistor is usually very resistive (in the megaohms) when placed in the dark. How-
ever, when it is illuminated, its resistance decreases significantly; it may drop as low
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FIGURE 5.10

Liberated
electron

as a few hundred ohms, depending on the light intensity. In terms of applications,
photoresistors are used in light- and dark-activated switching circuits and in light-
sensitive detector circuits. Figure 5.10 shows the symbol for a photoresistor.

&
5.4.1 How a Photoresistor Works

Conventional current flow Photoresistors are made from a special kind of
semiconductor crystal, such as cadmium sul-
fide (for light) or lead sulfide (for infrared).

Hole created When this semiconductor is placed in the dark,

electrons within its structure do not want to

flow through the resistor because they are too
strongly bound to the crystal’s atoms. How-
ever, when illuminated, incoming photons of
light collide with the bound electrons, strip-
ping them from the binding atom, thus creat-
Actual package ing a hole in the process. These liberated
electrons can now contribute to the current
flowing through the device (the resistance goes

Photons §

Cadmium sulfide
semiconductor

e ‘ | % (_/ down).

FIGURE 5.11

FIGURE 5.12

Electron flow

5.4.2 Technical Stuff

Photoresistors may require a few milliseconds or more to fully respond to changes in
light intensity and may require a few seconds to return to their normal dark resistance
once light is removed. In general, photoresistors pretty much all function in a similar
manner. However, the sensitivity and resistance range of a photoresistor may vary
greatly from one device to the next. Also, certain photoresistor may respond better to
light that contains photons within a particular wavelength of the spectrum. For
example, cadmium sulfide photoresistors respond best to light within the 400- to
800-nm range, whereas lead sulfide photoresistors respond best to infrared photons.

5.4.3 Applications

Simple Light Meter

Here, a photoresistor acts as the light-sensing
element in a simple light meter. When dark,
the photoresistor is very resistive, and little
current flows through the series loop; the
meter is at its lowest deflection level. When an
increasingly bright light source is shone on the
photoresistor, the photoresistor’s resistance

meter begins to decrease, and more current begins to
flow through the series loop; the meter starts to
deflect. The potentiometer is used to calibrate
the meter.
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Light-Sensitive Voltage Divider

For fixedR,
Vi
VDUI
Ry
For fixedR,
\/in
V0u1
R

Light-Activated Relay
+9V

FIGURE 5.12 (Continued)

5.5 Photodiodes

These circuits resemble the voltage-divider
circuit described in Chap. 3. As before, the out-
put voltage is given by

R;+ R,
As the intensity of light increases, the resis-
tance of the photoresistor decreases, so Vq in

the top circuit gets smaller as more light hits it,
whereas Vg in the lower circuit gets larger.

out in

The two circuits shown here make use of light-
sensitive voltage dividers to trip a relay when-
ever the light intensity changes. In the
light-activated circuit, when light comes in con-
tact with the photoresistor, the photoresistor’s
resistance decreases, causing an increase in the
transistor’s base current and voltage. If the base
current and voltage are large enough, the tran-
sistor will allow enough current to pass from col-
lector to emitter, triggering the relay. The
dark-activated relay works in a similar but oppo-
site manner.The value of R; in the light-activated
circuit should be around 1 kQ but may need
some adjusting. R, in the dark-activated circuit
(100 kQ) also may need adjusting. A 6- to 9-V
relay with a 500-Q coil can be used in either
circuit.

Photodiodes are two-lead devices that convert light energy (photon energy) directly
into electric current. If the anode and cathode leads of a photodiode are joined
together by a wire and then the photodiode is placed in the dark, no current will flow
through the wire. However, when the photodiode is illuminated, it suddenly
becomes a small current source that pumps current from the cathode through the
wire and into the anode. Figure 5.13 depicts the symbol for a photo diode.

<1
anode @ cathode
FIGURE 5.13 \J
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FIGURE 5.14

Photodiodes are used most commonly to detect fast pulses of near-infrared light
used in wireless communications. They are often found in light-meter circuits (e.g.,
camera light meters, intrusion alarms, etc.) because they have very linear light/cur-
rent responses.

5.5.1 How a Photodiode Works

Very thin layer
\ /’

Conventional
current flow

Cathode Anode

Electron flow

A photodiode is built by sandwiching a very thin n-type semiconductor together
with a thicker p-type semiconductor. (The n side has an abundance of electrons; the p
side has an abundance of holes.) The n side of the combination is considered the
cathode, while the p side is considered the anode. Now, if you shine light on this de-
vice, a humber of photons will pass through the n-semiconductor and into the
p-semiconductor. Some of the photons that make it into the p side will then collide
with bound electrons within the p-semiconductor, ejecting them and creating holes in
the process. If these collisions are close enough to the pn interface, the ejected elec-
trons will then cross the junction. What you get in the end is extra electrons on the n
side and extra holes on the p side. This segregation of positive and negative charges
leads to a potential difference being formed across the pn junction. Now if you con-
nect a wire from the cathode (n side) to the anode (p side), electrons will flow through
the wire, from the electron-abundant cathode end to the hole-abundant anode end
(or if you like, a conventional positive current will flow from the anode to cathode).
A commercial photodiode typically places the pn-semiconductor in a plastic or metal
case that contains a window. The window may contain a magnifying lens and a filter.

5.5.2 Basic Operations

Photovoltaic Current Source

=)

FIGURE 5.15

| Here, a photodiode acts to convert light energy
directly into electric current that can be mea-

(brightness) and the output current are nearly

current linear.
meter

/I\v
t’ 0 sured with a meter. The input intensity of light

brightness
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Photoconductive Operation
&)

+ 'Y

- Y

FIGURE 5.15 (Continued)

FIGURE 5.16

TABLE 5.3 Part of a Specifications Table for a Photodiode

5.5.3 Kinds of Photodiodes

Individual photodiodes may not produce
enough current needed to drive a particular
light-sensitive circuit. Usually they are incor-
porated along with a voltage source. Here, a
photodiode is connected in reversed-biased
direction with a battery. When dark, a small
current called the dark current (within the nA
range) flows through the photodiode. When
the photodiode is illuminated, a larger current
flows. This circuit, unlike the preceding circuit,
uses the battery for increased output current. A
resistor placed in series with the diode and
battery can be used to calibrate the meter. Note
that if you treat the photodiode as if it were an
ordinary diode, conduction will not occur; it
must be pointed in the opposite direction.

Photodiodes come in all shapes and sizes. Some come with built-in lenses, some
come with optical filters, some are designed for high-speed responses, some have
large surface areas for high sensitivity, and some have small surface areas. When the
surface area of a photodiode increases, the response time tends to slow down. Table
5.3 presents a sample portion of a specifications table for a photodiode.

TYPICAL
MAX. MIN. PEAK
REVERSE DARK LIGHT POWER RISE TYPICAL EMISSION
VOLTAGE CURRENT CURRENT DISSIPATION TIME DETECTION WAVELENGTH
) (nA) nA) (mW) (ns) ANGLE (nm)
MNFR # DESCRIPTION Vi Ip I Py t, (@) A
NTE3033 Infrared 30 50 35 100 50 65 900

5.6 Solar Cells

Solar cells are photodiodes with very large surface areas. The large surface area of a
solar cell makes the device more sensitive to incoming light, as well as more power-
ful (larger currents and voltages) than photodiodes. For example, a single silicon
solar cell may be capable of producing a 0.5-V potential that can supply up to 0.1 A

when exposed to bright light.
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FIGURE 5.17

Power Sources

INCREASED VOLTAGE

¥y

Solar cells can be used to power small devices such as solar-powered calculators
or can be added in series to recharge nickel cadmium batteries. Often solar cells are
used as light-sensitive elements in detectors of visible and near-infrared light (e.g.,
light meters, light-sensitive triggering mechanism for relays). Like photodiodes, solar
cells have a positive and negative lead that must be connected to the more positive
and more negative voltage regions within a circuit. The typical response time for a
solar cell is around 20 ms.

5.6.1 Basic Ope
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FIGURE5.18

5.7 Phototransistors

NiCd
cell

NiCd
cell

Like batteries, solar cells can be combined in
series or parallel configurations. Each solar
cells produces an open-circuit voltage from
around 0.45 to 0.5V and may generate as much
as 0.1 Ain bright light. By adding cells in series,
the output voltage becomes the sum of the
individual cell voltages. When cells are placed
in parallel, the output current increases.

The circuit here shows how nine solar cells
placed in series can be used to recharge two
1.5-V NiCd cells. (Each cell provides 0.5V, so
the total voltage is 4.5V minus a 0.6-V drop due
to the diode.) The diode is added to the circuit
to prevent the NiCd cells from discharging
through the solar cell during times of dark-
ness. It is important not to exceed the safe
charging rate of NiCd cells. To slow the charge
rate, a resistor placed in series with the batter-
ies can be added.

Phototransistors are light-sensitive transistors. A common type of phototransistor
resembles a bipolar transistor with its base lead removed and replaced with a light-
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FIGURE 5.19

FIGURE 5.20

sensitive surface area. When this surface area is kept dark, the device is off (practi-
cally no current flows through the collector-to-emitter region). However, when the
light-sensitive region is exposed to light, a small base current is generated that
controls a much larger collector-to-emitter current. Field-effect phototransistors
(photoFETSs) are light-sensitive field-effect transistors. Unlike photobipolar transis-
tors, photoFETs use light to generate a gate voltage that is used to control a drain-
source current. PhotoFETs are extremely sensitive to variations in light but are more
fragile (electrically speaking) than bipolar phototransistors.

collector drain

b »

emitter source

5.7.1 How a Phototransistor Works

Figure 5.20 shows a simple model of a two-lead bipolar phototransistor. The details
of how this device works are given below.

Photons

Epoxy lens

@ J Collector  Emitter
Electron flow

The bipolar phototransistor resembles a bipolar transistor (with no base lead) that
has an extralarge p-type semiconductor region that is open for light exposure. When
photons from a light source collide with electrons within the p-type semiconductor,
they gain enough energy to jump across the pn-junction energy barrier—provided
the photons are of the right frequency/energy. As electrons jump from the p region
into the lower n region, holes are created in the p-type semiconductor. The extra elec-
trons injected into the lower n-type slab are drawn toward the positive terminal of the
battery, while electrons from the negative terminal of the battery are drawn into the
upper n-type semiconductor and across the np junction, where they combine with
the holes. The net result is an electron current that flows from the emitter to the col-
lector. In terms of conventional currents, everything is backward. That is, you would
say that when the base region is exposed to light, a positive current | flows from the
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collector to the emitter. Commercial phototransistors often place the pnp semicon-
ductor in an epoxy case that also acts as a magnifying lens. Other phototransistors
use a metal container and a plastic window to encase the chip.

5.7.2 Basic Confxigurations

EMITTER FOLLOWER COMMON EMITTER

Vv V.

+ +

Py

out

FIGURE 5.21 ) ]
5.7.3 Kinds of Phototransistors

Three-Lead Phototransistor

%

oz
At
N

W

Photodarlington

FIGURE 5.22

5.7.4 Technical Stuff

In many ways, a phototransistor is much like
an ordinary bipolar transistor. Here, you can
see the emitter-follower (current gain, no volt-
age gain) and the common-emitter amplifier
(voltage gain) configurations. The emitter-
follower and common-emitter circuits are dis-
cussed in Chap. 4.

Two-lead phototransistors may not be able to
inject enough electrons into the base region to
promote a desired collector-to-emitter current.
For this reason, a three-lead phototransistor
with a base lead may be used. The extra base
lead can be fed external current to help boost
the number of electrons injected into the base
region. In effect, the base current depends on
both the light intensity and the supplied base
current. With optoelectronic circuits, three-
lead phototransistors are often used in place of
two-lead devices, provided the base is left
untouched.

This is similar to a conventional bipolar Dar-
lington transistor but is light-sensitive. Photo-
darlingtons are much more sensitive to light
than ordinary phototransistors, but they tend
to have slower response times. These devices
may or may not come with a base lead.

Like ordinary transistors, phototransistors have maximum breakdown voltages and
current and power dissipation ratings. The collector current I through a phototran-
sistor depends directly on the input radiation density, the dc current gain of the
device, and the external base current (for three-lead phototransistors). When a photo-
transistor is used to control a collector-to-emitter current, a small amount of leakage
current, called the dark current I, will flow through the device even when the device
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is kept in the dark. This current is usually insignificant (within the nA range). Table
5.4 presents a portion of a typical data sheet for phototransistors.

TABLE 5.4 Part of a Specifications Table for Phototransistors

COLLECTOR MAX.
TO MAX. COLLECTOR MIN. MAX.
BASE COLLECTOR DARK LIGHT POWER TYPICAL
VOLTAGE CURRENT CURRENT CURRENT  DISSIPATION  RESPONSE
) (mA) (nA) (mA) (mw) TIME
MNFR # DESCRIPTION BV g0 I Ip A Py (us)
NTE3031 npn, Si, visible 30 (Veeo) 40 100 at 10V 1 150 6
and IR Vee
NTE3036  npn, Si,
Darlington,
visible and near 50 250 100 12 250 151
IR

5.7.5 Applications

Light-Activated Relay

LIGHT ACTIVATED DARK ACTIVATED Here, a phototransistor is used to control the
base current supplied to a power-switching
transistor that is used to supply current to a
relay. In the light-activated circuit, when light
comes in contact with the phototransistor, the
phototransistor turns on, allowing current to
pass from the supply into the base of the power-
switching transistor. The power-switching tran-
sistor then turns on, and current flows through
the relay, triggering it to switch states. In the
dark-activated circuit, an opposite effect occurs.
When light is removed from the phototransis-
tor, the phototransistor turns off, allowing more
current to enter the base of the power-switching
transistor. The 100-k potentiometers are used to
adjust the sensitivity of both devices by control-
ling current flow through the phototransistor.

+9V +9V

100K H

|||—0

Receiver Circuit

\A The circuit shown here illustrates how a photo-

9c\>/ transistor can be used as a modulated light-

wave detector with an amplifier section

(current gain amplifier). R, and R; are used to

R set the dc operating point of the power-

R, § R, § 22K switching transistor, and R; is used to set the

47K 47K sensitivity of the phototransistor. The capacitor

acts to block unwanted dc signals from enter-

I ( ing the amplifier section.
g VOLIK

I: 47K § Re
4.7K

FIGURE 5.23 =
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Tachometer

to frequency
counter

light rotating disk

source with hole

FIGURE 5.23 (Continued)

Here is a simple example of how a phototransistor can be used as a simple frequency counter, or
tachometer. A rotating disk with a hole (connected to a rotating shaft) will pass light through its
hole once every revolution. The light that passes will then trigger the phototransistor into con-
duction. A frequency counter is used to count the number of electrical pulses generated.

5.8 Photothyristors

FIGURE 5.24

Light-sensitive area ~

FIGURE 5.25

Photothyristors are light-activated thyristors. Two common photothyristors include
the light-activated SCR (LASCR) and the light-activated triac. A LASCR acts like a
switch that changes states whenever it is exposed to a pulse of light. Even when the
light is removed, the LASCR remains on until the anode and cathode polarities are
reversed or the power is removed. A light-active triac is similar to a LASCR but is
designed to handle ac currents. The symbol for a LASCR is shown below.

LASCR

anode

Ny

gate

cathode

5.8.1 How LASCRs Work

anode

Anode

¥ K

gate

cathode

Emitter

The equivalent circuit shown here helps
explain how a LASCR works. Again, like other
pn-junction optoelectronic device, a pho-
ton will collide with an electron in the
p-semiconductor side, and an electron will be
ejected across the pn junction into the n side.
When a number of photons liberate a number
of electrons across the junction, a large
enough current at the base is generated to
turn the transistors on. Even when the pho-
tons are eliminated, the LASCR will remain
on until the polarities of the anode and cath-
ode are reversed or the power is cut. (This
results from the fact that the transistors’ bases
are continuously simulated by the main cur-
rent flowing through the anode and cathode
leads.)
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FIGURE 5.26

5.8.2 Basic Operation

V, When no light is present, the LASCR is off; no
current will flow through the load. However,
when the LASCR is illuminated, it turns on,
allowing current to flow through the load. The

load resistor in this circuit is used to set the trigger-
R § ing level of the LASCR.
¥
['4

5.9 Optoisolators

FIGURE 5.27

Optoisolators/optocouplers are devices that interconnect two circuits by means of an
optical interface. For example, a typical optoisolator may consist of an LED and a
phototransistor enclosed in a light-tight container. The LED portion of the optoisola-
tor is connected to the source circuit, whereas the photransistor portion is connected
to the detector circuit. Whenever the LED is supplied current, it emits photons that
are detected by the phototransistor. There are many other kinds of source-sensor
combinations, such as LED-photodiode, LED-LASCR, and lamp-photoresistor pairs.
In terms of applications, optoisolators are used frequently to provide electrical iso-
lation between two separate circuits. This means that one circuit can be used to control
another circuit without undesirable changes in voltage and current that might occur if
the two circuits were connected electrically. Isolation couplers typically are enclosed in
a dark container, with both source and sensor facing each other. In such an arrange-
ment, the optoisolator is referred to as a closed pair (see Fig. 5.27a). Besides being used
for electrical isolation applications, closed pairs are also used for level conversions and
solid-state relaying. A slotted coupler/interrupter is a device that contains an open slot
between the source and sensor through which a blocker can be placed to interrupt
light signals (see Fig. 5.27b). These devices are frequently used for object detection,
bounce-free switching, and vibration detection. A reflective pair is another kind of
optoisolator configuration that uses a source to emit light and a sensor to detect that
light once it has reflected off an object. Reflective pairs are used as object detectors,
reflectance monitors, tachometers, and movement detectors (see Fig. 5.27c).

(a) Closed pair (b) Slotted coupler (c) Reflective pair
Source

2

2
% Emitted light

Blocker

/70720 77

%
;b-‘ Object

Source Sensor Source Sensor N

Reflected light
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5.9.1 Integrated Optoisolators

Closed-pair optoisolators usually come in integrated packages. Figure 5.28 shows
two sample optoisolator ICs.

anodel | 1 8 | emitter 1
> anode | 1 6 | gate
_>
cathodel | 2 7 | collector 1
\\
cathode | 2 5 | anode
anode2 | 3 6 | emitter 2
.>
> N.C.| 3 4 | cathode
cathode2 | 4 5 | collector 1
FIGURE 5.28

5.9.2 Applications

Basic Isolators/Level Shifters

+5V  +5to+12V +5V  +5to+12V Here, a diode/phototransistor optoisolator is
? used to provide electrical isolation between the
R, R, Ry source circuit and the sensor circuit, as well as
1IKS 47KS  out 1K< providing a dc level shift in the output. In the
] oLl leftmost circuit, the output is noninverted,
- \ Aud l: while the output in the rightmost circuit is
Y l: out inverted.
in in 1 o ['L
1 o—— 1 o—— > R,
= 47K
Optocoupler with Amplifier
+5to +12V i icati
15V 1510 +12V +5V In optoelec_tronlc appl_lcatlons, the
o ? phototransistor section of an
R¢ optoisolator may not be able to
R 2, R, Rs R 4.7K out provide enough power-handling
IKS  4TKS K]  47KS IL  capacity to switch large currents.
out 1 The circuits to the right incorpo-
v 1r v > rate a pOV\_/er-swnchmg transistor
A 4 Re X to solve this problem.
in 4.7K in
T Lo—— 1T o——

FIGURE 5.29



CHAPTER 6

FIGURE 6.1

Integrated Circuits

An integrated circuit (IC) is a miniaturized circuit that contains a number of resistors,
capacitors, diodes, and transistors stuffed together on a single chip of silicon no big-
ger than your fingernail. The number of resistors, capacitors, diodes, and transistors
within an IC may vary from just a few to hundreds of thousands in number. The trick
to cramming everything into such a small package is to make all the components out
of tiny n-type and p-type silicon structures that get imbedded into the silicon chip
during the production phase. To connect the little transistors, resistors, capacitors,
and diodes together, aluminum plating is applied along the surface of the chip. Here
is a magnified cross-sectional view of an IC showing how the various components are
imbedded and linked together.

Attaching chip to metallic lead frame

Silicon
dioxide

Aluminum

AAAY%A
l plating

Silicon

Encapsulation in plastic Final result
or epoxy shell (DIP)

ICs come in either analog, digital, or analog/digital form. Analog (or linear)
ICs produce, amplify, or respond to varying voltages. Digital (or logic) ICs
respond to or produce signals having only high and low voltage states, whereas
analog/digital ICs share properties common with both analog and digital ICs.
Some common analog ICs include voltage regulators, operational amplifiers,
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comparators, timers, and oscillators. Common digital ICs include logic gates
(e.g., AND, OR, NOR, etc.), flip-flops, memories, processors, binary counters,
shift registers, multiplexers, encoders and decoders, etc. Analog/digital ICs may
take on a number of different forms. For example, such an IC may be designed
primarily as an analog timer but may contain a digital counter. Alternatively, the
IC may be designed to read in digital information and then use this information
to produce a linear output that can be used to drive, say, a stepper motor or LED
display.

6.1 IC Packages

FIGURE 6.2

ICs are housed most frequently in dual in-line packages (DIPs). These packages
consist of a plastic or ceramic box with metal pins sticking out of its sides. Each pin
has a specific function and an identification number. The number 1 pin is located
to the left of an index marker (see Fig. 6.2), while the succeeding pins are counted
off in a counterclockwise direction. A manufacturer’s logo, manufacturer’s prefix,
part number, and date code are almost always printed on an IC package. Other
numbers and symbols found on ICs are often used to specify production process,
temperature range, package type, etc. Here are a few deciphered ICs to get you

going.

National Semiconductor
386 op-amp

Date code: o 386N-1
made on week 31

Manufacturer's of 1996 . |
| exas Instruments
0go w3 11/10 o 8 ! PHILIPPINES ~ 9501BS 7 4159 4.16 line
decoder/demultiplexer
LLIL L DT 00 1 @7 SNT4ISON made on the Ist week
& / of 1995
2" 9631 H
2 HEF 4002 BPN )
I M IR2110 IR 2110 n-channel 14-pin
Index o \ b | @R | high/low MOSFET driver
marker . 9723 made on week 23 of
(#1 pin) U/t uig iy TUTUUTTT 1997
1 2/ 3 415 6\7

System Microelectronic Innovation
PNP Darlington transistor made on
the Ist week of 1997

Manufacturer's  Part # Suffix
prefix

&7 9701

TIP 147

MORROCCO

Chip is a: Phillips 4002 dual,
4-input NOR logic gate

Notably, some IC labeling systems use an “xx44c55p-1" format. “xx” represents
the manufacturer’s prefix, “44” represents the chip family code, “c” represents the
fabrication process (e.g., ¢ = CMOS, f = fast, hc = high speed CMOS, hct = high speed
CMOS TTL compatible, Is = low power schottky, etc.), “pp” (the suffix) represents the
package code (specific to an individual manufacturer), and “1” represents the speed
of the device.
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Table 6.1 presents a partial list of company prefixes. It is important to note that
the prefixes may not always be helpful in determining the actual manufacturer.
As it turns out, a number of different manufacturers use similar prefixes.
For example, the prefix “P” is used by the following companies: ASD, Harris,
Hewlett-Packard, Intel, Mitsubishi, Motorola, NEC, Phillips, SGS, and Temic. If
you are not sure which company the prefix belongs to, check out the manufac-
turer’s logo.

TABLE 6.1 Company Prefixes

MANUFACTURER PREFIX MANUFACTURER PREFIX
Allegro A, uPA, UCX Siliconix L,LD
Analog Devices AD Linear Technology LT
Advanced Micro Devices Am,A,AO Mitsubishi M
Panasonic An Fugitsu MB,FTU
General Instrument AY, GIC, GP,GI,FE
! o MOS Technol M
GFW, Gl OS Technology CS
Sony Bx, Cx, Gl Mlcrosy%;tems MIL
International
Intel B,C,I,M,IR,A,AP AT
Mostek MK
RCA (now Harris) CA, CD,CDP
Plessey MN, SL, SP
TRW CA, TDC, MPY, CMP,
DAC, MAT, OP Signetics N, NE, S, SE, SP
Precision Monolithics PM, REF, SSS Next NXx
National DM, LF, LFT, LH, LM, NTE NTE
Semiconductor NH, NA, NDx . .
Precision Monolithics PM
Sanyo DSK )
Quality Qs
Fairchild (now F uA, uL, Unx Semiconductor
National Semiconductor)
- Raytheon R,RAY,RC,RM
Ferranti FSS,ZLD, Zn
GE GEL Silicon General SG
Harris HA Shanghal Belling SGS
Micro
Hitachi HA, HD, HG, HI, HZ ]
Siemens B, BB, BF
Motorola HEP, M, MC, MCC,
MCM, MFC, MM, Texas Instruments SN, TL, TMS, TEX
MWM, HEF, HEEDT, CH. J Toshiba T.TC,HZ,M,TATH,IT
Intersil ICH,ICL,ICM, IM Sprague ULN. ULS
IR IR, IRB, IRxx
NEC uP, uTD, NRA, NRB, NRx
Sharp IR .
Westinghouse WC WM
ITT ITT, MIC
Exar XR
Philips HEF, HCF, M,AD, A,
J,B, BB, BA, ON, OT Yamaha YAC,YM,YMRYSS

Samsung

KA, IR, K Kxx

Hewlett-Packard

5082-nnnn, AT
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Another problem when deciphering IC labels is figuring out what the suffixes
mean. Often a manufacturer will place a suffix at the end of a part number to indicate
the type of package (e.g., ceramic dual-in-line, plastic dual-in-line package, etc.) or to
indicate temperature range. The frustrating thing with suffixes is that there is no stan-
dard convention used. Each manufacturer’s suffix may have its own unique meaning.

A more complete and up-to-date listing of company prefixes can be found in the
Chip Directory’s Web site (www.hitex.com/chipdir/index.htm). If this link does not
work, run a search using “Chip Directory” as your keyword. The Chip Directory also
provides listings of company logos, company abbreviations, suffix meanings, chips by
number, chips by name, chips by family, chip manufacturers, and links to manufactur-

ers’ Web sites.

6.2 Some Basic ICs to GetYou Started

TL783 Three-Terminal Adjustable Voltage Regulator

TL783C

8 8=
FIGURE 6.3 <o
FIGURE 6.4

555 Timer

GND CQ 'B Vee

Trigger E 6] Discharge

@ Threshold

Reset (4] @ Control voltage

FIGURE 6.5 —

G99

Output E

This device is used as an adjustable voltage
regulator for high-voltage applications. Output
can be adjusted from 1.25 to 125V, with a max-
imum output current of 700 mA. Two external
resistors are required to program the output
voltage. Voltage regulators will be covered in
greater detail in Chap. 10.

A 741 op amp is a very popular high-
performance linear amplifier IC. When a feed-
back resistor is connected from its output to its
inverting input, the device can be made to do
some amazing things. For example, you can use
op amps to build inverting and noninverting
amplifiers, oscillators, integrators, differentia-
tors, adders, and subtractors. Without feedback,
the device acts as a comparator. The 741 op amp
is made by a number of different manufactur-
ers. To learn more about op amps, see Chap. 7.

This is a very versatile IC that acts as a kind of
smart on/off switch that can be made to turn on
and off at a rate you set by wiring resistors and
capacitors between its leads and to and from
supply voltages. These devices are used in
timer circuits, oscillator circuits, logic clock
generators, and tone generators. The 555 timer
is described in detail in Chap. 8.
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FIGURE 6.6

LM7411 Three-lnput AND Gate
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FIGURE 6.8

Vo
Output Bits
(1-11)

Brightness
control E

LM628 Precision Motion Controller

The 7411 contains three functionally indepen-
dent three-input AND gates. All three gates
are powered through a common supply pin.
NAND gates, OR gates, NOR gates, memories,
microprocessors, microcontrollers, and other
logic ICs are discussed in Chap. 12.

This IC is designed to drive common-anode,
separate-cathode LED displays. A single pin
connected to a supply voltage through a
variable resistor controls the LED display’s
brightness. Some features include continuous
brightness control, serial data input, no load
signal requirement, TTL compatibility, 3%-digit
displays, and wide dc power supply operation.
The MM5480 can be used in industrial control
indicators, digital clocks, thermometers, coun-
ters, and voltmeters. LED displays and display
drivers are discussed in Chap. 12.

The LM628 is a motion-control processor that
uses a quadrature incremental position feedback
signal from dc motors, brushless dc servo motors,
and other servo mechanisms. The device has an 8-
bit output that can drive an 8-bit or 12-bit DAC,
which in turn makes it possible to construct a
servo system that includes using a dc motor, an
actuator, an incremental encoder, a DAC, and a
power amplifier. Features include 32-bit position,
velocity and acceleration registers, position and
velocity modes of operation, real-time program-
mable host interrupts, an 8-bit parallel asynchro-
nous host interface, and a quadrature incremental
encoder.
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CHAPTER 7

FIGURE 7.1

FIGURE 7.2

Operational Amplifiers

Operational amplifiers (op amps) are incredibly useful high-performance differential
amplifiers that can be employed in a number of amazing ways. A typical op amp is
an integrated device with a noninverting input, an inverting input, two dc power
supply leads (positive and negative), an output terminal, and a few other specialized
leads used for fine-tuning. The positive and negative supply leads, as well as the fine-
tuning leads, are often omitted from circuit schematics. If you do not see any supply
leads, assume that a dual supply is being used.

positive supply

voltage (+V) 741CN
OFFSET =
noninverting NuLL L 8 | NC
input (V.
nput (V. ) output IN - E 7] +Vg
noninverting
input (V) IN + E zl ouT
™ specialized
- leads v [3] 5] OFFSET
egative supply NULL
voltage (-Vy)

By itself, an op amp’s operation is simple. If the voltage applied to the inverting
terminal VV_is more positive than the voltage applied to the noninverting terminal V.,
the output saturates toward the negative supply voltage —Vs. Conversely, if V, > V_,
the output saturates toward the positive supply voltage +Vs (see Fig. 7.2). This
“maxing out” effect occurs with the slightest difference in voltage between the
input terminals.

Noninverting setup v, Inverting setup v,
+Vg ov +Vg ov
Vin s |- Vin Vs |-
VOLII VOLll VOUI VOU!
ov ov
TV s - - Vs s L
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FIGURE 7.3

At first glance, it may appear that an op amp is not a very impressive device—it
switches from one maximum output state to another whenever there’s a voltage dif-
ference between its inputs. Big deal, right? By itself, it does indeed have limited appli-
cations. The trick to making op amps useful devices involves applying what is called
negative feedback.

Re v,
in
AVAVAVAVAVAVE VA
R, +15V
10K V <« R-=75K
ut
Vin Vv ° =33K Vou =— &V\n
out < Re= Rin
= -15v

When voltage is “fed” back from the output terminal to the inverting terminal (this
is referred to as negative feedback), the gain of an op amp can be controlled—the op
amp’s output is prevented from saturating. For example, a feedback resistor R placed
between the output and the inverting input, as shown in Fig. 7.3, acts to convey the
state of the output back to the op amp’s input. This feedback information basically
tells the op amp to readjust its output voltage to a value determined by the resistance
of the feedback resistor. The circuit in Fig. 7.3, called an inverting amplifier, and has an
output equal to -V;,/(R:/R;i,) (you will learn how to derive this formula later in this
chapter). The negative sign means that the output is inverted relative to the input—a
result of the inverting input. The gain is then simply the output voltage divided by the
input voltage, or —-R:/R;, (the negative sign indicates that the output is inverted rela-
tive to the input). As you can see from this equation, if you increase the resistance of
the feedback resistor, there is an increase in the voltage gain. On the other hand, if you
decrease the resistance of the feedback resistor, there is a decrease in the voltage gain.

By adding other components to the negative-feedback circuit, an op amp can be
made to do a number of interesting things besides pure amplification. Other interest-
ing op amp circuits include voltage-regulator circuits, current-to-voltage converters,
voltage-to-current converters, oscillator circuits, mathematical circuits (adders, sub-
tractors, multipliers, differentiators, integrators, etc.), waveform generators, active
filter circuits, active rectifiers, peak detectors, sample-and-hold circuits, etc. Most of
these circuits will be covered in this chapter.

Besides negative feedback, there’s positive feedback, where the output is linked
through a network to the noninverting input. Positive feedback has the opposite
effect as negative feedback; it drives the op amp harder toward saturation. Although
positive feedback is seldom used, it finds applications in special comparator circuits
that are often used in oscillator circuits. Positive feedback also will be discussed in
detail in this chapter.

7.1 Operational Amplifier Water Analogy

This is the closest thing | could come up with in terms of a water analogy for an op
amp. To make the analogy work, you have to pretend that water pressure is analo-
gous to voltage and water flow is analogous to current flow.
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Op Amp Water Analogy

Compressor (“+V supply”)
Non-inverting terminal

“High impedance”
input balloons *

Inverting terminal %\

© Vacuum (“=V supply”)

| Output

FIGURE 7.4

The inverting and noninverting terminals of the
water op amp are represented by the two tubes
with elastic balloon ends. When the water pres-
sure applied to both input tubes is equal, the
lever arm is centered. However, if the water pres-
sure applied to the noninverting tube is made
larger than the pressure applied to the inverting
tube, the noninverting balloon expands and
forces the lever arm downward. The lever arm
then rotates the rotator valve counterclockwise,
thus opening a canal from the compressor tube
(analogous to the positive supply voltage) to the
output tube. (This is analogous to an op amp sat-
urating in the positive direction whenever the
noninverting input is more positive in voltage
than the inverting input.) Now, if the pressure
applied at the noninverting tube becomes less
than the pressure applied at the inverting tube,
the lever arm is pushed upward by the inverting

balloon. This causes the rotator value to rotate clockwise, thus opening the canal from the vacuum tube (analogous to the nega-
tive supply voltage) to the output. (This is analogous to an op amp saturating in the negative direction whenever the inverting
input is made more positive in voltage than the noninverting input.) See what you can do with the analogy in terms of ex-
plaining negative feedback. Also note that in the analogy there is an infinite“input water impedance”at the input tubes, while
there is a zero“output water impedance”at the output tube. As you will see, ideal op amps also have similar input and output

impedance. In real op amps, there are always some leakage currents.

7.2 How Op AmpsWork (The “Cop-out” Explanation)

An op amp is an integrated device that contains a large number of transistors, several
resistors, and a few capacitors. Figure 7.5 shows a schematic diagram of a typical
low-cost general-purpose bipolar operational amplifier.

High-gain L ow-impedance
voltage amplifier output amplier

N/ Y Y
o] +\/S

Differential
amplifier
~
noninverting inverting
input input
</ \

i

M

€

offset
offset null o—— null

<

<
>
< ?

FIGURE 7.5

%ﬁ ——o0 output
0 —\g

This op amp basically consists of three stages: a high-input-impedance differential
amplifier, a high-gain voltage amplifier with a level shifter (permitting the output to
swing positive and negative), and a low-impedance output amplifier. However, real-
izing that an op amp is composed of various stages does not help you much in terms
of figuring out what will happen between the input and output leads. That is, if you
attempt to figure out what the currents and voltages are doing within the complex sys-
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7.3 Theory

FIGURE 7.6

tem, you will be asking for trouble. It is just too difficult a task. What is important here
is not to focus on understanding the op amp’s internal circuitry but instead to focus on
memorizing some rules that individuals came up with that require only working with
the input and output leads. This approach seems like a “cop-out,” but it works.

There is essentially only one formula you will need to know for solving op amp cir-
cuit problems. This formula is the foundation on which everything else rests. It is the
expression for an op amp’s output voltage as a function of its input voltages V., (non-
inverting) and V_ (inverting) and of its open-loop voltage gain A,

Vout = Ao(V+ - V—)

This expression says that an ideal op amp acts like an ideal voltage source that supplies
an output voltage equal to A,(V. — V_) (see Fig. 7.6). Things can get a little more com-
plex when we start talking about real op amps, but generally, the open-loop voltage
expression above pretty much remains the same, except now we have to make some
slight modifications to our equivalent circuit. These modifications must take into
account the nonideal features of an op amp, such as its input resistance R;, and output
resistance R,,;. Figure 7.6 right shows a more realistic equivalent circuit for an op amp.

Ideal op amp Real op amp
R 002
vV, — V, —
V. — V. —
voltage source voltage source
equal to equal to
Ao(V,-V)) Ao(V,=V))

To give meaning to the open-loop voltage gain expression and to the ideal and
real equivalent circuits, the values of A,, R;,, and R, are defined within the following
rules:

Rule 1: For an ideal op amp, the open-loop voltage gain is infinite (A, = ). For a real
op amp, the gain is a finite value, typically between 10 to 10°.

Rule 2: For an ideal op amp, the input impedance is infinite (R;, = ). For a real op
amp, the input impedance is finite, typically between 10° (e.g., typical bipolar op
amp) to 102 Q (e.g., typical JFET op amp). The output impedance for an ideal op
amp is zero (R, = 0). For a real op amp, R, is typically between 10 to 1000 Q.

Rule 3: The input terminals of an ideal op amp draw no current. Practically speak-
ing, this is true for a real op amp as well—the actual amount of input current is
usually (but not always) insignificantly small, typically within the picoamps (e.g.,
typical JFET op amp) to nanoamps (e.g., typical bipolar op amp) range.

Now that you are armed with V., = A,(V, — V_) and rules 1 through 3, let’s apply
them to a few simple example problems.



Operational Amplifiers 223

FIGURE 7.7

FIGURE 7.8

EXAMPLE 1
Solve for the gain (V,/Vi,) of the circuit below.

Since V_is grounded (0V) and V, is simply V;,, you can plug these
Vin values into the open-loop voltage gain expression:

out

Vour = Ao(V+ - V—)
=A,(Vin—0V) =AVi,
Rearranging this equation, you get the expression for the gain:

ut

. V
Gain = —*

in

=A,

If you treat the op amp as ideal, A, would be infinite. However, if you
treat the op amp as real, A, is finite (around 10 to 10°). This circuit acts
as a simple noninverting comparator that uses ground as a refer-
ence. If Vi, > 0V, the output ideally goes to +e-V; if Vi, < 0V, the output
ideally goes to —~ V. With a real op amp, the output is limited by the
supply voltages (which are not shown in the drawing but assumed).
The exact value of the output voltage is slightly below and above the
positive and negative supply voltages, respectively. These maximum
output voltages are called the positive and negative saturation voltages.

EXAMPLE 2
Solve for the gain (V,/Vi,) of the circuit below.

Since V., is grounded (0V) and V_is simply Vi,, you can substitute these
values into the open-loop voltage gain expression:

out
Vour = Ao(V: — V)

=A,0V - Vi) =-AVin
Rearranging this equation, you get the expression for the gain:

. Vou
Gain=—22=_A,

If you treat the op amp as ideal, —A, is negatively infinite. However, if
you treat the op amp as real, —A, is finite (around —10* to —10°). This cir-
cuit acts as a simple inverting comparator that uses ground as a refer-
ence. If V;, > 0V, the output ideally goes to —V; if Vi, < 0V, the output
ideally goes to + V. With a real op amp, the output swings are limited to
the saturation voltages.

7.4 Negative Feedback

Negative feedback is a wiring technique where some of the output voltage is sent
back to the inverting terminal. This voltage can be “sent” back through a resistor,
capacitor, or complex circuit or simply can be sent back through a wire. So exactly
what kind of formulas do you use now? Well, that depends on the feedback circuit,
but in reality, there is nothing all that new to learn. In fact, there is really only one
formula you need to know for negative-feedback circuits (you still have to use the
rules, however). This formula looks a lot like our old friend V. = A,(V. — V_). There
is, however, the V_ in the formula—this you must reconsider. V_ in the formula
changes because now the output voltage from the op amp is “giving” extra voltage
(positive or negative) back to the inverting terminal. What this means is that you
must replace V_ with fV,,, where f is a fraction of the voltage “sent” back from V.
That’s the trick!
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FIGURE 7.9

FIGURE 7.10

There are two basic kinds of negative feedback, voltage feedback and operational
feedback, as shown in Fig. 7.9.

Voltage Feedback Operational Feedback
feedback feedback
network network
— V. —
Vin + Vom " + Vout

Vour = AO(V+ - fVout)

Now, in practice, figuring out what the fraction f should be is not important. That is,
you do not have to calculate it explicitly. The reason why | have introduced it in the open-
loop voltage expression is to provide you with a bit of basic understanding as to how
negative feedback works in theory. As it turns out, there is a simple trick for making op
amp circuits with negative feedback easy to calculate. The trick is as follows: If you treat
an op amp as an ideal device, you will notice that if you rearrange the open-loop voltage
expressioninto V,/A,=(V,—V.), the left side of the equation goes to zero—A, is infinite
for an ideal op amp. What you get in the end is then simply V, — V_= 0. This result is
incredibly important in terms of simplifying op amp circuits with negative feedback—
so important that the result receives its own rule (the fourth and final rule).

Rule 4: Whenever an op amp senses a voltage difference between its inverting and
noninverting inputs, it responds by feeding back as much current/voltage
through the feedback network as is necessary to keep this difference equal to zero
(V,—V_=0). This rule only applies for negative feedback.

The following sample problems are designed to show you how to apply rule 4
(and the other rules) to op amp circuit problems with negative feedback.

Negative Feedback Example Problems

BUFFER (UNITY GAIN AMPLIFIER)

Solve for the gain (V,/Vi,) of the circuit below.

Since you are dealing with negative feedback,
you can apply rule 4, which says that the out-
put will attempt to make V, — V_= 0. By exam-

Vi out ining the simple connections, notice that V;, =
" V., and V_ = V. This means that V;, — Vo, = 0.
R, Rearranging this expression, you get the gain:
. V
Gain=—=1
Vout in
Vin _ i i . i
R = Rouce A gain of 1 means that there is no amplification;
minimizes error due the op amp’s output follows its input. At first

t t bi t . T
O nput bres curren glance, it may appear that this circuit is useless.

However, it is important to recall that an op amp’s input impedance is huge, while its output imped-
ance is extremely small (rule 2). This feature makes this circuit useful for circuit-isolation applica-
tions. In other words, the circuit acts as a buffer. With real op amps, it may be necessary to throw in a
resistor in the feedback loop (lower circuit). The resistor acts to minimize voltage offset errors caused
by input bias currents (leakage). The resistance of the feedback resistor should be equal to the source
resistance. | will discuss input bias currents later in this chapter.
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FIGURE 7.11

FIGURE 7.12

INVERTING AMPLIFIER

Solve for the gain (V,/Vi,) of the circuit below.
R, Because you have negative feedback, you

1.0.0.K know the output will attempt to make the dif-
- ference between V, and V_ zero. Since V, is
1§1K 2 grounded (0V), this means that V_also will be
Vi, — VW - 0V (rule 4). To figure out the gain, you must
? _i>_ Vout find currents I, and I, so you can come up with
an expression containing Vo in terms of V;,.
- Using Ohm'’s law, you find I, and 1, to be

_Vin_Vf_Vin_OV_Vin
R R R

1

Vout -V Vout -0V _ Vout

Vin
t
l,= =
Vout Rz Rz R2
Because an ideal op amp has infinite input
t impedance, no current will enter its inverting
terminal (rule 3). Therefore, you can apply
Kirchhoff’s junction rule to get I, =—I,. Substi-

tuting the calculated values of I, and I, into this expression, you get V,./R, = -V;,/R;. Rearrang-
ing this expression, you find the gain:
Vout _ &

Gain=—-=
Vin Rl

The negative sign tells you that the signal that enters the input will be inverted (shifted 180°).
Notice that if R; = R,, the gain is —1 (the negative sign simply means the output is inverted). In
this case you get what’s called a unity-gain inverter, or an inverting buffer. When using real op
amps that have relatively high input bias currents (e.g., bipolar op amps), it may be necessary
to place a resistor with a resistance equal to R,||R, between the noninverting input and ground
to minimize voltage offset errors.

NONINVERTING AMPLIFER

Solve for the gain (V,/Vi,) of the circuit below.
By inspection, you know that V, = V;,. By apply-

Unlike the inverting amplifier, this circuit’s
output is in phase with its input—the output is
“noninverted.” With real op amps, to minimize
voltage offset errors due to input bias current,
set R1”R2 = Rsource-

Vin Vo, ing rule 4, you then can say that V_ = V.. This
means that V_=V;,. To come up with an expres-
10K sion relating Vi, and V., (so that you can find
R, the gain), the voltage divider relation is used:
1K R
= -= : Vout = Vin
R +R;
Vin Rearranging this equation, you find the gain:
tj kj U Ut
Gain_ Vor _RitR R
VoutH H {i “ Vin R, R,
t
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SUMMING AMPLIFIER
Solve for V,, in terms of V; and V..

R, R, Since you know that V, is grounded (0 V), and
since you have feedback in the circuit, you can
say that V,=V_=0V (rule 4). Now that you know
V,, solve for I, I,,and I; in order to come up with
an expression relating V. with V; and V,. The
currents are found by applying Ohm’s law:

R1 R1 R1

LoYeoVo V.0V _V,

7R, R, R,
l.= Vout_v— _ Vout - OV _ Vout
R Rs Rs

Like the last problem, assume that no current

10K enters the op amp’s inverting terminal (rule 3).

21 o This means that you can apply Kirchhoff’s
v, junction rule to combine I, I,, and 15 into one
V, —WA expression: Iy = —(I; + I,) = —I; — I,. Plugging the

results above into this expression gives the
answer:

FIGURE 7.13
R R R R
vout=——3v1——3vz=—(—3v1+—3vz)
Rl Rz R1 Rz
If you make R; =R, = R3, Voue = —(V1 + V,). Notice that the sum is negative. To get a positive sum, you
can add an inverting stage, as shown in the lower circuit. Here, three inputs are added together to
yield the following output: V=V, + V, + V3. Again, for some real op amps, an additional input-bias
compensation resistor placed between the noninverting input and ground may be needed to avoid
offset error caused by input bias current. Its value should be equal to the parallel resistance of all
the input resistors.
DIFFERENCE AMPLIFIER
Determine V.
First, you determine the voltage at the nonin-
{83\'( verting input by using the voltage divider rela-
R ﬁ" tion (again, assume that no current enters the
10K 2 inputs):
vV, —WA -
|,—> S R
v, ! + Vou V.= 2 V,
R +R;
10K 2R : , P
100K Next, apply Kirchhoff’s current junction law to
FIGURE 7.14 L the inverting input (I, = 1,):
V1 -V _ V_— Vout
R1 Rz

Using rule 4 (V, =V.), substitute the V, term in
for V_in the last equation to get

R
Vour = ;Z(vz - Vi)

1

If you set R, = R,, then V=V, — V,.
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FIGURE 7.15
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FIGURE 7.16

INTEGRATOR

Solve for V, in terms of Vj,.

C Because you have feedback, and because V, =
Vin 0V, you can say that V_is 0V as well (rule 4).
R — I |_|_|—|_|—|_ Now that you know V_, solve for Iz and I so
Vin =WV v Vou that you can come up with an expression
I out /\/\/\ relating Vo, With V;,. Since no current enters
the input of an op amp (rule 3), the displace-
= ment current Ic through the capacitor and
1M «— %’Tlggpsaﬂon the current I, through the resistor must be
related by Iz + Ic=0.To find I, use Ohm’s law:
I = Vin_Vf _ Vin_OV _ Vin
R R R
Vout - - .
Ic is found by using the displacement cur-
rent relation:
IC =C d_V =C d(Vout - V,) =C d(vout - OV) =C dVout

dt dt dt dt

Placing these values of Ic and I; into Iz + Ic = 0 and rearranging, you get the answer:

1
dvout = _E Vindt

Vout = ! Vindt
out — RC in

Such a circuit is called an integrator; the input signal is integrated at the output. Now, one prob-
lem with the first circuit is that the output tends to drift, even with the input grounded, due to
nonideal characteristics of real op amps such as voltage offsets and bias current. A large resistor
placed across the capacitor can provide dc feedback for stable biasing. Also, a compensation
resistor may be needed between the noninverting terminal and ground to correct voltage offset
errors caused by input bias currents. The size of this resistor should be equal to the parallel resis-
tance of the input resistor and the feedback compensation resistor.

DIFFERENTIATOR

Solve for V. in terms of Vj,.

v Since you know that V, is grounded (0V), and since you have feedback
/\/\/\ in the circuit, you can say that V_=V, =0V (rule 4). Now that you know

V_, solve for Iz and I¢ so that you can come up with an expression relat-

Vo Vou ing Vo With Vi,. Since no current enters the input of an op amp (rule 3),
the displacement current I through the capacitor and the current Iy

through the resistor must be related by Iz + Ic = 0.To find I, use the dis-

compensation placement current equation:
1(|)?pF " capacitor
dv d(Vi, — V_ d(Vin -0V dVi,
R=I1|00K le=C"4q =€ ( dt boc dt b-c dt
—AVW\—3
The current I is found using Ohm’s law:
— Vou
I, = Vout_v— — Vout_ov — Vout
= ® R R R
Placing these values of Ic and I into Iz + Ic = 0 and rearranging, you get the answer:
dVin
Vour=-RC ——
dt

Such a circuit is called a differentiator; the input signal is differentiated at the output. The first differ-
entiator circuit shown is not in practical form. It is extremely susceptible to noise due to the op
amp’s high ac gain. Also, the feedback network of the differentiator acts as an RC low-pass filter that
contributes a 90° phase lag within the loop and may cause stability problems. A more practical dif-
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ferentiator is shown below the first circuit. Here, both stability and noise problems are corrected
with the addition of a feedback capacitor and input resistor. The additional components provide
high-frequency rolloff to reduce high-frequency noise. These components also introduce a 90° lead
to cancel the 90° phase lag. The effect of the additional components, however, limits the maximum
frequency of operation—at very high frequencies, the differentiator becomes an integrator. Finally,
an additional input-bias compensation resistor placed between the noninverting input and ground
may be needed to avoid offset error caused by input bias current. Its value should be equal to the
resistance of the feedback resistor.

7.5 Positive Feedback

FIGURE 7.17

Positive feedback involves sending output voltage back to the noninverting input.
In terms of the theory, if you look at our old friend V., = A(V, — V.), the V, term
changes to fV,,, (f is a fraction of the voltage sent back), so you get Vo = Ay(fVou —
V_). Now, an important thing to notice about this equation (and about positive feed-
back in general) is that the voltage fed back to the noninverting input will act to
drive the op amp “harder” in the direction the output is going (toward saturation).
This makes sense in terms of the equation; fV,,; adds to the expression. Recall that
negative feedback acted in the opposite way; the fV,, (= V_) term subtracted from
the expression, preventing the output from “maxing out.” In electronics, positive
feedback is usually a bad thing, whereas negative feedback is a good thing. For
most applications, it is desirable to control the gain (negative feedback), while it is
undesirable to go to the extremes (positive feedback).

There is, however, an important use for positive feedback. When using an op amp
to make a comparator, positive feedback can make output swings more pronounced.
Also, by adjusting the size of the feedback resistor, a comparator can be made to expe-
rience what is called hysteresis. In effect, hysteresis gives the comparator two thresholds.
The voltage between the two thresholds is called the hysteresis voltage. By obtaining two
thresholds (instead of merely one), the comparator circuit becomes more immune to
noise that can trigger unwanted output swings. To better understand hysteresis, let’s
take a look at the following comparator circuit that incorporates positive feedback.

+VT
RZ Vin i
100K +1.5V \/ /A
VWV A \v" \/\\
15V M\ A\/I\/
10K T
vV, — WA v
—V \Y T
out 15y L out
= -15v —
I, I,
R, 0136mA R, R, 1.363 R,
v 10K <«— 100K v v 10K —» 100K v
in . out in _I\/V\I °-
ov | 15V ov l
V,=-136V
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R, 0015mA R,
10K «—— 100K

\Y/

I
R, 0015mA R,

10K —» 100K v

ut - ut
15V Vin = Wy LY
‘ switches (Vi = +Vy =+15V) ‘ switches
states v, =0V states
Vout Vout
-15v +15V

FIGURE 7.17 (Continued)

Assume that the op amp’s output is at positive saturation, say, +15 V. If V;,is 0 V,
the voltage difference between the inverting input and noninverting input (Vg) will
be 1.36 V. You get this by using Ohm’s law:

It = (Vout— Vin)/(R1 + Ry)
Vd = IFR1

This does not do anything to the output; it remains at +15 V. However, if you reduce Vj,,
there is a point when V, goes to 0 V, at which time the output switches states. This volt-
age is called the negative threshold voltage (—V+). The negative threshold voltage can be
determined by using the previous two equations—the end result being -V; =
Vo (R2/Ry). In the example, -V =-1.5 V. Now, if the output is at negative saturation
(-15V)and 0 V is applied to the input, V4=-1.36 V. The output remains at —15 V. How-
ever, if the input voltage is increased, there is a point where V, goes to zero and the out-
put switches states. This point is called the positive threshold voltage (+V+), which is equal
to +Vou/ (Ro/R,). In the example, +V1 =+1.5 V. Now the difference between the two sat-
uration voltages is the hysteresis voltage: V, = +V — (-V5). In the example, V,=3 V.

7.6 Real Kinds of Op Amps

General Purpose

741C There is a huge selection of general-purpose and precision

OFFSET = op amps to chose from. Precision op amps are specifically
NULL E E' NC TLOB4 designed for high stability, low offset voltages, low bias cur-
IN- E z| +Vg 10UT E — ] 40UT rents, and low drift parameters. Because the selection of op

>-| amps is so incredibly large, | will leave it to you to check out

N+ 2] o] out 1N-]2 1BB[4IN-  the electronics catalogs to see what devices are available.
V[a 5 (NJET_?_ET 1N+ [3] Zlans  When checking out these catalogs, you will find that op
14 amps (not just general-purpose and precision) fall into one

LF412C Vs E E Vs of the following categories (based on input circuitry): bipo-

=/ 2N+ [5] 2 3 ] 3N+ lar, JFET, MOSFET, or some hybrid thereof (e.g., BiFET). In

1ouT 1 8] +vs general, bipolar op amps, like the 741 (industry standard),
un-I2 Zl 20UT 2N-|6 EI SN- have higher input bias currents than either JFET or MOS-
20UT E E 30UT  FET types. This means that their input terminals have a

UN+]s El 2N - greater tendency to “leak in” current. Input bias current
-VSE E| 2IN + results in voltage drops across resistors of feedback net-
works, biasing networks, or source impedances, which in

FIGURE 7.18 turn can offset the output voltage. The amount of offset a

circuit can tolerate ultimately depends on the application.
Now, as | briefly mentioned earlier in this chapter, a com-
pensation resistor placed between the noninverting termi-
nal and ground (e.g., bipolar inverting amplifier circuit) can
reduce these offset errors. (More on this in a minute.)
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Precision
OP-27 A simple way to avoid problems associated with
T input bias currentisto use a FET op amp. A typi-
BAL [1] 8] BAL ADT713 cal JFET opamp hasavery lowinputbiascurrent,

— typically withinthe lower picoamp range ascom-

IN-[2 7] +v
I::l>-L:| S lout E 14] 40UT pared with the nanoamp range for a typical bipo-
IN+[3] o] out uN-[z 13| 4IN - lar op amp. Some MOSFET op amps come with
'VsE E NC 1IN+ E even lower |nput_b|as currents, often as low as
1 4 few tenths of a picoamp. Though FET op amps

LT1057 +s[4] EIRA have lower input bias current than bipolar op
amps, there are other features they have that are

= an+[5n2 3 adw0] 3N+
10UT [1] 8] +vs not quite as desirable. For example, JFET op
uN-[2] [7] 20uT 2N-[¢ BELE amps often experience an undesired effect

12 4IN+

20UT [7] 8] souT called phase inversion. If the input common-

N+ [3] 6] 2IN- mode voltage of the JFET approaches the nega-
_VSE E 2IN + tive supply too closely, the inverting and
noninverting input terminals may reverse

FIGURE 7.19 directions—negative feedback becomes posi-

tive feedback, causing the op amp to latch up.
This problem can be avoided by using abipolar op amp or by restricting the common-mode range of the signal. Here are some
other general comments aboutbipolar and FET op amps: offset voltage (low for bipolar, medium for JFET, medium to high for
MOSFET), offset drift (low for bipolar, medium for FET), bias matching (excellent for bipolar, fair for FET), bias/temperature
variation (low for bipolar, fair for FET).

To avoid getting confused by the differences between the various op amp technologies, it is often easier to simply
concentrate on the specifications listed in the electronics catalogs. Characteristics to look for include speed/slew rate,
noise, input offset voltages and their drift, bias currents and their drift, common-mode range, gain, bandwidth, input
impedance, output impedance, maximum supply voltages, supply current, power dissipation, and temperature range.
Another feature to look when purchasing an op amp is whether the op amp is internally or externally frequency com-
pensated. An externally compensated op amp requires external components to prevent the gain from dropping too
quickly at high frequencies, which can lead to phase inversions and oscillations. Internally compensated op amps take
care of these problems with internal circuitry. All the terms listed in this paragraph will be explained in greater detail
in a minute.

Programmable Op Amp

LM4250 A programmable op amp is a versatile device

- that is used primarily in low-power applica-

[] o] 1y tions (e.g., battery-powered circuits). These

IN_ E Z' W devices can be programmed with an external

current for desired characteristics. Some of

|N+E:l>LE| ouT the characteristics that can be altered by

'VsE E‘ OFFSET applying a programming current include

FIGURE 7.20 NULL quiescent power dissipation, input offset

and bias currents, slew rate, gain-bandwidth

product, and input noise characteristics—all

of which are roughly proportional to the pro-

gramming current. The programming current

is typically drawn from the programming pin
(e.g., pin 8 of the LM4250) through a resistor and into ground. The programming current allows
the op amp to be operated over a wide range of supply currents, typically from around a few
microamps to a few millamps. Because a programmable op amp can be altered so as to appear
as a completely different op amp for different programming currents, it is possible to use a sin-
gle device for a variety of circuit functions within a system. These devices typically can operate
with very low supply voltages (e.g., 1V for the LM4250). A number of different manufacturers
make programmable op amps, so check the catalogs. To learn more about how to use these
devices, check out the manufacturers’ literature (e.g., for National Semiconductor’s LM4250, go
to www.national.com).
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Single-Supply Op Amps
AD820 LT1078 These op amps are designed to be operated
= = from a single positive supply (e.g., +12 V) and
NULL [1] (8] NC 10U [1] 8] +vs allow input voltages all the way down to the
IN- 2] 7] +vs uN-[2] 7] 20Ut negative rail (normally tied to ground). Figure
:[>L 7.21 shows a simple dc amplifier that uses a
IN+ [3] 6] out N+ [3] o] 2N - single-supply op amp. It is important to note
Vg [4] [5] NULL Vg [2] (5] 2N+ that the output of the amplifier shown cannot
go negative; thus it cannot be used for, say, ac-
coupled audio signals. These op amps are fre-
quently used in battery-operated devices.
V+
single supply
op-amp
+input 0
(above OV) + output
j[ (above OV)
FIGURE 7.21

Audio Amplifiers

LM386 These are closely related to conventional op

= LM383 amps but designed specifically to operate best

GAIN [1] 2] cAIN IN* —] (low audio band noise, crossover distortion, etc.)
IN-[2] [7] BYPASS IN- — within the audio-frequency spectrum (20 to
N E E Y GRD —— O 20,000 Hz). These devices are used mainly in sen-

s ouT —— sitive preamplifiers, audio systems, AM-FM

GRD [4] (5] out Vs radio receivers, servo amplifiers, and intercom
and automotive circuits. There are a number of

low-voltage power amplifier 8-watt power amplifier aud_io amplifi_ers t(_) choice from. Som_e of these
devices contain unique features that differ when

FIGURE 7.22 compared with those of conventional op amps.

For example, the popular LM386 low-voltage

audio amplifier has a gain that is internally fixed at 20 but which can be increased to up to 200 with an external capacitor and
resistor place across its gain leads (pins 1 and 8). This device is also designed to drive low-impedance loads, such as an 8-Q
speaker, and runs off a single supply from +4 to +12 V—an ideal range for battery-powered applications. The LM383 is another

audio amplifier de

signed as a power amplifier. It is a high-current device (3.5 A) designed to drive a 4-Q load (e.g., one 4-Q

speaker or two 8-Q speakers in parallel). This device also comes with thermal shutdown circuitry and a heat sink. We’ll take a
closer look at audio amplifiers in Chap. 11.

7.7 OpAm

p Specifications

Common-mode rejection ratio (CMRR). The input to a difference amplifier, in gen-
eral, contains two components: a common-mode and a difference-mode signal. The
common-mode signal voltage is the average of the two inputs, whereas the differ-
ence-mode signal is the difference between the two inputs. Ideally, an amplifier
affects the difference-mode signals only. However, the common-mode signal is also
amplified to some degree. The common-mode rejection ratio (CMRR), which is
defined as the ratio of the difference signal voltage gain to the common-mode signal
voltage gain provides an indication of how well an op amp does at rejecting a signal
applied simultaneously to both inputs. The greater the value of the CMRR, the better
is the performance of the op amp.
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Differential-input voltage range. Range of voltage that may be applied between
input terminals without forcing the op amp to operate outside its specifications. If the
inputs go beyond this range, the gain of the op amp may change drastically.

Differential input impedance. Impedance measured between the noninverting and
inverting input terminals.

Input offset voltage. In theory, the output voltage of an op amp should be zero
when both inputs are zero. In reality, however, a slight circuit imbalance within the
internal circuitry can result in an output voltage. The input offset voltage is the
amount of voltage that must be applied to one of the inputs to zero the output.

Input bias current. Theoretically, an op amp should have an infinite input
impedance and therefore no input current. In reality, however, small currents, typ-
ically within the nanoamp to picoamp range, may be drawn by the inputs. The
average of the two input currents is referred to as the input bias current. This current
can result in a voltage drop across resistors in the feedback network, the bias
network, or source impedance, which in turn can lead to error in the output volt-
age. Input bias currents depend on the input circuitry of an op amp. With FET op
amps, input bias currents are usually small enough not to cause serious offset volt-
ages. Bipolar op amps, on the other hand, may cause problems. With bipolar op
amps, a compensation resistor is often required to center the output. | will discuss
how this is done in a minute.

Input offset current. This represents the difference in the input currents into the
two input terminals when the output is zero. What does this mean? Well, the input
terminals of a real op amp tend to draw in different amounts of leakage current, even
when the same voltage is applied to them. This occurs because there is always a slight
difference in resistance within the input circuitry for the two terminals that originates
during the manufacturing process. Therefore, if an op amp’s two terminals are both
connected to the same input voltage, different amounts of input current will result,
causing the output to be offset. Op amps typically come with offset terminals that can
be wired to a potentiometer to correct the offset current. | will discuss how this is
done in a minute.

Voltage gain (A,). Atypical op amp has a voltage gain of 10* to 10° (or 80 to 120 dB;
1 dB =20 log;eAy) at dc. However, the gain drops to 1 at a frequency called the unity-
gain frequency fr, typically from 1 to 10 MHz—a result of high-frequency limitations in
the op amp’s internal circuitry. | will talk more about high-frequency behavior in op
amps in a minute.

Output voltage swing. This is the peak output voltage swing, referenced to zero,
that can be obtained without clipping.

Slew rate. This represents the maximum rate of change of an op amp’s output
voltage with time. The limitation of output change with time results from internal or
external frequency compensation capacitors slowing things down, which in turn
results in delayed output changes with input changes (propagation delay). At high
frequencies, the magnitude of an op amp’s slew rate becomes more critical. A gen-
eral-purpose op amp like the 741 has a 0.5 V/us slew rate—a relatively small value
when compared with the high-speed HA2539’s slew rate of 600 V/us.

Supply current. This represents the current that is required from the power supply
to operate the op amp with no load present and with an output voltage of zero.

Table 7.1 is a sample op amp specifications table.
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TABLE 7.1 Sample Op Amp Specifications

ToTAL OFFSET
SUPPLY VOLTAGE CURRENT SLEW OUTPUT
_VOLTAGE  suPPLY BIAS OFFSET RATE fr CMRR GAIN CURRENT
MAX MIN CURRENT TYPICAL MAX MAX MAX TYPICAL TYPICAL MIN MIN MAX
TYPE ~ (V) (mvVv) (mvVv) (mV) (NA) (nA) (V/uS) (MHZz) (dB) (mA) (mA)
Bipolar
741C 10 36 2.8 2 6 500 200 0.5 12 70 86 20
MOSFET
CA3420A 2 22 1 2 5 0.005 0.004 0.5 05 60 86 2
JFET
LF411 10 36 34 0.8 2 0.2 0.1 15 4 70 88 30
Bipolar,
precision
LM10 1 45 04 0.3 2 20 0.7 0.12 0.1 93 102 20

7.8 Powering Op Amps

Most op amp applications require a dual-polarity power supply. A simple split
+15-V supply that uses a tapped transformer is presented in Chap. 10. If you are
using batteries to power an op amp, one of the following arrangements can be
used.

_l_—o +9V +6V
R
oV — .
ho GRD +12V — GRD
R =
ov — - N
_T—o —ov —6v

FIGURE 7.23

Now, it is often desirable to avoid split-supplies, especially with small battery-
powered applications. One option in such a case is to use a single-supply op amp.
However, as | pointed out a second ago, these devices will clip the output if the
input attempts to go negative, making them unsuitable for ac-coupled applications.
To avoid clipping while still using a single supply, it is possible to take a conven-
tional op amp and apply a dc level to one of the inputs using a voltage-divider net-
work. This, in turn, provides a dc offset level at the output. Both input and output
offset levels are referenced to ground (the negative terminal of the battery). With the
input offset voltage in place, when an input signal goes negative, the voltage
applied to the input of the op amp will dip below the offset voltage but will not go
below ground (provided you have set the bias voltage large enough, and provided
the input signal is not too large; otherwise, clipping occurs). The output, in turn, will
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FIGURE 7.24

fluctuate about its offset level. To allow for input and output coupling, input and
output capacitors are needed. The two circuits in Fig. 7.24 show noninverting and
inverting ac-coupled amplifiers (designed for audio) that use conventional op amps
that run off a single supply voltage.

Noninverting single-supply ac amplifer Inverting single-supply ac amplifer

In the noninverting circuit, the dc offset level is set to one-half the supply voltage by
R; and R, to allow for maximum symmetrical swing. C, (and R,) and C; (and Ry,,g) act as
ac coupling (filtering) capacitors that block unwanted dc components and low-level fre-
guencies. C; should be equal to 1/(2nf;4sR;), while C; should be equal to 1/(2nf;35R 0ad),
where fygz is the cutoff frequency (see Chaps. 8 and 11).

When using conventional op amps with single supply voltages, make sure to stay
within the minimum supply voltage rating of the op amp, and also make sure to account
for maximum output swing limitations and maximum common-mode input range.

7.9 Some Practical Notes

FIGURE 7.25

As a note of caution, never reverse an op amp’s power supply leads. Doing so can
result in a zapped op amp IC. One way to avoid this fate is to place a diode
between the op amp’s negative supply terminal and the negative supply, as shown
in Fig. 7.25.

Reverse-polarity protection Oscillation prevention Destructive latchup protection

+VS

+VS

-
=
5

Vs Schottky diodes
o

Also keep wires running from the power supply to the op amp’s supply termi-
nals short and direct. This helps prevent unwanted oscillations/noise from arising
in the output. Disturbances also may arise from variations in supply voltage. To
eliminate these effects, place bypass capacitors from the supply terminals to ground
as shown in Fig. 7.25. A 0.1-uF disk capacitor or a 1.0-uF tantalum capacitor should
do the trick.

_VS

_VS —VS
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Both bipolar and JFET op amps can experience a serious form of latch if the input
signal becomes more positive or negative than the respective op amp power supplies.
If the input terminals go more positive than +Vs + 0.7 V or more negative than -V, —
0.7 V, current may flow in the wrong direction within the internal circuitry, short-
circuiting the power supplies and destroying the device. To avoid this potentially fatal
latch-up, it is important to prevent the input terminals of op amps from exceeding the
power supplies. This feature has vital consequences during device turn-on; if a signal
is applied to an op amp before it is powered, it may be destroyed at the moment power
is applied. A “hard wire” solution to this problem involves clamping the input termi-
nals at risk with diodes (preferably fast low-forward-voltage Schottky diodes; see Fig.
7.25). Current-limiting resistors also may be needed to prevent the diode current from
becoming excessive. This protection circuitry has some problems, however. Leakage
current in the diodes may increase the error. See manufacturers’ literature for more
information.

7.10 Voltage and Current Offset Compensation

In theory, the output voltage of an op amp should be zero when both inputs are
zero. In reality, however, a slight circuit imbalance within the internal circuitry can
result in an output voltage (typically within the microvolt to millivolt range). The
input offset voltage is the amount of voltage that must be applied to one of the
inputs to zero the output—this was discussed earlier. To zero the input offset volt-
age, manufacturers usually include a pair of offset null terminals. A potentiometer
is placed between these two terminals, while the pot’s wiper is connected to the
more negative supply terminal, as shown in Fig. 7.26. To center the output, the two
inputs can be shorted together and an input voltage applied. If the output satu-
rates, the input offset needs trimming. Adjust the pot until the output approaches
zero.

Input offset voltage adjustment Input offset current adjustment
741C R,
T 100K
orrseT [1] 8] ne YW
NULL
IN-[ 2] [7] +v, 10K R, - _RiRe
S R+ R,
IN+ E E ouT
Ry E 5 | OFFSET com N binol
s NULL 9.1K poiar

op-amp

FIGURE 7.26

Notice the resistor placed between the noninverting terminal and ground within
the inverting amplifier circuit shown in Fig. 7.26 right. What is the resistor used for? It
is used to compensate for output voltage errors caused by a voltage drops across R, and
R, as a result of input bias current. As discussed earlier, bipolar op amps tend to have
larger input bias currents than FET op amps. With FET op amps, the input bias errors
are usually so small (in the picoamp range) that the output voltage error is insignificant,
and the compensation resistor is not needed. However, with bipolar op amps, this is not
the case (input bias currents in the nanoamp range), and compensation is often neces-



236

PRACTICAL ELECTRONICS FOR INVENTORS

sary. Now, in the inverting amplifier, the bias current—assuming for now that the com-
pensation resistor is missing—introduces a voltage drop equal to V;, = lyi.s(R4||R2), which
is amplified by a factor of —R,/R;. In order to correct this problem, a compensation
resistor with a resistance equal the R||R; is placed between the noninverting terminal
and ground. This resistor makes the op amp “feel” the same input driving resistance.

7.11 Frequency Compensation

For a typical op amp, the open-loop gain is typically between 10* and 10° (80 to 120
dB). However, at a certain low frequency, called the breakover frequency f;, the gain
drops by 3 dB, or drops to 70.7 percent of the open-loop gain (maximum gain). As the
frequency increases, the gain drops further until it reaches 1 (or 0 dB) at a frequency
called the unity-gain frequency f;. The unity-gain frequency for an op amp is typically
around 1 MHz and is given in the manufacturer’s specifications (see Fig. 7.27 left).
The rolloff in gain as the frequency increases is caused by low-pass filter-like charac-
teristics inherently built into the op amp’s inner circuitry. If negative feedback is
used, an improvement in bandwidth results; the response is flatter over a wider
range of frequencies, as shown in the far-left graph in Fig. 7.27. Now op amps that
exhibit an open-loop gain drop of more than 60 dB per decade at f; are unstable due
to phase shifts incurred in the filter-like regions within the interior circuitry. If these
phase shifts reach 180° at some frequency at which the gain is greater than 1, negative
feedback becomes positive feedback, which results in undesired oscillations (see cen-
ter and right grafts in Fig. 7.27). To prevent these oscillations, frequency compen-
sation is required. Uncompensated op amps can be frequency compensated by
connecting an RC network between the op amp’s frequency-compensation terminals.
The network, especially the capacitor, influences the shape of the response curve.
Manufacturers will supply you with the response curves, along with the component
values of the compensation network for a particular desired response.

Open-loop and close-loop responses
for atypical op amp

120
100
80
60

40
20 closed-loop gain of 10 fT

NN

1 10 100 1K 10K 100K 1M 10M
frequency (Hz)

gain (dB)

closed-loop gain of 100

FIGURE 7.27

gain (dB)

Compensated and uncompensated
Op amp response curves
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40 Y/
20 |-
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-20 L T R B |
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-270°

-180°

-90Q°

Qo

Internal phase shifts

unstable

frequency

Perhaps the easiest way to avoid dealing with frequency compensation is to buy
an op amp that is internally compensated.

7.12 Comparators

In many situations, it is desirable to know which of two signals is bigger or to know
when a signal exceeds a predetermined voltage. Simple circuits that do just this can
be constructed with op amps, as shown in Fig. 7.28. In the noninverting comparator
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Noninverting comparator

+10V
Vref
+5v
Vin
FIGURE 7.28
+VS
Vref
Vin
%
FIGURE 7.29

out

op amp

Noninverting Comparator

+5V

1K

v resistor

compar: ator
(eg., LT1011)

circuit, the output switches from low (0 V) to high (positive saturation) when the
input voltage exceeds a reference voltage applied to the inverting input. In the invert-
ing comparator circuit, the output switches from high to low when the input exceeds
the reference voltage applied to the noninverting terminal. In the far-left circuit, a
voltage divider (pot) is used to set the reference voltage.

Inverting comparator Practical circuit
+10v +V,
Vin v Vin s
5V ref 5V
* V +5V * V
10K
aov |- Vo Vin Vou  a0v | Vo o
Vin

o = opamp op amp

Another, more popular method for comparing two voltages is to use a special IC
called a comparator. A comparator, like an op amp, has an inverting input, a nonin-
verting input, an output, and power supply leads—its schematic looks like an op
amp, too. However, unlike op amps, comparators are not frequency compensated
and therefore cannot be used as linear amplifiers. In fact, comparators never use neg-
ative feedback (they often use positive feedback, as you will see). If negative feedback
were used with a comparator, its output characteristics would be unstable. Com-
parators are specifically designed for high-speed switching—they have much larger
slew rates and smaller propagation delays than op amps. Another important differ-
ence between a comparator and an op amp has to do with the output circuitry. Unlike
an op amp, which typically has a push-pull output stage, a comparator uses an inter-
nal transistor whose collector is connected to the output and whose emitter is
grounded. When the comparator’s noninverting terminal is more positive in voltage
than the inverting terminal, the output transistor turns on, grounding the output.
When the noninverting terminal is made more negative than the inverting terminal,
the output transistor is off. In order to give the comparator a high output state when
the transistor is off (V_ < V,), an external pull-up resistor connected from a positive
voltage source to the output is used. The pull-up resistor acts like the collector resis-
tor in a transistor amplifier. The size of the pull-up resistor should be large enough to
avoid excessive power dissipation yet small enough to supply enough drive to
switch whatever load circuitry is used on the comparator’s output. The typical resis-
tance for a pull-up resistor is anywhere from a few hundred to a few thousand ohmes.
Figure 7.29 shows a simple noninverting and inverting comparator circuit with pull-
up resistors included. Both circuits have an output swing from 0 to +5 V.

Inverting Comparator

AN\V*”MW/\

V.

out

Vref

ov

Vref

ov

BV pull-up
-~ resistor

1K

pull-up

AVWW/*

Vout

V,

out

V,

out

+5
ov

+5
ov

L

comparator
(eg., LT1011)

%
Comparators are commonly used in analog-to-digital conversion. A typical appli-
cation might be to connect a magnetic tape sensor or photodiode to an input of a com-
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parator (with reference voltage set at the other input) and allow the sensor to drive the
comparator’s output to a low or high state suitable for driving logic circuits. Analog-
to-digital conversion is discussed in greater detail in Chap. 12.

7.13 Comparators with Hysteresis

Now there is a basic problem with both comparator circuits shown in Fig. 7.29. When a
slowly varying signal is present that has a level near the reference voltage, the output
will “jitter” or flip back and forth between high and low output states. In many situa-
tions having such a “finicky” response is undesirable. Instead, what is usually desired
is asmall “cushion” region that ignores small signal deviations. To provide the cushion,
positive feedback can be added to the comparator to provide hysteresis, which amounts
to creating two different threshold voltages or triggering points. The details of how hys-
teresis works within comparator circuits are given in the following two examples.

7.13.1 Inverting Comparator with Hysteresis

In the inverting comparator circuit shown in Fig. 7.30, positive feedback through R; pro-
vides the comparator with two threshold voltages or triggering points. The two thresh-
old voltages result from the fact that the reference voltage applied to the noninverting
terminal is different when V, is high (+15 V) and when V is low (0 V)—a result of
feedback current. Let’s call the reference voltage when the output is high V., and call
the reference voltage when V, is low V. Now let’s assume that the output is high
(transistor is off) and V;, > V. In order for the output to switch high, V;, must be greater
than V. However, what is V., ? It is simply the reference voltage that pops up at the
noninverting terminal when the output transistor is off and the output is high (+15 V).

+V¢ To calculate V¢, simply use the basic
+15v resistor network shown below the
Vin A /\A/\ main circuit and to the left:

A

6.0V W
e o N‘wfv \ e __ VR +VsRi(Ri+R)
" (RJR:) +R: RiR,+RiRs+RR;

If Vi, > Ve When the output is already
15y Vou . _ high, the output suddenly goes low—
transistor turns on. With the output

in place. To calculate V., use the resis-

11R12K i v le ov now low, a new reference voltage Vy, is
Vs

R Ry

Vref 1

FIGURE 7.30

tor network shown to the right of the

first:
V,,= LOW

+V3R2HR3 +VSR2R3
ref2 = =

+V, =
s +15V Ri+ (RJRs)  RiR;+RiRs+R:R;
R, v )\ When the input voltage decreases to
out
Y Ve, OF lower, the output suddenly goes
.,
R Ry

Y
A
Y

Vier2 high. The difference in the reference

< > voltages is called the hysteresis voltage,
V, Or AV e

AV, +VsRiR
1) v * = n AViet = Vienn = Viern = —_—r
ref2 Rle + R1R3 + R2R3

Now, let’s try the theory out on a real-

life design example.
RylRs
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Say we want to design a comparator circuit with a Vien =+6V, a Ve, = +5V, and +Ve = +15V that drives a 100-kQ load. The
first thing to do is pick a pull-up resistor. As a rule of thumb,

Rpull-up < RIoau:i

R3 > Rpull—up

Why? Because heavier loading on Ry, (Smaller values of R; and R,q,q) reduce the maximum output voltage, thereby
reducing the amount of hysteresis by lowering the value of V. Pick Rpyi.up = 3 k2, and choose R; equal to 1 MQ. Com-
bining equations above gives us the practical formulas below the diagrams. With equation (1), calculate n, which is (6V —

5V)/5V =0.20. Next, using equation (2), find R;, which is simply (0.2)(1 M) = 200 kQ. Using equation (3), find R;, which is
166 k/(15V/6V - 1) = 111 kQ. These are the values presented in the circuit.

7.13.2 Noninverting Comparator with Hysteresis

+Vg +V, Unlike the inverting comparator, the
o +10V noninverting comparator only requires
A /\A/\ two resistors for hysteresis to occur.

W V-V +Av._ (Extraresistors are needed if you wish to

use a voltage divider to set the reference
voltage. However, these resistors do not
have a direct role in developing the hys-
teresis voltage.) Also, the terminal to
which the input signal is applied is the
same location where the threshold shift-
ing occurs—a result of positive feed-
back. The threshold level applied to the
noninverting terminal is shifted about
the reference voltage as the output

V,, = HIGH V,,= LOW hysteresis .
changes from high (+V¢) to low (0V). For
+Vs *+Vs v < > example, assume that Vi, is at a low
v enough level to keep V., low. For the
Ry Ry out Y A output to switch high, V;, must rise to a
v, — @ Ve — @ triggering voltage, call it Vi,;, which is
R, R, " > o found simply by using the resistor net-

1 1 v, work shown to the far left:
FIGURE 7.31 V..  Vee(Ri+ Ro)
inl—

R,
What's desired: Vi,, =8V, Vi, =6V, given +V: = 10V and load of 100 kQ. . .
Question: What should Ve, Rpui-up, Rz, and R; be? As soon as V_om SWI.tches hlgh, the vgltage
First, chose Rpuiup < Ricaas @Nd Rz > Rpuiyp t0 Minimize the effects of at . the noninverting 1term|nal will be
loading. For Ryui.up, choose 1 kQ, and for R,, chose 1 M. Next, using the shifted to a value that's greater than Vi

equations to the right, we find R; and V... by
R _AVin _10-8 45 Av. = v, 1 Mee = ViR
R, Ve 10 R+ R,
Ry =0.20R;, = 0.20(1 M) = 200 kQ To make the comparator switch back to its
Vi 8V low state, V;, must go below AV, In other
ref = = =6.7V .o
1+R/R, 1V-0.20V words, the applied input voltage must
drop below what is called the lower trip
point, V;q,:
Vo= Vrer(R1 + Ra) — VecRy
in2 —

Ra
The hysteresis is then simply the differ-
ence between Vj,; and Vi,
VCCRl

AVin =Viny = Vi = R,

A practical design example is presented
to the left.
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7.14 Using Single-Supply Comparators

Like op amps, comparator ICs come in both dual- and single-supply forms. With
single-supply comparators, the emitter and the “negative supply” are joined inter-
nally and grounded, whereas the dual-supply comparator has separate emitter
(ground) and negative supply leads. A few sample comparator ICs, along with two
single-supply comparator circuits are shown below.

Simple noninverting comparator

+VS
LT1011
| -
GND [ 1] (8] +vg v, R R v
n+ 7] =] our LM3302 AYE “ Ly
j>r — v 'y
BAL/
IN-[3] 6] crope 20UT [1] 1] 30UT L ", GNB\
Vg [a El BAL 10UT E 13| 40UT i B single-supply
L comparator
dual supply +Vg E 12 GND
TLC372 UN-[a] 2 4 4 1] ain+
T 1N+ E 0] 4IN - Inverting comparator with hysteresis
10UT | 1 8| +Vv +V =15V
] S aN-[an2 8 4T9]aiN+ s hysteresis
UN-[2] | 7] 20uT e 7] o v
N +[3] (6] 2IN- T
] 3 <
GND [4] (5] 2N + single supply £t 1z
single supply R YR
2 M % R} single-supply "
FIGURE 7.3 L comparator

7.15 Window Comparator

A window comparator is a very useful circuit that changes its output state whenever
the input voltage is anywhere between predetermined high and low reference volt-
ages. The region between these two reference voltages is called the window. Figure
7.33 shows a simple window comparator built with two comparators (op amps also
can be used). In the left-most circuit, the window is set between +3.5 V (Ve hign) and
+6.5 V(Vieriow)- IT Vi, is below +3.5 V, the lower comparator’s output is grounded,
while the upper comparator’s output floats. Only one ground is needed, however, to
make V, =0 V. If V,, is above +6.5 V, the upper comparator’s output is grounded,
while the lower comparator’s output floats—again V., goes to 0 V. Only when V,, is
between +3.5 and +6.5 V will the output go high (+5 V). The right-most circuit uses a

FIGURE 7.33 voltage-divider network to set the reference voltages.
Window comparator (using comparators)
+5V W " R, R,, Ryvoltage +6V
window divider network sets  © +V
v off, off, on ; K 6.5 - window
ref, high < .
6.5V R load
35V ; Vref(high);’
= oV, 5v, oV 23 2N3055 \\;ref(high) =
Vin on, off, off out V,,— ref(low) —=t—=——
2V, 4V, 8V —» sy Vout Vou I L
Vietow)— (R
Viet, low R.S Vdquad L
' ov 3 single-suppl
3.5V i co?npararthry
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7.16 \oltage-Level Indicator

Asimple way to make a voltage-level indicator is to take a number of comparators that
share a common input and then supply each comparator with a different reference or
triggering voltage, as shown in Fig. 7.34. In this circuit, the reference voltage applied
to a comparator increases as you move up the chain of comparators (a result of the
voltage-divider network). As the input voltage increases, the lower comparator’s output
is grounded first (diode turns on), followed in secession by the comparators (LEDS)
above it. The potentiometer provides proportional control over all the reference voltages.

R
100K

FIGURE 7.34

7.17 Applications

Op Amp Output Drivers (for Loads That Are Either On or Off)
LED driver Power-switching drivers Relay driver

+ +V

\ +V
bipolar with
proper power 56Q
rating load
\ 1K
1K +—0
power
OR MOSFET =3
diode protects transistor L L H

from reverse base-emitter -
breakdown — L

FIGURE 7.35

Comparator Output Drivers

Power-switching

LED driver driver

Logic drivers

+Vee

+5V +5V +3t0 15V

+V o o)
® 1K load
power toTTL to CMOS
bipolar logic circuits logic circuits

FIGURE 7.36
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Op Amp Power Booster (AC Signals)

+V

R

2%’

FIGURE 7.37

Voltage-to-Current Converter

FIGURE 7.38

Precision Current Source

Transistors with higher power rating
are needed for high-current loads. @ i |
o load

2N3456
+V. b

2N2222

P
B

)
W\

FIGURE 7.39 load ™

There are times when an op amp needs a
boost in output power-handling capacity
while at the same time maintaining both pos-
itive and negative output swings. A simple
way to increase the output power while
maintaining the swing integrity is to attach a
complementary transistor push-pull circuit
to the op amp’s output, as shown in this cir-
cuit. At high speeds, additional biasing resis-
tors and capacitors are needed to limit
crossover distortion. At low speeds, negative
feedback helps eliminate much of the
crossover distortion.

Here is a simple current source whose output
current is determined by an input voltage
applied to the noninverting terminal of the op
amp. The output current and voltage are deter-
mined by the following expressions:

(RL+Ry)
Voutzﬁvin
- Vout :ﬁ
TR 4R, R,

Vi, can be set with a voltage divider.

Here, a precision current uses a JFET to drive a
bipolar output transistor used to sink current
through a load. Unlike the preceding current
source, this circuit is less susceptible to output
drift. Use of the JFET helps achieve essentially
zero bias current error (a single bipolar output
stage will leak base current). This circuit is
accurate for output currents larger than the
JFET’s lpseny and provided Vi, is greater than 0
V. For large currents, the FET-bipolar combina-
tion can be replaced with a Darlington transis-
tor, provided its base current does not
introduce significant error. The output current
or load current is determined by

lioaa = Vin/RZ

R, acts as an adjustment control. Additional
compensation may be required depending on
the load reactance and the transistors’ para-
meters. Make sure to use transistors of suffi-
cient power ratings to handle the load current
in question.
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Current-to-Voltage Converter

R The circuit shown here transforms a current into a voltage. The feedback

Vout = linRe

AN resistor R¢ helps establish a voltage at the inverting input and controls
the swing of the output. The output voltage for this circuit is given by

out The light-activated circuits shown below use this principle to generate

an output voltage that is proportional to the amount of input current

photoresistor amplifier photodiode amplifier

out

FIGURE 7.40

Overvoltage Protection (Crowbar)

fuse/breaker
+ _6\9

+6V
power
supply

FIGURE 7.41

drawn through the light sensor.

phototransistor amplifier and relay driver

+Vee

100K
AN 56Q

1K

relay

=
|

This circuit acts as a fast-acting overvoltage pro-
tection control used to protect sensitive loads
from voltage surges generated in the power
supply. Initially, let’s assume that the supply is
doing what it should—generating a constant +6
V. In this case, the voltage applied to the op
amp’s noninverting input is set to 3V (by means
of the Ry,R, voltage divider—the pot provides
fine-tuning adjustment). At the same time, the
inverting input is set to 3V by means of the 3-V
zener diode. The op amp’s differential input
voltage in this case is therefore zero, making the
op amp’s output zero (op amp acts as a com-
parator). With the op amp’s output zero, the
SCR is off, and no current will pass from anode
(A) to cathode to ground. Now, let’s say there’s a
sudden surge in the supply voltage. When this
occurs, the voltage at the noninverting input
increases, while the voltage at the inverting
input remain at 3V (due to the 3-V zener). This
causes the op amp’s output to go high, trigger-
ing the SCR on and diverting all current from
the load to ground in the process. As a result,
the fuse (breaker) blows and the load is saved.
The switch is opened to reset the SCR.



244 PRACTICAL ELECTRONICS FOR INVENTORS

Programmable-Gain Op Amp

CMOS quad hilateral switch

+5t0 +18V 1 40%6 7_—l—
a 13 4 R,
. 3 O/ 4
digital b = A O—1T—VW\—
gain 8] o ol o Pb, )
select [ 6 * &
) 12 o/ 11,
input O—1=AAMA—
d 10 4 R,
+5to +18V
R

1
input —AAV\——

FIGURE 7.42

Sample-and-Hold Circuits

sample/hold

10K
v, —o"

T

+5V to +18V
CMOS
quad bilateral Tl 4
switch —,
4066 | 1N914
V, 1 o/ (¢}

LF411
— +

= -5to-18V

out

+5to +18V

in
sample/hold 13 —T

r

+V

10K — V,

V.

n

C
I
sample/hold

FIGURE 7.43

out

—— output

This circuit is simply an inverting amplifier
whose feedback resistance (gain) is selected by
means of a digitally controlled bilateral switch
(e.g., CMOS 4066). For example, if the bilateral
switch’s input a is set high (+5 to +18 V) while
its b through d inputs are set low (0 V), only
resistor R, will be present in the feedback loop.
If you make inputs a through d high, then the
effective feedback resistance is equal to the
parallel resistance of resistors R, through R.
Bilateral switches are discussed in greater
detail in Chap. 12.

Sample-and-hold circuits are used to sample an
analog signal and hold it so that it can be ana-
lyzed or converted into, say, a digital signal at
one’s leisure. In the first circuit, a switch acts as
a sample/hold control. Sampling begins when
the switch is closed and ends when the switch is
opened. When the switch is opened, the input
voltage present at that exact moment will be
stored in C. The op amp acts as a unity-gain
amplifier (buffer), relaying the capacitor’s volt-
age to the output but preventing the capacitor
from discharging (recall that ideally, no current
enters the inputs of an op amp). The length of
time a sample voltage can be held varies
depending on how much current leaks out of
the capacitor. To minimize leakage currents, use
op amps with low input-bias currents (e.g., FET
op amps). In the other two circuits, the sam-
ple/hold manual switch is replaced with an
electrically controlled switch—the left-most
circuit uses a bilateral switch, while the right-
most circuit uses a MOSFET. Capacitors best
suited for sample/hold applications include
Teflon, polyethylene, and polycarbonate dielec-
tric capacitors.
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Peak Detectors

+5t0 +18V

V+

V- Ve

-I_T_ reset TluF

FIGURE 7.44
Noninverting Clipper Amplifier

input O——— +

10K B V- v
> BV,
100K
= AV

M
——O output ‘ U U Ut

Z
FIGURE 7.45

z

1 2

Active Rectifiers

S WRWENA
P4 BV,

R,
10K i\ i
Rl _E >6" Vou|3
10K 3
Vi, —MWA—— —
n inverting
+ Vous buffer
VY,
T
ovl o/
N J/%V

FIGURE 7.46

The circuits shown here act as peak detectors—they
follow an incoming voltage signal and store its max-
imum voltage within C (see graph). The op amp in
the upper circuit acts as a buffer—it“measures”the
voltage in C, outputs that voltage, and prevents C
from discharging. The diode also prevents the
capacitor from discharging when the input drops
below the peak voltage stored on C. The second cir-
cuitisa more practical peak detector. The additional
op amp makes the detector more sensitive; it com-
pensates for the diode voltage drop (around 0.6 V)
by feeding back C’s voltage to the inverting termi-
nal. In other words, it acts as an active rectifier. Also,
this circuit incorporates a switch to reset the detec-
tor. Often, peak detectors use a FET in place of the
diode and use the FET’s gate as a reset switch.
Reducing the capacitance of C promotes faster
responses times for changes in V;,.

This simple amplifier circuit acts to clip both posi-
tive and negative going portions of the output sig-
nal. The clipping occurs in the feedback network
whenever the feedback voltage exceeds a zener
diode’s breakdown voltage. Removing one of the
zener diodes results in partial clipping (either pos-
itive or negative going, depending on which zener
diode is removed). This circuit can be used to limit
overloads within audio amplifiers and as a simple
sinewave-to-squarewave converter.

A single diode acts to rectify a signal—however, at
the cost of a diode drop (e.g., 0.6 V). Not only does
this voltage drop lower the level of the output, but
it also makes it impossible to rectify low-level sig-
nals below 0.6 V. A simple solution to this problem
is to construct an active rectifier like the one
shown here. This circuit acts as an ideal rectifier, in
so far as it rectifies signals all the way down to 0V.
To figure out how this circuit works, let’s apply the
rules we have learned. If Vi, is positive, current |
will flow in the direction shown in the simplified
network shown below the main circuit. Since V, is
grounded, and since we have feedback,V_=V,=0V
(rule 4), we can use Kirchhoff’s voltage law to find
Vouts Vourz @nd finally, Vouea:
0V-1IR;-0.6V—V,u=0

Vour =0V — MRz _ 0.6V=-V;,-0.6V

1
Vouz = Voun + 0.6V ==V,
Vouts = Vouz = —Vin

Notice that there is no 0.6-V drop present at the
final output; however, the output is inverted rela-

tive to the input. Now, if Vi, is negative, the output will source current through D, to bring V_to 0V (rule 4). But since no
current will pass through R, (due to buffer), the 0V at V_is present at V,,; and likewise present at V3. The buffer stage is
used to provide low output impedance for the next stage without loading down the rectifier stage. To preserve the polarity
of the input at the output, an inverting buffer (unity-gain inverter) can be attached to the output.
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CHAPTER 8

Filters

Afilter is a circuit that is capable of passing a specific range of frequencies while block-
ing other frequencies. As you discovered in Chap. 2, the four major types of filters
include low-pass filters, high-pass filters, bandpass filters, and notch filters (or band-reject fil-
ters). A low-pass filter passes low-frequency components of an input signal, while a
high-pass filter passes high-frequency components. A bandpass filter passes a narrow
range of frequencies centered around the filter’s resonant frequency, while a notch
filter passes all frequencies except those within a narrow band centered around the
filter’s resonant frequency.

_© low-pass O
n filter out
Component Oo— —0

frequencies

passed blocked

attenuation

frequency

complex signal
blocked passed

o— .. —o
n ] M o MW
o— —o

attenuation

frequency

<— band

£2.

AN

_© band-pass O
in filter out
o—| —o
_© notch G [\p
n filter out
o— —o

YW\

FIGURE 8.1 frequency

attenuation

frequency

notch

attenuation
He

Filters have many practical applications in electronics. For example, within a dc
power supply, filters can be used to eliminate unwanted high-frequency noise
present within the ac line voltage, and they act to flatten out pulsing dc voltages gen-
erated by the supply’s rectifier section. In radio communications, filters make it pos-
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sible for a radio receiver to provide the listener with only the desired signal while
rejecting all others. Likewise, filters allow a radio transmitter to generate only one
signal while attenuating other signals that might interfere with different radio trans-
mitters’ signals. In audio electronics, filter networks called crossover networks are used
to divert low audio signals to woofers, middle-range frequencies to midrange speak-
ers, and high frequencies to tweeters. The list of filter applications is extensive.

There are two filter types covered in this chapter, namely, passive filters and active
filters. Passive filters are designed using passive elements (e.g., resistors, capacitors,
and inductors) and are most responsive to frequencies between around 100 Hz and
300 MHz. (The lower frequency limit results from the fact that at low frequencies the
capacitance and inductance values become exceedingly large, meaning prohibitively
large components are needed. The upper frequency limit results from the fact that at
high frequencies parasitic capacitances and inductances wreak havoc.) When design-
ing passive filters with very steep attenuation falloff responses, the number of induc-
tor and capacitor sections increases. As more sections are added to get the desired
response, the greater is the chance for signal loss to occur. Also, source and load
impedances must be taken into consideration when designing passive filters.

Active filters, unlike passive filters, are constructed from op amps, resistors, and
capacitors—no inductors are needed. Active filters are capable of handling very low
frequency signals (approaching 0 Hz), and they can provide voltage gain if needed
(unlike passive filters). Active filters can be designed to offer comparable perfor-
mance to LC filters, and they are typically easier to make, less finicky, and can be
designed without the need for large-sized components. Also, with active filters, a
desired input and output impedance can be provided that is independent of fre-
guency. One major drawback with active filters is a relatively limited high-frequency
range. Above around 100 kHz or so, active filters can become unreliable (a result of
the op amp’s bandwidth and slew-rate requirements). At radiofrequencies, it is best
to use a passive filter.

8.1 Things to Know Before You Start Designing Filters

When describing how a filter behaves, a response curve is used, which is simply an
attenuation (Vo./Vi,) versus frequency graph (see Fig. 8.2). As you discovered in
Chap. 2, attenuation is often expressed in decibels (dB), while frequency may be
expressed in either angular form o (expressed in rad/s) or conventional form f
(expressed in Hz). The two forms are related by o = 2xf. Filter response curves may
be plotted on linear-linear, log-linear, or log-log paper. In the case of log-linear

FIGURE 8.2 graphs, the attenuation need not be specified in decibels.
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Here are some terms that are commonly used when describing filter response:

—3-dB Frequency (f3gg). This represents the input frequency that causes the output sig-
nal to drop to —3 dB relative to the input signal. The —3-dB frequency is equivalent
to the cutoff frequency—the point where the input-to-output power is reduced by
one-half or the point where the input-to-output voltage is reduce by 1/V/2. For
low-pass and high-pass filters, there is only one —3-dB frequency. However, for
bandpass and notch filters, there are two —3-dB frequencies, typically referred to
as f; and f,.

Center frequency (f). On a linear-log graph, bandpass filters are geometrically sym-
metrical around the filter’s resonant frequency or center frequency—provided the
response is plotted on linear-log graph paper (the logarithmic axis representing
the frequency). On linear-log paper, the central frequency is related to the —3-dB
frequencies by the following expression:

fo =V flf2

For narrow-band bandpass filters, where the ratio of f, to f; is less than 1.1, the
response shape approaches arithmetic symmetry. In this case, we can approxi-
mate f, by taking the average of —3-dB frequencies:

f,+f
folez

Passband. This represents those frequency signals that reach the output with no more
than -3 dB worth of attenuation.

Stop-band frequency (f;). This is a specific frequency where the attenuation reaches a
specified value set by the designer. For low-pass and high-pass filters, the fre-
quencies beyond the stop-band frequency are referred to as the stop band. For
bandpass and notch filters, there are two stop-band frequencies, and the frequen-
cies between the stop bands are also collectively called the stop band.

Quality factor (Q). This represents the ratio of the center frequency of a bandpass fil-
ter to the —3-dB bandwidth (distance between —3-dB points f, and f,):

fo
f,—f

Q=

For a notch filter, use Q = (f, — f,)/f,, where f; is often referred to as the null frequency.

8.2 Basic Filters

In Chap. 2 you discovered that by using the reactive properties of capacitors and
inductors, along with the resonant behavior of LC series and parallel networks, you
could create simple low-pass, high-phase, bandpass, and notch filters. Here’s a quick
look at the basic filters covered in Chap. 2:
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Low-passfilters High-pass filters
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Now, all the filters shown in this figure have a common limiting characteristic,
namely, a shallow 6-dB per octave falloff response beyond the —3-dB point(s). (You
can prove this to yourself by going back to Chap. 2 and fiddling with the equations.)
In certain noncritical applications, a 6-dB per ocatve falloff works fine, especially in
cases where the signals you want to remove are set well beyond the —3-dB point.
However, in situations where greater frequency selectivity is needed (e.g., steeper
falloffs and flatter passbands), 6-dB per octave filters will not work. What is needed
is a new way to design filters.

Making Filters with Sharper Falloff and Flatter Passband Responses

One approach used for getting a sharper falloff would be to combine a number of
6-dB per octave filters together. Each new section would act to filter the output of the pre-
ceding section. However, connecting one filter with another for the purpose of increas-
ing the “dB per octave” slope is not as easy as it seems and in fact becomes impractical in
certain instances (e.g., narrow-band bandpass filter design). For example, you have to
contend with transient responses, phase-shift problems, signal degradation, winding
capacitances, internal resistances, magnetic noise pickup, etc. Things can get nasty.

To keep things practical, what | will do is skip the hard-core filter theory (which
can indeed get very nasty) and simply apply some design tricks that use basic
response graphs and filter design tables. To truly understand the finer points of filter
theory is by no means trivial. If you want in-depth coverage of filter theory, refer to a
filter design handbook. (A comprehensive handbook written by Zverck covers
almost everything you would want to know about filters.)

Let’s begin by jumping straight into some practical filter design examples that
require varying degrees of falloff response beyond 6 dB per octave. As you go
through these examples, important new concepts will surface. First, | will discuss
passive filters and then move on to active filters.

8.3 Passive Low-Pass Filter Design

Suppose that you want to design a low-pass filter that has a f33; = 3000 Hz (attenuation
is —3 dB at 3000 Hz) and an attenuation of —25 dB at a frequency of 9000 Hz—which
will be called the stop frequency f.. Also, let’s assume that both the signal-source imped-
ance R; and the load impedance R, are equal to 50 Q. How do you design the filter?
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Step 1 (Normalization)

Frequency response curve

Normalized response curve

First, make a rough attenuation versus fre-
quency graph to give yourself a general idea of
what the response looks like (see far-left fig-

ure). Next, you must normalize the graph. This

means that you set the —3-dB frequency f;z to 1
rad/s. The figure to the near left shows the nor-
malized graph. (The reason for normalizing
becomes important later on when you start

applying design tricks that use normalized
response curves and tables.) In order to deter-
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mine the normalized stop frequency, simply
use the following relation, which is also
referred to as the steepness factor:

f, 9000 Hz

*" fus 3000 Hz

1 3

This expression tells you that the normalized
stop frequency is three times larger than the
normalized —-3-dB point of 1 rad/s. Therefore,
the normalized stop frequency is 3 rad/s.

Next, you must pick a filter response type. Three of the major kinds to
choose from include the Butterworth, Chebyshev, and Bessel. Without
getting too technical here, what is going on is this: Butterworth, Cheby-
shev, and Bessel response curves are named after individuals who
where able to model LC filter networks after a mathematical function
called the transfer function, given here:
T(s) = Vout _ NmS™ 4+ Ny S™ 1+ -+ + N;S+ N,

Vin D,S"+D,_,S"" '+ - +D;S+ D,
The N’s in the equation are the numerator’s coefficients, the D’s are the
denominator’s coefficients, and S =jo(j = V-1, 0= 2nf). The highest power
n in the denominator is referred to as the order of the filter or the number
of poles. The highest power m in the numerator is referred to as the num-
ber of zeros. Now, by manipulating this function, individuals (e.g., Butter-
worth, Chebyshev, and Bessel) were able to generate unique graphs of the
transfer function that resembled the attenuation response curves of cas-
caded LC filter networks. What is important to know, for practical pur-
poses, is that the number of poles within the transfer function correlates
with the number of LC sections present within the cascaded filter network
and determines the overall steepness of the response curve (the decibels
per octave). As the number of poles increases (number of LC sections
increases), the falloff response becomes steeper. The coefficients of the
transfer function influence the overall shape of the response curve and
correlate with the specific capacitor and inductor values found within the
filter network. Butterworth, Chebyshev, and Bessel came up with their
own transfer functions and figured out what values to place in the coeffi-
cients and how to influence the slope of the falloff by manipulating the
order of the transfer function. Butterworth figured out a way to manipu-
late the function to give a maximally flat passband response at the
expense of steepness in the transition region between the passband and
the stop band. Chebyshev figured out a way to get a very steep transition
between the passband and stop band at the expense of ripples present in
the passband, while Bessel figured out a way to minimize phase shifts at
the expense of both flat passbands and steep falloffs. Later | will discuss
the pros and cons of Butterworth, Chebyshev, and Bessell filters. For now,
however, let’s concentrate on Butterworth filters.
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Step 3 (Determine the Number of Poles Needed)

Attenuation curves for Butterworth low-pass filter
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Step 4 (Create a Normalized Filter)

FIGURE 8.7
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Continuing on with our low-pass filter problem,
let’s choose the Butterworth design approach,
since it is one of the more popular designs used.
The next step is to use a graph of attenuation
versus normalized frequency curves for Butter-
worth low-pass filters, shown in the figure.
(Response curves like this are provided in filter
handbooks, along with response curves for
Chebyshev and Bessel filters.) Next, pick out the
single response curve from the graph that pro-
vides the desired —25 dB at 3 rad/s, as stated in
the problem. If you move your finger along the
curves, you will find that the n = 3 curve pro-
vides sufficient attenuation at 3 rad/s. Now, the
filter that is needed will be a third-order low-
pass filter, since there are three poles. This
means that the actual filter that you will con-
struct will have three LC sections.

Now that you have determined the order of the
filter, move on to the next step—creating a nor-
malized LC filter circuit. (This circuit will not be
the final filter circuit you will use—it will need
to be altered.) The circuit networks that are
used in this step take on either ar or the T con-
figuration, as shown in the figure. If the source
and load impedances match, either configura-
tion can be used—though a & network is more
attractive because fewer inductors are needed.
However, if the load impedance is greater than
the source impedance, it is better to use T con-
figuration. If the load impedance is smaller
than the source impedance, it is better to use
the © configuration. Since the initial problem
stated that the source and load impedances
were both 50 Q, choose the & configuration. The
values of the inductors and capacitors are
given in Table 8.1. (Filter handbooks will pro-
vide such tables, along with tables for Cheby-
shev and Bessel filters.) Since you need a
third-order filter, use the values listed in the
n = 3 row. The normalized filter circuit you get
in this case is shown in Fig. 8.8.
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TABLE 8.1 Butterworth Active Filter Low-Pass Values

g
{T}
R; c L, [ L, Cs L c,
n {1/Rs} {L.} {C:} {Ls} {€.} {Ls} {Cs} {L}
2 1.000 14142 14142
3 1.000 1.0000 2.0000 1.0000
4 1.000 0.7654 1.8478 1.8478 0.7654
5 1.000 0.6180 1.6180 2.0000 1.6180 0.6180
6 1.000 0.5176 14142 1.9319 1.9319 14142 0.5176
7 1.000 0.4450 1.2470 1.8019 2.0000 1.8019 1.2470 0.4450
Note: Values of L, and C, are for a 1-Q load and —3-dB frequency of 1 rad/s and have units of H and F These values must be scaled down.
See text.
L2(teble)
2H
Rs(xame)
n 1 C3(table) 10
I I ’
FIGURE 8.8 J=_ = =
As mentioned a moment ago, this circuit is not the final circuit that we’ll use. That
is, the component values listed here will not work! This is so because the graphs and
tables you used to get to this point used the normalized frequency within them. Also,
you haven’t considered the effects of the source and load impedances. In order to
construct the final working circuit, you must frequency and impedance scale the
component values listed in the circuit in Fig. 8.8. This leads us to the next step.
Step 5 (Frequency and Impedance Scaling)
L _ Rlog  (50Q)2H) mH To account for impedance matching of the
DT omfas  2m(3000HZ) source and load, as well as getting rid of the
normalized frequency, apply the following fre-
Cooona = Caanie _ 1F — 106 uF quency and impedance scaling rules. To fre-
Hocteh 2nfeR. 2m(3000HZ)(50Q) quency scale, divide the capacitor and inductor
values that you got from the table by ® = 2xnf. To
Com) = Capang _ 1F — 106uF impedance scale, multiply resistor and induc-
2nfygR. 2m(3000 HZ)(50 ) tor values by the load impedance and divide
the capacitor values by the load impedance. In
L gttty other words, use the following two equations to
5.3mH get the actual component values needed:
R I—n able,
RS(HCTU@‘) I—n(actual) = —Lnleble)
50Q C 2mfgg
1(actual) 3(actual) 50Q
1.06uF 1.06uF c _ Cogaig
J_ n(actual) — angdBRL
= = = = The calculations and the final low-pass circuit
FIGURE 8.9 are shown in the figure.
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8.4 A Note on Filter Types

It was briefly mentioned earlier that Chebyshev and Bessel filters could be used
instead of Butterworth filters. To design Chebyshev and Bessel filters, you take the
same approach you used to design Butterworth filters. However, you need to use dif-
ferent low-pass attenuation graphs and tables to come up with the component values
placed in the mand T LC networks. If you are interested in designing Chebyshev and
Bessel filters, consult a filter design handbook. Now, to give you a better under-
standing of the differences between the various filter types, the following few para-
graphs should help.

Butterworth filters are perhaps the most popular filters used. They have very flat
frequency response in the middle passband region, although they have somewhat
rounded bends in the region near the —3-dB point. Beyond the —3-dB point, the rate
of attenuation increases and eventually reaches n x 6 dB per octave (e.g., n = 3, atten-
uation = 18 dB/octave). Butterworth filters are relatively easy to construct, and
the components needed tend not to require as strict tolerances as those of the other
filters.

Chebyshev filters (e.g., 0.5-dB ripple, 0.1-dB ripple Chebyshev filter) provide a
sharper rate of descent in attenuation beyond the —3-dB point than Butterworth and
Bessel filters. However, there is a price to pay for the steep descent—the cost is a rip-
ple voltage within the passband, referred to as the passband ripple. The size of the
passband ripple increases with order of the filter. Also, Chebyshev filters are more
sensitive to component tolerances than Butterworth filters.

Now, there is a problem with Butterworth and Chebyshev filters—they both
introduce varying amounts of delay time on signals of different frequencies. In other
words, if an input signal consists of a multiple-frequency waveform (e.g., a modu-
lated signal), the output signal will become distorted because different frequencies
will be displaced by different delay times. The delay-time variation over the pass-
band is called delay distortion, and it increases as the order of the Butterworth and
Chebyshev filters increases. To avoid this effect, a Bessel filter can be used. Bessel fil-
ters, unlike Butterworth and Chebyshev filters, provide a constant delay over the
passband. However, unlike the other two filters, Bessel filters do not have as sharp an
attenuation falloff. Having a sharp falloff, however, is not always as important as
good signal reproduction at the output. In situations where actual signal reproduc-
tion is needed, Bessel filters are more reliable.

8.5 Passive High-Pass Filter Design

Suppose that you want to design a high-pass filter that has an f;3z = 1000 Hz and an
attenuation of at least —45 dB at 300 Hz—which we call the stop frequency f;. Assume
that the filter is hooked up to a source and load that both have impedances of 50 Q
and that a Butterworth response is desired. How do you design the filter? The trick,
as you will see in a second, involves treating the high-pass response as an inverted
low-pass response, then designing a normalized low-pass filter, applying some con-
version tricks on the low-pass filter’s components to get a normalized high-pass fil-
ter, and then frequency and impedance scaling the normalized high-pass filter.
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Frequency Response Curve Normalized translation to low-pass filter
0dB —
~ -3dB
o
=)
2
>O
-45dB

300 1000 1 33

frequency (Hz) frequency (rad/s or @)
Start witha" T" low-passfilter...

Ll(table) LS(IabIe) LS(tabIe)
0.6180H 2.0H 0.6180H

Coale) Coale)

1.6180F I 1.6180FI

I

Transform low-pass filter into a high-passfilter...

Cl(transf) C3(transf) CS(transf)
1.6180F 0. 5F 1. 6180F

[
A
=1Q
Lz(transf) 4(transf)
0.618H 0.618H

Impedance and frequency scale high-pass filter to get final circuit

I

Cl(actual ) Ca(a:tual) Cs(actual)
5 :I,U.F 1. 6p.F 5. :LuF
RS=50§2
2(aclual) Z(actual) 50Q
4.9mH 4.9mH
FIGURE 8.10

C1([ransf) = 1/L1(table) = 1/06180 = 16180 F
C3(transf) = 1/L3(lable) =1/20=05F
C5(transf) = 1/L5(table) =1/0.6180=1.6180 F

First, make a simple sketch of the response
curve for the high-pass filter, as shown in the
far-left graph. Next, take the high-pass curve
and flip it around in the horizontal direction to
get a low-pass response. Then normalize the
low-pass response. (This allows you to use the
low-pass design techniques. Later you will
need to apply a transformation trick on the
normalized component values of the low-pass
filter to get the desired high-pass filter.) To find
the steepness factor A; and normalized stop-
band frequency f;, follow the same basic proce-
dure as you used in the low-filter example,
except now you must take fz45 Over f:

_ fs _ 1000 Hz _
T f,  300Hz

This expression tells us that the normalized
stop-band frequency is 3.3 times larger than
the normalized -3-dB frequency. Since the
normalized graph sets f345 to 1 rad/s, f, becomes
3.3 rad/s.

Next, take the low-pass filter response from
the preceding step and determine which
response curve in Fig. 8.6 provides an attenua-
tion of at least —45 dB at 3.3 rad/s. The n = 5
curve does the trick, so you create a fifth-order
LC network. Now, the question to ask is, Do you
use the &t or the T network? Initially, you might
assume the 7 network would be best, since the
load and source impedances are equal and
since fewer inductors are needed. However,
when you apply the transformational trick to
get the low-pass filter back to a high-pass filter,
you will need to interchange inductors for
capacitors and capacitors for inductors. There-
fore, if you choose the low-pass T network now,
you will get fewer inductors in the final high-
pass circuit. The fifth-order normalized low-
pass filter network is shown in the figure.

To convert the low-pass into a high-pass fil-
ter, replace the inductors with capacitors that
have value of 1/L, and replace the capacitors
with inductors that have values of 1/C. In other
words, do the following:

Lz([ransf) = 1/CZ(tabIe) = 1/16180 =0.6180 H
L4("ansf) = 1/C4(lable) = 1/16180 = 06180 H

Next, frequency and impedance scale to get the actual component values:

Cifactuay = Crpwany _ LoI8 H

(actual) 2nfaasR1L 27';(1000 HZ)(5O Q)
C _ Cs(trans) — 05H

3(actual) 2nfsR. 2m(1000 Hz)(50 Q)
c _ Cs(trans) _ 1.618H

5(actual) =

2nfaeR. | 21(1000 HZ)(50 Q)

=51uF

LagrangRL _ (0.6180 F)(50 ©)

. _ _ =49 mH
2(actual) 21tfss 2m(1000 Hz)

|_4 tual) = LA(tranS)RL = (06180 F)(50 Q) =49 mH
(actual) e 2m(1000 Hz)
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8.6 Passive Bandpass Filter Design

Bandpass filters can be broken down into narrow-band and wide-band types. The
defining difference between the two is the ratio between the upper —3-dB frequency
f, and lower —3-dB frequency f,. If f,/f; is greater than 1.5, the bandpass filter is placed
in the wide-type category. Below 1.5, the bandpass filter is placed in the narrow-band
category. As you will see in a moment, the procedure used to design a wide-band
bandpass filter differs from that used to design a narrow-band filter.

Wide-Band Design

The basic approach used to design wide-band bandpass filters is simply to combine
a low-pass and high-pass filter together. The following example will cover the details.
Suppose that you want to design a bandpass filter that has —3-dB points at f;, = 1000
Hz and f, = 3000 Hz and at least —45 dB at 300 Hz and more than —25 dB at 9000 Hz.
Also, again assume that the source and load impedances are both 50 Q2 and a Butter-
worth design is desired.

Bandpass Response Curve The basic sketch shown here points out the
S ) basic response desired. The ratio f,/f, = 3, which
Pgw(—;lsteer Igéggg is larger than 1.5, so you do indeed have a
/ wide-band situation. Notice how the sketch
m -3dB | \ resembles low-pass and high-pass response
EC curves placed together on the same graph. If
Zé —_— you break up the response into low- and high-
> phase curves, you get the following results:
f, f, Low-pass -3 dB at 3000 Hz
|
5B 100 1000 3000 9000 —25 dB at 9000 Hz
frequency (Hz) High-pass -3 dB at 1000 Hz
—45 dB at 300 Hz
L2(actual) C 1(actual) CS(acmal) Cs(a:tual) ) A )
5.3mH 5 1u|: 1. GMF 5.1uF Now, to design the wide-band bandpass fil-

1
&(actual) "
50Q 1(actual) —]— 3(actual) 2(actual) L2(actuai) 50Q
I 1 OG}LF I 1.06uF 4. 9mH 4.9mH
L low-pass S I hlgh-pasé
FIGURE 8.11

Narrow-Band Design

ter, construct a low-pass and high-pass filter
using the values above and the design tech-
nique used in the preceding two example prob-
lems. Once you have done this, simply cascade
the low-pass and high-pass filters together. The
nice thing about this problem is the low-pass
and high-pass filters that are needed are simply
the filters used in the preceding low-pass and
high-pass examples. The final cascade network
is shown at the bottom of the figure.

Narrow-band filters (f,/f, < 1.5), unlike wide-band filters, cannot be made simply by
cascading low-pass and high-pass filters together. Instead, you must use a new,
slightly tricky procedure. This procedure involves transforming the —3-dB band-
width (Afgy = f, — f,) of a bandpass filter into the —3-dB frequency f;4s Of a low-pass fil-
ter. At the same time, the stop-band bandwidth of the bandpass filter is transformed
into the corresponding stop-band frequency of a low-pass filter. Once this is done, a
normalized low-pass filter is created. After the normalized low-pass filter is created,
the filter must be frequency scaled in a special way to get the desired bandpass filter.
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(The normalized circuit also must be impedance scaled, as before.) When frequency
scaling the components of the normalized low-pass filter, do not divide by ® = 2nfsgg,
as you would do with low-pass scaling. Instead, the normalized low-pass filter’s
components are divided by 2n(Afgw). Next, the scaled circuit’s branches must be res-
onated to the bandpass filter’s center frequency f, by placing additional inductors in
parallel with the capacitors and placing additional capacitors in series with the
inductors. This creates LC resonant circuit sections. The values of the additional
inductors and capacitors are determined by using the LC resonant equation (see
Chap. 2 for the details):

1
2rVLC

NARROW-BANDWIDTH BANDPASS FILTER EXAMPLE

f0=

Suppose that you want to design a bandpass filter with —3-dB points at f, = 900 Hz and
f, =1100 Hz and at least —20 dB worth of attenuation at 800 and 1200 Hz. Assume that
both the source and load impedances are 50 Q and that a Butterworth design is desired.

Since f,/f, = 1.2, which is less than 1.5, a narrow-band filter is needed. The
initial step in designing a narrow-band bandpass filter is to normalize

L ow-pass bandpass relationship the bandpass requirements. First, the geometric center frequency is

determined:

o /R N oy
—3dB i fo = Vfif, ="V/(900 Hz)(1100) = 995 Hz
200 Hz

Next, compute the two pair of geometrically related stop-band frequen-

cies by using

ffy =

_15dB 375H f,2 (995 Hz)?
o f, =800 Hz fb=i=g=1237Hz f,—f, = 437 Hz
fa 800 Hz
200Hz 375H 995H f? (995 Hz)?
S ‘ f=1200Hz =0 = OBHD_oort,  f—f,=375H2
f, 1200 Hz
Normalized |ow-pass response Notice how things are a bit confusing. For each pair of stop-band fre-
odB quencies, you get two new pairs—a result of making things “geometri-
@ _ad cal”with respect to f,. Choose the pair having the least separation, which
=) .
;g represents the more severe requirement —-375 Hz.
I The steepness factor for the bandpass filter is given by
> 1508 _ stop-band bandwidth _ 375Hz _,
) 3-dB bandwidth 200Hz

1
frequency (rad/s or )

Normalized low-pass filter

Rytable)
T dg 1Q

FIGURE 8.12

i

Logable)
2H

Cigable) Caanle)

=1

Now choose a low-pass Butterworth response that provides at least —20
dB at 1.88 rad/s. According Fig. 8.6, the n=3 curve does the trick. The next
step is to create a third-order normalized low-pass filter using the © con-
figuration and Table 8.1.

Next, impedance and frequency scale the normalized low-pass filter
to require an impedance level of 50 Q and a—3-dB frequency equal to the
desired bandpass filter’s bandwidth (Afgy, = f, — f;)—which in this exam-

1Q ple equals 200 Hz. Notice the frequency-scaling trick! The results follow:

il 1 Coocnuan = Cgtable) _ 1F _15.92 uF
) = on(Afaw)RL 21(200 HZ)(50 Q)
Caale 1F
Coaotuan = L = =15.92 pF

2n(Afaw)R. 21(200 Hz)(50 Q)
Lz(table)RL — (2 H)(SO Q)
2n(Afew)  2m(200 Hz)

=79.6 mH

I—2(actual) =
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Impedance and frequency scaled low-pass filter

Lo(actual)
79.6mH

Ryactual)
50Q Ci(actual Caactual)
Il5.92uF Il&gau:

i

79.6 mH 0.32uF

Final bandpass filter
mH uF I mH

50Q
15.92
uF I‘

FIGURE 8.12 (Continued)

8.7 Passive Notch Filter Design

161 15.92 161 50Q

The important part comes now. Each circuit branch of the low-

pass filter must be resonated to f, by adding a series capacitor to
each inductor and a parallel inductor to each capacitor. The LC
resonant equation is used to determine the additional compo-

nent values:

L(parallel with C1) =

L(parallel with C3) =

: = : =1.61 mH
(2fo)°Cracuay (27 - 995 H2)2(15.92 UF)
1 1
= =1.61 mH
(2nf))Caaeruan (27 - 995 HZ)X(15.92 UF)
1 1
0.32 uF

(2nfo)*Lagactuan) - (27 - 995 Hz)%(79.6 mH) -

The final bandpass circuit is shown at the bottom of the figure.

To design a notch filter, you can apply a technique similar to the one you used in the
narrow-band bandpass example. However, now you use a high-pass filter instead of
a low-pass filter as the basic building block. The idea here is to relate the notch filter’s
—3-dB bandwidth (Afgy = f, — f,) to the —3-dB frequency of a high-pass filter and relate
the notch filter’s stop-band bandwidth to the stop-band frequency of a high-pass fil-
ter. After that, a normalized high-pass filter is created. This filter is then frequency
scaled in a special way—all its components are divided by 2rnAfgy,. (This circuit also
must be impedance scaled, as before.) As with the narrow-band bandpass filter
example, the scaled high-pass filter’s branches must be resonated to the notch filter’s
center frequency f, by inserting additional series capacitors with existing inductors
and inserting additional parallel inductors with existing capacitors.

EXAMPLE

Suppose that you want to design a notch filter with —3-dB points at f, = 800 Hz and
f,=1200 Hz and at least —20 dB at 900 and 1100 Hz. Let’s assume that both the source
and load impedances are 600 Q and that a Butterworth design is desired.

High-pass bandpass rel ationship

0dB 1
—3dB \e 400 Hz

227 Hz

—15dB /
) R

—

227Hz  400Hz
FIGURE 8.13

980Hz

First, you find the geometric center frequency:
fo = Vf,f, ="V (800 Hz)(1200 Hz) = 980 Hz

Next, compute the two pairs of geometrically
related stop-band frequencies:

2 (980 Hz)?

f,=900Hz f, =1067 Hz
f, 900 Hz

f, — f, = 1067 Hz — 900 Hz = 167 Hz
f2 (980 Hz)?

f, = 1100 Hz fazizuzm Hz

f, 1100 Hz
f, —f,=1100 Hz - 873 Hz =227 Hz

Choose the pair of frequencies that gives the
more severe requirement—227 Hz.
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Normalized low-pass filter

L otaie)
2H
Rytaie)
T 1Q Citanle) Citetle)

[

i

Normalized high-pass filter
Cz(transf)

Re= 19
1(transf) 3(lransf)

Actual high-passfilter

CZ(actuaI)
R 600Q 0.33uF
L A(actual) L 3(actual) 600Q2
il
Final bandpass filter
80mH
RS: BOOQ 0. 33].LF
I f
%o 24H %o 24H 600¢2
TO 11pF TO 11uF

FIGURE 8.13 (Continued)

8.8 Active Filter Design

Next, compute the notch filter’s steepness factor, which is
given by
__ 3-dB bandwidth
stop-band bandwidth

_400Hz
227 Hz

To come up with the final notch filter design, start out by
treating the steepness factor as the steepness factor for a
high-pass filter. Next, apply the same tricks you used earlier
to construct a high-pass filter. Horizontally flip the high-pass
response to get a low-pass response. Then normalize the
low-pass response (setting the normalized stop frequency to
1.7 rad/s) and use Fig. 8.6 (n =3 provides at least —20 dB at 1.7
rad/s). Next, use Table 8.1 and the n network to come up with
a normalized low-pass design. Then apply the low-pass to
high-pass transformational tricks to get a normalized high-
pass filter:

Ll(transf) = 1/C1(table) =1/1=1H
L3(transf) = 1/C3(table) =1/1=1H
CZ(transf) =1/ Lz(table) =1/2=05F

The first three circuits in the figure show the low-pass to
high-pass transformational process.

Next, impedance and frequency scale the normalized
high-pass filter to require an impedance level of 600 Q and a
—-3-dB frequency equal to the desired notch filter’s band-
width (Afsw = f, — f))—which in the example equals 400 Hz.
Notice the frequency-scaling trick! The results follow:

L _ RLLl(transf) _ (600 Q)(l H) =024 H
1(actual) Zn(AfBW) 21‘5(400 HZ) .

L _ RLLS(transf) _ (600 Q)(l H) =024 H
3(actual) Zn(AfBW) 21t(400 HZ) .

c _ Cl(transf) — (05 F) =0.33 ].lF
2(actual) 2n(Afgw)R.  2m(400 Hz)(600 Q) .

And finally, the important modification—resonate each
branch to the notch filter’s center frequency f, by adding a
series capacitor to each inductor and a parallel inductor to
each capacitor. The values for these additional components
must be

1 1
C ies wi = = - 011 F
e o) L seoraay (27 - 400 HZ)2(0.24 H) :
1 1
C ies wi = = - 011 F
e ) o) L sty (27 - 400 HZ)2(0.24 H) :
1 1
. . _ _ =80 mH
(parallel with L1) (ano)zcz(actual) (21'C - 400 HZ)2(033 MF)

The final circuit is shown at the bottom of the figure.

This section covers some basic Butterworth active filter designs. | already discussed
the pros and cons of active filter design earlier in this chapter. Here | will focus on the
actual design techniques used to make unity-gain active filters. To begin, let’s design

a low-pass filter.
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8.8.1 Active Low-Pass Filter Example

Frequency response curve Normalized translation to low-passfilter Suppose that you wish to design an active low-
pass filter that has a 3-dB point at 100 Hz and at

least 60 dB worth of attenuation at 400 Hz—
0dB | 0dB | X :
~ —3dB 5 —3dB which we’ll call the stop frequency f.
% <) The first step in designing the filter is to nor-
<= <= malize low-pass requirements. The steepness
3 3 factor is
__f _400Hz
-60dB \ -60dB " fs 100 Hz
This means that the normalized position of f; is
100 400 ! 40 set to 4 rad/s. See the graphs in Fig. 8.14. Next,
Frequency (Hz) Frequency (rad/s or )

use the Butterworth low-pass filter response
) ) ) ) curves in Fig. 8.6 to determine the order of fil-
Basic two-pole section Basic three-pole section ter you need. In this case, the n = 5 curve pro-

vides over —60 dB at 4 rad/s. In other words,

you need a fifth-order filter.
c, c Now, unlike passive filters design, active fil-
0l 10 Vy, 0 10! 10 Vi, ter Fje5|gn re(_]mres_the use of a different s_et of
Vin Vin basic normalized filter networks and a differ-
ent table to provide the components of the net-
T T T

works. The active filter networks are shown in
= = = Fig. 8.14—there are two of them. The one to the
left is called a two-pole section, while the one on
the right is called a three-pole section. To design
a Butterworth low-pass normalized filter of a
given order, use Table 8.2. (Filter handbooks
provide Chebyshev and Bessel tables as well.)

FIGURE 8.14

TABLE 8.2 Butterworth Normalized Active Low-Pass Filter Values

ORDER NUMBER In this example, a five-pole filter is needed,
n OF SECTIONS  SECTIONS c, c, c so according to the table, two sections are
required—a three-pole and a two-pole section.
2 1 2-pole 1414 07071 These sections are cascaded together, and the
3 1 3-pole 3546  1.392 0.2024 component values listed in Table 8.2 are placed
next to the corresponding components within
4 2 2-pole 1082 09241 the cascaded network. The resulting normal-
2-pole 2613 03825 ized low-pass filter is shown in Fig. 8.15.
5 2 3-pole 1.753 1.354 0.4214
2-pole 3.235  0.3090
6 2-pole 1.035 0.9660
3 2-pole 1414  0.7071
2-pole 3.863  0.2588
7 3-pole 1531 1.336 0.4885
3 2-pole 1604  0.6235
2-pole 4493  0.2225
8 2-pole 1.020  0.9809
4 2-pole 1202  0.8313

2-pole 2,000 05557
2-pole 5758  0.1950
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Normalized low-pass filter

1

Cutatle)
1.753F

Cogavle) Cagavle) Copaie

1.354F I‘ 0.4214FI‘ 0.3000F I

Final low-passfilter

Coactual) l

0.52uF

Ci(actual)
0.28uF

10K 10K

Coactual) Caactua Coactual
o.zzpFT 0.07uF I 0.05uF I

\%

in

FIGURE 8.15

The normalized filter will provide the correct
response, but the component values are imprac-
tical—they’re too big. In order to bring these val-
ues down to size, the circuit must be frequency
and impedance scaled. To frequency scale, sim-
ply divide the capacitor values by 2nrf;gs (you
need not frequency scale the resistors—they
aren’t reactive). In terms of impedance scaling,
you do not have to deal with source/load imped-
ance matching. Instead, simply multiply the
normalized filter circuit’s resistors by a factor of
Z and divide the capacitors by the same factor.
The value of Z is chosen to scale the normalized
filter components to more practical values. A
typical value for Z is 10,000 Q. In summary, the
final scaling rules are expressed as follows:

C:(table)
Z- 27l:f3dB
R(actual) = ZR(tabIe)

Taking Z to be 10,000 Q, you get the final low-
pass filter circuit shown at the bottom of the
figure.

C(actual) =

8.8.2 Active High-Pass Filter Example

The approach used to design active high-pass filters is similar to the approach used
to design passive high-pass filters. Take a normalized low-pass filter, transform it into
a high-pass circuit, and then frequency and impedance scale it. For example, suppose
that you want to design a high-pass filter with a —3-dB frequency of 1000 Hz and 50
dB worth of attenuation at 300 Hz. What do you do?

High-pass frequency response  Trandlation to normalized
low-pass response

0dB — 0dB ———
—3dB —3dB

Yt Vin (dB)
Vour Mn (dB)

—50dB - -50dB
/ N\
25

400 1000 1

frequency (Hz) frequency (rad/s or w)

Normalized low-pass filter

Coavie)

0.3090F T

Cotale) Catavle)
1.354F I 0.4214FI

FIGURE 8.16

The first step is to convert the high-pass
response into a normalized low-pass response,
as shown in the figure. The steepness factor for
the low-pass equivalent response is given by

fas 1000 Hz

f, 300 Hz

This means that the stop frequency is set to 3.3
rad/s on the normalized graph. The Butter-
worth response curve shown in Fig. 8.6 tells
you that an a fifth-order (n = 5) filter will pro-
vide the needed attenuation response. Like the
last example, a cascaded three-pole/two-pole
normalized low-pass filter is required. This fil-
ter is shown in Fig. 8.16.

Next, the normalized low-pass filter must be
converted into a normalized high-pass filter. To
make the conversion, exchange resistors for
capacitors that have values of 1/R F, and
exchange capacitors with resistors that have
values of 1/C Q. The second circuit in Fig. 8.16
shows the transformation.
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Normalized high-pass filter (transformed low-pass filter)

Rl(transf)
0.57Q
1F 1F

Rorans)
0.74Q

FIGURE 8.12 (Continued)

Like the last example problem, to construct
the final circuit, the normalized high-pass fil-
ter’s component values must be frequency and
impedance scaled:

C(transf}

Clactual
(actual) 7. 27[f3dB
R(actual) = ZR(transf)

Again, let Z = 10,000 Q. The final circuit is
shown in Fig. 8.17.

Final high-passfilter

57K

0.16uF 0.16uF]0.16uF

0.16uF ]0.16uF

31K

—O V

vy o—| _|

7.4K 23.7K

FIGURE 8.17 = =

8.8.3 Active Bandpass Filters

32.4K

To design an active bandpass filter, it is necessary to determine if a wide-band or nar-
row-band type is needed. If the upper 3-dB frequency divided by the lower 3-dB fre-
guency is greater than 1.5, the bandpass filter is a wide-band type; below 1.5, it is a
narrow-band type. To design a wide-band bandpass filter, simply cascade a high-
pass and low-pass active filter together. To design a narrow-band bandpass filter, you

have to use some special tricks.

Wide-Band Example

Suppose that you want to design a bandpass filter that has —3-dB points at f;, = 1000
Hz and f, = 3000 Hz and at least —30 dB at 300 and 10,000 Hz. What do you do?

Normalized |ow-pass/low-pass inital setup

table values
(n=3)
3.546F

table values

FIGURE 8.18

First, confirm that this is a wide-band situation:

f, _3000Hz _
f, 1000 Hz
Yes it is—it is greater than 1.5. This means that
you simply have to cascade a low-pass and
high-pass filter together. Next, the response
requirements for the bandpass filter are bro-
ken down into low-pass and high-pass re-
quirements:
Low-pass: -3 dB at 3000 Hz

—30 dB at 10,000 Hz
High-pass: -3 dB at 1000 Hz

—30 dB at 300 Hz
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Normalized and transformed bandbass filter The steepness factor for the low-pass filter is
transformed
values _ f _10000Hz
3.546F faae 3000 Hz
y 10 10| 10 Vout while the steepness factor for the high-pass fil-
in teris
1.392F 0.2020 0718 - f 1000 H
I T A=l D72 _33
= = = = fs 300 Hz
\

. I igh-
low-pass high-pass This means that the normalized stop frequen-

cies for both filters will be 3.3 rad/s. Next, use
the response curves in Fig. 8.6 to determine the

Final bandpass filter ; ’
needed filter orders—n = 3 provides over -30

scaled dB at 3.3 rad/s. To create the cascaded, normal-
values 28200 ized low-pass/high-pass filter, follow the steps
15.9nF 15.9nF ] 15.9nF v in the Ia§t two examples.The upper two c.i rcuiFs

ot in the figure show the steps involved in this

process. To construct the final bandpass filter,
the normalized bandpass filter must be fre-
quency and impedance scaled:

Low-pass section:

7180Q

FIGURE 8.18 (Continued) c c
table table

Z - 2nfis  Z - 2m(3000 Hz)

C(a\ctua\l) =

High-pass section:

C'(able — Ctable
Z - 2nfos  Z - 27(1000 Hz)

C(actua\l) =

Choose Z = 10,000 Q to provide convenient
scaling of the components. In the normalized
circuit, resistors are multiplied by a factor of Z.
The final bandpass filter is shown at the bot-
tom of the figure.

Narrow-Band Example

Suppose that you want to design a bandpass filter that has a center frequency f, =
2000 Hz and a —3-dB bandwidth Afg,, =f, — f; = 40 Hz. How do you design the filter?
Since f,/f; =2040 Hz/1960 Hz = 1.04, it is not possible to used the low-pass/high-pass
cascading technique you used in the wide-band example. Instead, you must use a dif-
ferent approach. One simple approach is shown below.

Narrow-band filter circuit In this example, simply use the circuit in Fig.
8.19 and some important equations that follow.

No detailed discussion will ensue.
R, First, find the quality factor for the desired
C T~ —AA—o response:
R, C fo 2000 Hz
Q=——=——-=50
V,, 0— M\ % f,—f 40 Hz
n '_| v, 2~ T
R, Next, use the following design equations:
R
1= Q R, = : Rs=2R;
FIGURE 8.19 = = 2nf,C 2Q°-1
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FIGURE 8.12 (Continued) = =

Final filter circuit Picking a convenient value for C—which we’ll
set to 0.01 uF—the resistors’ values become
50
0.01uF 159K R, = =79.6 kQ
.~ —A\—¢ 21(2000 Hz)(0.01 pF)
Rl
.01uF 79.6 kQ
796k | 00In R,= 20K 00
v, o—AN——| — 2(50) - 1
r—Ovom
R, R, = 2(79.6 kQ) = 159 kQ
400Q
The final circuit is shown at the bottom of the

figure. R, can be replaced with a variable resis-
tor to allow for tuning.

8.8.4 Active Notch Filters

Active notch filters come in narrow- and wide-band types. If the upper —3-dB fre-
guency divided by the lower —3-dB frequency is greater than 1.5, the filter is called a
wide-band notch filter—Iless than 1.5, the filter is called a narrow-band notch filter.

Wide-Band Notch Filter Example

To design a wide-band notch filter, simply combine a low-pass and high-pass filter
together as shown in Fig. 8.20.

Basic wide-band notch filter For example, if you need a notch filter to have —
3-dB points at 500 and 5000 Hz and at least —15
R R dB at 1000 and 2500 Hz, simply cascade a low-
A% : .
pass filter with a response of
3 dB at 500 Hz
R 0 Vou 15 dB at 1000 Hz

low-pass
filter
Vin
high-pass
filter
FIGURE 8.20

with a high-pass filter with a response of

= 3 dB at 5000 Hz

15 dB at 2500 Hz

After that, go through the same low-pass and
high-pass design procedures covered earlier.
Once these filters are constructed, combine

them as shown in the circuit in Fig. 8.20. In this
circuit, R=10 k is typically used.

Narrow-Band Notch Filters Example

To design a narrow-band notch filter (f,/f, < 1.5), an RC network called the twin-T (see
Fig. 8.21) is frequently used. A deep null can be obtained at a particular frequency
with this circuit, but the circuit’s Q is only %. (Recall that the Q for a notch filter is
given as the center or null frequency divided by the —3-dB bandwidth.) To increase
the Q, use the active notch filter shown in Fig. 8.22.
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Twin-T passive notch filter

R R
AAY * AAY
% C
V,, 0—¢
C = C
|C N |C
AN AN
R/2
FIGURE 8.21 =
Improved notch filter
c C
—

Ry
R1/2‘ﬁ; 2c (1
KR
FIGURE 8.22 4

8.9 Integrated Filter Circuits

V.

out

1-K)R

Like the narrow-bandpass example, let’s sim-
ply go through the mechanics of how to pick
the component values of the active notch filter.
Here’s an example.

Suppose that you want to make a“notch” at
f, = 2000 Hz and desire a —3-dB bandwidth of
Afgw = 100 Hz. To get this desired response, do
the following: First determine the Q:

_ “notch”frequency  f, 2000 Hz
-3-dB bandwidth  Afg,, 100 Hz

The components of the active filter are found
be using
1 4Q-1

= and K=
2nf,C 4Q

R,

Now arbitrarily choose R and C; say, letR=10 k

and C =0.01 pF. Next, solve for R; and K:

1 1 _;

"~ 2nf,C 2m(2000 HZ)(0.01 uF)
4Q-1 4(20)-1

961 Q

1

Substitute these values into the circuit in Fig.
8.22. Notice the variable potentiometer—it is
used to fine-tune the circuit.

A number of filter ICs are available on the market today. Two of the major categories
of integrated filter circuits include the state-variable and switched-capacitor filters
IC. Both these filter ICs can be programmed to implement all the second-order func-
tions described in the preceding sections. To design higher-order filters, a number of
these ICs can be cascaded together. Typically, all that’s needed to program these filter
ICs is a few resistors. Using ICs filters allows for great versatility, somewhat simpli-
fied design, good precision, and limited design costs. Also, in most applications, fre-
guency and selectivity factors can be adjusted independently.

An example of a state-variable filter IC is the AF100 made by National Semicon-
ductor. This IC can provide low-pass, high-pass, bandpass, and notch filtering capa-
bilities (see Fig. 8.23). Unlike the preceding filters covered in this chapter, the

FIGURE 8.23 state-variable filter also can provide voltage gain.

R AF100 or AF150IC

]
; Pl
N
i
0
i
Ke

V,, o—wW—1p A VWA
Ri n P e 1 2
sRy o ) o
\_ Vaul out out
= (high-pass) (bandpass) (low-pass)

V.

R, AF100 or AF150 IC

0
9
i
0
i
K9

L ¢ Vo,
T ™ © (notch)
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FIGURE 8.24

For the AF100, the low-pass gain is set using resistors R; and R;, (gain = —R./R;,).
For the high-pass filter, the gain is set by resistors R, and R;, (gain = -R,/R;,). (The
negative sign indicates that the output is inverted relative to the input.) Setting the
gain for the bandpass and notch functions is a bit more complex. Other parameters,
such as Q, can be tweaked by using design formulas provided by the manufacturer.
A good filter design handbook will discuss state-variable filters in detail and will pro-
vide the necessary design formulas. Also, check out the electronics catalogs to see
what kinds of state-variable ICs exist besides the AF100.

Switched-capacitor filters are functionally similar to the other filters already dis-
cussed. However, instead of using external resistors to program the desired charac-
teristics, switched-capacitor filters use a high-frequency capacitor-switching network
technology. The capacitor-switching networks act like resistors whose values can be
changed by changing the frequency of an externally applied clock voltage. The fre-
guency of the clock signal determines which frequencies are passed and which fre-
guencies get rejected. Typically, a digital clock signal is used to drive the filter—a
useful feature if you are looking to design filters that can be altered by digital circuits.
An example of a switched-capacitor IC is National Semiconductor’s MF5 (see Fig.
8.24). By simply using a few external resistors, a power source, and an applied clock
signal, you can program the filter for low-pass, high-pass, and bandpass functions.
Again, like the state-variable ICs, manufacturers will provide you with necessary for-
mulas needed for selecting the resistors and the frequency of the clock signal.

MF5 switched-capacitor filter IC

fclk _ RZ

0= =

+5V 50 R,
MF5
9 2 ) Rs R
Vv O V__ (high-pass =— |=
f o (Nigh-pass) — Q R\ R
8 1 ! R,
o——————clk O V,, (bandpass) low passband gain (f < fo): A = "R
1
3 14 R
Vi O V,, (low-pass)  bandpass gain (f =fo): A=——"
Ry
R,
) ) R,
R, high passband gain (f > fo): A = —
4"AA% R,
R3
R4
AA'A%

Switched-capacitor filters come in different filter orders. For example, the MF4 is
a fourth-order Butterworth low-pass filter, and the MF6 is a sixth-order low-pass But-
terworth filter; both are made by National Semiconductor. These two ICs have unity
passband gain and require no external components, but they do require a clock input.
There are a number of different kinds of switched-capacitor filters out there, made by
a number of different manufacturers. Check the catalogs.

As an important note, the periodic clock signal applied to a switched-capacitor fil-
ter can generate a significant amount of noise (around 10 to 25 m V) present in the
output signal. Typically, this is not of much concern because the frequency of the
noise—which is the same as the frequency of the clock—is far removed from the sig-
nal band of interest. Usually a simple RC filter can be used to get rid of the problem.



CHAPTER 9

Oscillators and Timers

Within practically every electronic instrument there is an oscillator of some sort. The
task of the oscillator is to generate a repetitive waveform of desired shape, frequency;,
and amplitude that can be used to drive other circuits. Depending on the application,
the driven circuit(s) may require either a pulsed, sinusoidal, square, sawtooth, or tri-
angular waveform.

+V

+V L
ov ,_||_||_| ] /]

== NS e 7 P NN

+V

FIGURE 9.1

o o VIV

In digital electronics, squarewave oscillators, called clocks, are used drive bits of
information through logic gates and flip-flops at a rate of speed determined by the
frequency of the clock. In radio circuits, high-frequency sinusoidal oscillators are
used to generate carrier waves on which information can be encoded via modulation.
The task of modulating the carrier also requires an oscillator. In oscilloscopes, a saw-
tooth generator is used to generate a horizontal electron sweep to establish the time
base. Oscillators are also used in synthesizer circuits, counter and timer circuits, and
LED/lamp flasher circuits. The list of applications is endless.

The art of designing good oscillator circuits can be fairly complex. There are a num-
ber of designs to choose from and a number of precision design techniques required.
The various designs make use of different timing principles (e.g., RC charge/discharge
cycle, LC resonant tank networks, crystals), and each is best suited for use within a spe-
cific application. Some designs are simple to construct but may have limited frequency
stability. Other designs may have good stability within a certain frequency range, but
poor stability outside that range. The shape of the generated waveform is obviously
another factor that must be considered when designing an oscillator.

This chapter discusses the major kinds of oscillators, such as the RC relaxation
oscillator, the Wien-bridge oscillator, the LC oscillator, and the crystal oscillator. The
chapter also takes a look at popular oscillator ICs.
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9.1 RC Relaxation Oscillators

Perhaps the easiest type of oscillator to design is the RC relaxation oscillator. Its oscilla-
tory nature is explained by the following principle: Charge a capacitor through a resis-
tor and then rapidly discharge it when the capacitor voltage reaches a certain threshold
voltage. After that, the cycle is repeated, continuously. In order to control the
charge/discharge cycle of the capacitor, an amplifier wired with positive feedback is
used. The amplifier acts like a charge/discharge switch—triggered by the threshold
voltage—and also provides the oscillator with gain. Figure 9.2 shows a simple op amp

relaxation oscillator.

Simple Square-Wave Relaxation Oscillator

Assume that when power is first applied, the op
amp’s output goes toward positive saturation (it
isequally likely that the output will go to negative
saturation—see Chap. 7 for the details). The ca-
pacitor will begin to charge up toward the op
amp’s positive supply voltage (around +15V) with
a time constant of R,C. When the voltage across
the capacitor reaches the threshold voltage, the
op amp’s output suddenly switches to negative
saturation (around —15V). The threshold voltage
isthe voltage set at the inverting input, which is

R 15kQ
" Ry;+R, 15kQ+15kQ

V¢ (+15V) =+7.5V
The threshold voltage set by the voltage divider
is now —7.5 V. The capacitor begins discharging
toward negative saturation with the same R;C
time constant until it reaches -7.5V, at which
time the op amp’s output switches back to the
positive saturation voltage. The cycle repeats
indefinitely, with a period equal to 2.2R,C.

Here’s another relaxation oscillator that generates a sawtooth waveform (see Fig.
9.3). Unlike the preceding oscillator, this circuit resembles an op amp integrator net-
work—uwith the exception of the PUT (programmable unijuction transistor) in the
feedback loop. The PUT is the key ingredient that makes this circuit oscillate. Here’s

Rl
voltage across C op amp output
+15V (\/1) (\/2 )
v, +15V |- v
—O \/2
c +\, ¢
100pF
-15V
= AA"A% t
R, Ve
1F;f< i 15K 15V |-
= f=22RC
FIGURE 9.2
a rundown on how this circuit works.
Simple Sawtooth Generator
+15V
PUT
2N6027 R
- 4
15v G 100k
o) C A ‘_\
C=0.2uF v
r Y G
10K } 5?)&}2
Vi u +15V
1N914 =
1|(§ZK 4—'\/R3\/\r— +6V
o
IN914 20K out
|
L L 15V f=45Hz
FIGURE 9.3

o vra( 1 )
"~ RC\V,-05V

Let’s initially pretend the circuit shown here
does not contain the PUT. In this case, the
circuit would resemble a simple integrator cir-
cuit; when a negative voltage is placed at the
inverting input (-), the capacitor charges up at
a linear rate toward the positive saturation
voltage (+15 V). The output signal would sim-
ply provide a one-shot ramp voltage—it
would not generate a repetitive triangular
wave. In order to generate a repetitive wave-
form, we must now include the PUT. The
PUT introduces oscillation into the circuit
by acting as an active switch that turns on
(anode-to-cathode conduction) when the anode-
to-cathode voltage is greater than its gate volt-
age. The PUT will remain on until the current
through it falls below the minimum holding
current rating. This switching action acts to
rapidly discharge the capacitor before the
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output saturates. When the capacitor discharges, the PUT turns off, and
the cycle repeats. The gate voltage of the PUT is set via voltage-divider
resistors R, and Rs. The R; and R, voltage-divider resistors set the refer-
ence voltage at the inverting input, while the diodes help stabilize the
voltage across R, when it is adjusted to vary the frequency. The output-
voltage amplitude is determined by R,, while the output frequency is
approximated by the expression below the figure. (The 0.5V represents
a typical voltage drop across a PUT.)

Here’s a simple dual op amp circuit that generates both triangular and square
waveforms (see Fig. 9.4). This circuit combines a triangle-wave generator with a

comparator.

Simple Triangle-wave/Square-wave Generator

C=0.1uF
3| Ry
)1 100K
+15V Wy
10K R, +15V
10K
—\V\V\—¢
= -15v
L -15vV
(o] O
Vi \2
Vv,
+15V =
V.

N

_VT

+15V -
<« T —>

FIGURE 9.4

The rightmost op amp in the circuit acts as a comparator—it is wired
with positive feedback. If there is a slight difference in voltage
between the inputs of this op amp, the V, output voltage will satu-
rate in either the positive or negative direction. For sake of argu-
ment, let’s say the op amp saturates in the positive direction. It will
remain in that saturated state until the voltage at the noninverting
input (+) drops below the negative threshold voltage (-V+), at which
time V, will be driven to negative saturation. The threshold voltage
is given by

Vsat

Vi=————
" (Rs—Ry)

where Vg is a volt or so lower than the op amp’s supply voltage (see
Chap. 7) Now this comparator is used with a ramp generator (leftmost
op amp section). The output of the ramp generator is connected to the
input of the comparator, while its output is fed back to the input of the
ramp generator. Each time the ramp voltage reaches the threshold
voltage, the comparator changes states. This gives rise to oscillation.
The period of the output waveform is determined by the R;C time con-
stant, the saturation voltage, and the threshold voltage:

VY,
T=—LR,C

sat

The frequency is 1/T.

Now op amps are not the only active ingredient used to construct relaxation oscil-
lators. Other components, such as transistors and digital logic gates, can take their

place.

Unijunction oscillator
+10V

R 100
100K

e =l

uJt

C B
0.2uF ——
1ooszi

FIGURE 9.5

Here is a unijunction transistor (UJT), along with some resistors and a
capacitor, that makes up a relaxation oscillator that is capable of gener-
ating three different output waveforms. During operation, at one instant
in time, C charges through R until the voltage present on the emitter
reaches the UJT’s triggering voltage. Once the triggering voltage is
exceeded, the E-to-B; conductivity increases sharply, which allows cur-
rent to pass from the capacitor-emitter region through the emitter-base
1 region and then to ground. When this occurs, C suddenly loses its
charge, and the emitter voltage suddenly falls below the triggering volt-
age. After that, the cycle repeats itself. The resulting waveforms gener-
ated during this process are shown in the figure. The frequency of
oscillation is given by
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ot
T ReCeln[1/(1 - )]

where 1 is the UJT’s intrinsic standoff ratio, which is typically around
0.5. See Chap. 4 for more details.

Digital oscillator Here a simple relaxation oscillator is built from a Schmitt trigger inverter

(using a Schmitt trigger inverter) IC and an RC network. (Schmitt triggers are used to transform slowly
R changing input waveforms into sharply defined, jitter-free output wave-

A% forms (see Chap. 12). When powver is first applied to the circuit, the volt-

+5V age across C is zero, and the output of the inverter is high (+5 V). The

capacitor starts charging up toward the output voltage via R. When the
capacitor voltage reaches the positive-going threshold of the inverter

—0
/\/\ 1 oMoS (e.g., 1.7 V), the output of the inverter goes low (~0 V). With the output
CT 7\ Schmitt low, C discharges toward 0V. When the capacitor voltage drops below the
1 trigger negative-going threshold voltage of the inverter (e.g., 0.9V), the output of
= the inverter goes high. The cycle repeats. The on/off times are deter-
Digital oscillator (using inverters) mined by the positive- and negative-going threshold voltages and the RC
time constant.
ZO%pF The third example is a pair of CMOS inverters that are used to con-
I struct a simple squarewave RC relaxation oscillator. The circuit can work
y with voltages ranging from 4 to 18V.The frequency of oscillation is given
by
——O out
R I
100K cMos " amV/2RC
inverter
c R can be adjusted to vary the frequency. | will discuss CMOS inverters
200pF I in Chap. 12.

FIGURE 9.5 (Continued)

All the relaxation oscillators shown in this section are relatively simple to con-
struct. Now, as it turns out, there is even an easier way to generate basic waveforms.
The easy way is to use an IC especially designed for the task. An incredibly popular
squarewave-generating chip that can be programmed with resistors and a capacitor
is the 555 timer IC.

9.2 The555Timer IC

The 555 timer IC is an incredibly useful precision timer that can act as either a
timer or an oscillator. In timer mode—better known as monostable mode—the 555
simply acts as a “one-shot” timer; when a trigger voltage is applied to its trigger
lead, the chip’s output goes from low to high for a duration set by an external
RC circuit. In oscillator mode—better know as astable mode—the 555 acts as a
rectangular-wave generator whose output waveform (low duration, high duration,
frequency, etc.) can be adjusted by means of two external RC charge/discharge
circuits.

The 555 timer IC is easy to use (requires few components and calculations) and
inexpensive and can be used in an amazing number of applications. For example,
with the aid of a 555, it is possible to create digital clock waveform generators, LED
and lamp flasher circuits, tone-generator circuits (sirens, metronomes, etc.), one-shot
timer circuits, bounce-free switches, triangular-waveform generators, frequency
dividers, etc.
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9.2.1 How a 555 Works (Astable Operation)

Figure 9.6 is a simplified block diagram showing what is inside a typical 555 timer IC.
The overall circuit configuration shown here (with external components included)
represents the astable 555 configuration.

+Vee The 555 gets its name from the three 5-kQ resis-
tors shown in the block diagram. These resis-

RS

discharging

path
6

8 tors act as a three-step voltage divider between

THRESHOLD 9

é o the supply voltage (Vcc) and ground. The top of
. the lower 5-kQ resistor (+ input to comparator
n RS flip-flop 555

0.01uF

comp. 1 2) is set to %AVcc, while the top of the middle

charging path

|5

Sg’:TTESIE‘ é 5K %Vcc. The two comparators output either a high

- R Q 5-kQ resistor (- input to comparator 2) is set to

> s OUTPUT|  or low voltage based on the analog voltages

TRIGGER comp. 2 3 being compared at their inputs. If one of the

-
-
-—

FIGURE 9.6

DISCHARGE 9

[ P gﬂi?g comparator’s positive inputs is more positive
35K than its negative input, its output logic level

discharge goes high; if the positive input voltage is less

transistor than the negative input voltage, the output
logic level goes low. The outputs of the com-

GND RESET parators are sent to the inputs of an SR flip-

flop. The flip-flop looks at the R and S inputs
and produces either a high or a low based on
the voltage states at the inputs (see Chap. 12).

Pin 1 (ground). IC ground.

Pin 2 (trigger). Input to comparator 2, which is used to set the flip-flop. When the
voltage at pin 2 crosses from above to below %V, the comparator switches to
high, setting the flip-flop.

Pin 3 (output). The output of the 555 is driven by an inverting buffer capable of sink-
ing or sourcing around 200 mA. The output voltage levels depend on the output
current but are approximately Vounighy = Vee — 1.5 V and Vyiowy = 0.1 V.

Pin 4 (reset). Active-low reset, which forces Q high and pin 3 (output) low.

Pin 5 (control). Used to override the %V level, if needed, but is usually grounded
via a 0.01-uF bypass capacitor (the capacitor helps eliminate V¢c supply noise). An
external voltage applied here will set a new trigger voltage level.

Pin 6 (threshold). Input to the upper comparator, which is used to reset the flip-flop.
When the voltage at pin 6 crosses from below to above %V, the comparator
switches to a high, resetting the flip-flop.

Pin 7 (discharge). Connected to the open collector of the npn transistor. It is used to short
pin 7 to ground when Q is high (pin 3 low). This causes the capacitor to discharge.

Pin 8 (Supply voltage V¢c). Typically between 4.5 and 16 V for general-purpose TTL
555 timers. (For CMOS versions, the supply voltage may be as low as 1 V.)

In the astable configuration, when power is first applied to the system, the capac-
itor is uncharged. This means that 0 V is placed on pin 2, forcing comparator 2 high.
This in turn sets the flip-flop so that Q is high and the 555’s output is low (a result of
the inverting buffer). With Q high, the discharge transistor is turned on, which allows
the capacitor to charge toward V¢ through R; and R,. When the capacitor voltage



212

PRACTICAL ELECTRONICS FOR INVENTORS

exceeds %V, comparator 2 goes low, which has no effect on the SR flip-flop. However,
when the capacitor voltage exceeds %V, comparator 1 goes high, resetting the flip-
flop and forcing Q high and the output low. At this point, the discharge transistor turns
on and shorts pin 7 to ground, discharging the capacitor through R,. When the capaci-
tor’s voltage drops below %Vc, comparator 2’s output jumps back to a high level, set-
ting the flip-flop and making Q low and the output high. With Q low, the transistor
turns on, allowing the capacitor to start charging again. The cycle repeats over and over
again. The net result is a squarewave output pattern whose voltage level is approxi-
mately V¢ — 1.5 V and whose on/off periods are determined by the C, R; and R,.

9.2.2 Basic Astable Operation
Ve V,
6V c
Vo= 6V
R 23V .= 4V
10K
. 8 4 U3Vee= 2V
R, out
20K 2 55 31— Yow thigh
9.4/14.1
Ve 6. 5 Vee-15V E ms_ms
c
680 nFI J T 0.01uF Vout J H L
- T 0.V L
t
tiow = 0.693(20K )(680nF) = 9.6ms
tign = 0.693(10K + 20K)(680nF) = 14.1ms Frequency vs.C, R, andR,
1 o 100 T
—_ &
=0 6ms+ 14.1ms ~ 42" AT o Rt 2R,) |
8 10 ke
14.1ms = g 2 "04@
duty cycle= 14.1ms+ 9.6ms 00 § 01 @, Yo
g ool L
o
0.001
0.1 1 10 100 1 10 100
Hz Hz Hz Hz kHz kHz kHz
FIGURE 9.7 frequency

Low-Duty-Cycle Operation (Astable Mode)

+Vie
6V
Rl %
10K thign= 6.9ms f=25Hz
8 4 —>» e
7 1
VOUI
R < 555
1N914 A 2 ’— 2 3
. 6 tow = 32.5Ms
1 5
c L
WwF T J JI—O.omF
FIGURE 9.8

When a 555 is set up in astable mode, it has no
stable states; the output jumps back and forth.
The time duration V,, remains low (around
0.1V) is set by the R,C time constant and the 73V
and %V levels; the time duration V,, stays high
(around Vcc — 1.5V) is determined by the (R; +
R,)C time constantand the two voltage levels (see
graphs). After doing some basic calculations, the
following two practical expression arise:

tiow = 0.693R,C

thigh = 0693(R1 + Rz)c

The duty cycle (the fraction of the time the out-
put is high) is given by

th:
Duty cycle = —9"

thigh - tIow
The frequency of the output waveform is
1

thigh + tiow

For reliable operation, the resistors should be
between approximately 10 kQ and 14 MQ, and
the timing capacitor should be from around
100 pF to 1000 uF. The graph will give you a
general idea of how the frequency responds to
the component values.

Now there is a slight problem with the last cir-
cuit—you cannot get a duty cycle that is below
0.5 (or 50 percent). In other words, you cannot
make tngn Shorter than t,,. For this to occur,
the R,;C network (used to generate t,,) would
have to be larger the (R; + R,)C network (used
to generate t,g4,). Simple arithmetic tells us
that this is impossible; (R; + R,)C is always
greater than R,C. How do you remedy this sit-
uation? You attach a diode across R,, as shown
in the figure. With the diode in place, as the
capacitor is charging (generating t,qn), the
preceding time constant (R; + R,)C is reduced
to R,C because the charging current is
diverted around R, through the diode. With
the diode in place, the high and low times
become
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FIGURE 9.9

tygn = 0.693(10K)(1uF) = 6.9ms tiign = 0.693R,C

tiow = 0.693(47K)(1uF) = 32.5ms tiow = 0.693R,C
1

f=—————=25Hz .
6.0mS < 325 To generate a duty cycle of less than 0.5, or 50

percent, simply make R; less than R,.
6.9ms

duty cycle=——=0.18
4 6.9ms+ 32.5ms

9.2.3 How a 555 Works (Monostable Operation)

Figure 9.9 shows a 555 hooked up in the monostable configuration (one-shot
mode). Unlike the astable mode, the monostable mode has only one stable state.
This means that for the output to switch states, an externally applied signal is
needed.

+Vee
L 8
pull-up
resistor S R é 5K
\ | 6 | THRESHOLD § > RS flip-flop 555
10K 2 comp. L
< - R Q
0.0lulj_ 5| CONTROL L
VOLTAGE < 5K
9 _ OUTPUT
T s o _
trigger = TRIGGER (?mp. 2 output 3
voltage 2 L buffer
5K
DISCHARGE 9 discharge
7 : transistor
C —~ !
GND RESET
1 4

In the monostable configuration, initially (before a trigger pulse is applied) the
555’s output is low, while the discharge transistor in on, shorting pin 7 to ground and
keeping C discharged. Also, pin 2 is normally held high by the 10-k pull-up resistor.
Now, when a negative-going trigger pulse (less than V) is applied to pin 2, com-
parator 2 is forced high, which sets the flip-flop’s Q to low, making the output high
(due to the inverting buffer), while turning off the discharge transistor. This allows C
to charge up via R; from 0 V toward V... However, when the voltage across the
capacitor reaches %V, comparator 1's output goes high, resetting the flip-flop and
making the output low, while turning on the discharge transistor, allowing the capac-
itor to quickly discharge toward 0 V. The output will be held in this stable state (low)
until another trigger is applied.
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9.2.4 Basic Monostable Operation

+Vo Vi, «<—trigger voltage The monostable circuit only has one stable
6v Vec =6V state. That is, the output rests at 0V (in reality,
more like 0.1 V) until a negative-going trigger
R % % puil-up UVee |- pulse is applied to the trigger lead—pin 2. (The
15k S 10K v t negative-going pulse can be implemented by
) ) 7 8 4 Ve momentarily grounding pin 2, say, by using a
\t/gﬁg«gare pushbutton switch attached from pin 2 to
V. o 5 555 ;5 Vou  2ee ground.) After the trigger pulse is applied, the
" U3Vee |- output will go high (around V¢ — 1.5V) for the
Ve 6 v t duration set by the R,C network. Without going
N 15 Vou through the derivations, the width of the high
WET 1 0.01uF Vec =15V - - - output pulse is
1 I 01V | hesmy  [165mg twiatn = 1.10R,C
v t  For reliable operation, the timing resistor R;
t,un = L10RC should be between around 10 kQ2 and 14 MQ,
tyicin = 110 (15K)(1pF) =16.5ms and the timing capacitor should be from
around 100 pF to 1000 uF.
FIGURE 9.10

9.2.5 Some Important Notes About 555 Timers

555 ICs are available in both bipolar and CMOS types. Bipolar 555s, like the ones
you used in the preceding examples, use bipolar transistors inside, while CMOS
555s use MOSFET transistors instead. These two types of 555s also differ in terms
of maximum output current, minimum supply voltage/current, minimum trig-
gering current, and maximum switching speed. With the exception of maximum
output current, the CMOS 555 surpasses the bipolar 555 in all regards. A CMOS
555 IC can be distinguished from a bipolar 555 by noting whether the part number
contains a C somewhere within it (e.g., ICL7555, TLC555, LMC555, etc.). (Note that
there are hybrid versions of the 555 that incorporate the best features of both the
bipolar and CMOS technologies.) Table 9.1 shows specifications for a few 555
devices.

TABLE 9.1  Sample Specifications for Some 555 Devices

SUPPLY CURRENT  TRIG. CURRENT oyt max
SUPPLY VOLTAGE (Vec=5V) (THRES. CURRENT) (Vee=5V)
TYPICAL

MIN. MAX. TYP. MAX. TYP. MAX. FREQUENCY SOURCE SINK
TYPE %) ~) 1A) (nA) (nA) (nA) (MHz) (mA) (mA)
SN555 45 18 3000 5000 100 500 05 200 200
ICL7555 2 18 60 300 — 10 1 4 25
TLC555 2 18 170 — 0.01 — 2.1 10 100
LMC555 15 15 100 250 0.01 — 3 — —

NES55 4.5 15 — 6000 — — — — 200
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If you need more than one 555 timer per IC, check out the 556 (dual version) and
558 (quad version). The 556 contains two functionally independent 555 timers that
share a common supply lead, while the 558 contains four slightly simplified 555
timers. In the 558, not all functions are brought out to the pins, and in fact, this device
is intended to be used in monstable mode—although it can be tricked into astable
mode with a few alterations (see manufacturer’s literature for more information).

QUAD
DUAL
| —
T outputA | 1 E‘ output D
SINGLE discharge A E EI Vee
timingA | 2 E‘ timing D
— threshold A E E discharge A
ground | 1 EI Vee trigger A | 3 EI trigger D
voaea [ [12] threshold B
trigger | 2 Z‘ discharge control | 4 E' reset
555 restA | 4 556 EI Sgﬂggés 558
output | 3 EI threshold Vee E E‘ ground
OutputA | 5 EI reset B
reset | 4 E‘ Sgﬂgé)!e triggerB | 6 E‘ trigger C
triggerA | 6 EI output B
(e.g., NESS55, LM555, etc.) timingB | 7 E‘ timing C
(CMOS555s: TLC555, LMCBSS, etc.) ground | 7 ZI trigger B
outputB | 8 ZI output C

FIGURE 9.11

(e.g., LM556C, NE556, etc.)
(e.g., NE558, LM558, etc.)

PRACTICAL TIP

To avoid problems associated with false triggering, connect the 555’s pin 5 to ground
through a 0.1-uF capacitor (we applied this trick already in this section). Also, if the power
supply lead becomes long or the timer does not seem to function for some unknown rea-
son, try attaching a 0.1-uF or larger capacitor between pins 8 and 1.

9.2.6 Simple 555 Applications

Relay Driver (Delay Timer)

+\g.CZCV The monostable circuit shown here acts as a

° delay timer that is used to actuate a relay for a

given duration. With the pushbutton switch
pull-up
» resistor
OK

Rl <
M
1
o
push-button
switch
= L c

FIGURE 9.12

open, the output is low (around 0.1V), and the
relay is at rest. However, when the switch is
momentarily closed, the 555 begins its timing
cycle; the output goes high (in this case ~10.5V)
for a duration equal to

tdelay = 110R1C

The relay will be actuated for the same time
duration. The diodes help prevent damaging
current surges—generated when the relay
switches states—from damaging the 555 IC, as
well as the relay’s switch contacts.
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LED and Lamp Flasher and Metronome
LED Flasher

Vee
+9V

R1
100K 8 4
7
R < 555
1|§2 ’7 2 3
- 6
1 5
1 G
T 22uF J fo.omlz = =
Metronome
VCC
R, +6V
2k 9
AN
R, L 100uF
100K 8 4 I
7 =
" volum?
R 555 ou contro
22K 2 3 R L ¥
7
6 1K ‘_g
1 5
Cl
IlOuF J To_om,: N
FIGURE 9.13

9.3 Voltage-Controlled Oscillators

8Q to 32Q2

speaker

Lamp Flasher
VCC
+6V
o +Vlamp
Rl
100K lamp
2 8 4
R 555 t 1%::( power
2 ou MOSFET
1K§ ’— 2 3
- 6
\\l 1 5 =
1 ¢ J_
T 47uF J I 0.01uF
All these circuits are oscillator circuits

(astable multivibrators). In the LED flasher
circuit, a transistor is used to amplify the 555’s
output in order to provide sufficient current
to drive the LED, while Rs is used to prevent
excessive current from damaging the LED. In
the lamp-flasher circuit, a MOSFET amplifier
is used to control current flow through the
lamp. A power MOSFET may be needed if the
lamp draws a considerable amount of current.
The metronome circuit produces a series of
“clicks” at a rate determined by R,. To control
the volume of the clicks, R, can be adjusted.

Besides the 555 timer IC, there are number other voltage-controlled oscillators
(VCOs) on the market—some of which provide more than just a squarewave output.
For example, the NE566 function generator is a very stable, easy-to-use triangular-
wave and squarewave generator. In the 556 circuit below, R; and C; set the center fre-
guency, while a control voltage at pin 5 varies the frequency; the control voltage is
applied by means of a voltage-divider network (R, Rs, R,). The output frequency of

FIGURE 9.14 the 556 can be determined by using the formula shown in Fig. 9.14.
VCC
°+12v
= R, 0001uF $ 2(Veo = Vin)
. H,F f= cC in,
100Q =
ground | 1 EI +Ve . . RCVee
N.C. | 2 566 ] . R, ‘Y ML Vee = Ve > 0.75Vec
. E E‘ 5K v, 5 566 2K < R < 20K
o R 3 (Vcisset by the voltage
. R —o AN\ o
/\ out IZ E‘ modulation 10K divider R, Rs and Ry)
input 1
= C
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Other VCOs, such as the 8038 and the XR2206, can create a trio of output wave-
forms, including a sine wave (approximation of one, at any rate), a square wave, and
triangular wave. Some VCOs are designed specifically for digital waveform genera-
tion and may use an external crystal in place of a capacitor for improved stability. To
get a feel for what kinds of VCOs are out there, check the electronics catalogs.

9.4 W.ien-Bridge and Twin-T Oscillators

1N4739
@.1V) <

FIGURE 9.15

A popular RC-type circuit used to generate low-distortion sinusoidal waves at low to
moderate frequencies is the Wien-bridge oscillator. Unlike the oscillator circuits dis-
cussed already in this chapter, this oscillator uses a different kind of mechanism to
provide oscillation, namely, a frequency-selective filter network.

The heart of the Wien-bridge oscillator is its frequency-selective feed-
back network. The op amp’s output is fed back to the inputs in phase.
Part of the feedback is positive (makes its way through the frequency-

selective RC branch to the noninverting terminal), while the other partis
out negative (is sent through the resistor branch to the inverting input of the

op amp). At a particular frequency f, = 1/(2rRC), the inverting input volt-

age (V,) and the noninverting input voltage (V,) will be equal and in
1 phase—the positive feedback will cancel the negative feedback, and the
2nRC circuit will oscillate. At any other frequency, V, will be too small to can-
cel V,, and the circuit will not oscillate. In this circuit, the gain must be
set to +3V (R; and R; set the gain). Anything less than this value will
cause oscillations to cease; anything more will cause the output to satu-
rate. With the component values listed in the figure, this oscillator can
cover a frequency range of 1 to 5 kHz. The frequency can be adjusted by
means of a two-ganged variable-capacitor unit.

The second circuit shown in the figure is a slight variation of the first.
Unlike the first circuit, the positive feedback must be greater than the neg-
ative feedback to sustain oscillations. The potentiometer is used to adjust
the amount of negative feedback, while the RC branch controls the
amount of positive feedback based on the operating frequency. Now,
since the positive feedback is larger than the negative feedback, you have
to contend with the““saturation problem,”as encountered in the last exam-
ple.To prevent saturation, two zener diodes placed face to face (or back to
back) are connected across the upper 22-kQ resistor. When the output
voltage rises above the zener’s breakdown voltage, one or the other zener
diode conducts, depending on the polarity of the feedback. The conduct-
ing zener diode shunts the 22-kQ resistor, causing the resistance of the
negative feedback circuit to decrease. More negative feedback is applied
to the op amp, and the output voltage is controlled to a certain degree.

9.5 LC Oscillators (Sinusoidal Oscillators)

When it comes to generating high-frequency sinusoidal waves, commonly used in
radiofrequency applications, the most common approach is to use an LC oscillator.
The RC oscillators discussed so far have difficulty handling high frequencies, mainly
because it is difficult to control the phase shifts of feedback signals send to the ampli-
fier input and because, at high frequencies, the capacitor and resistor values often
become impractical to work with. LC oscillators, on the other hand, can use small
inductances in conjunction with capacitance to create feedback oscillators that can
reach frequencies up to around 500 MHz. However, it is important to note that at low
frequencies (e.g., audio range), LC oscillators become highly unwieldy.
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LC oscillators basically consist of an amplifier that incorporates positive feedback
through a frequency-selective LC circuit (or tank). The LC tank acts to eliminate from
the amplifier’s input any frequencies significantly different from its natural resonant
frequency. The positive feedback, along with the tank’s resonant behavior, acts to
promote sustained oscillation within the overall circuit. If this is a bit confusing, envi-
sion shock exciting a parallel LC tank circuit. This action will set the tank circuit into
sinusoidal oscillation at the LC’s resonant frequency—the capacitor and inductor will
“toss” the charge back and forth. However, these oscillations will die out naturally
due to internal resistance and loading. To sustain the oscillation, the amplifier is used.
The amplifier acts to supply additional energy to the tank circuit at just the right
moment to sustain oscillations. Here is a simple example to illustrate the point.

Here, an op amp incorporates positive feedback that is altered by an LC
op amp oV, resonant filter or tank circuit. The tank eliminates from the noninverting

+ input of the op amp any frequencies significantly different from the

= positive tank’s natural resonant frequency:
feedback

loop _ 1

L C resonant
tank circuit

" onVLC

1 (Recall from Chap. 2 that a parallel LC resonant circuit’s impedance
becomes large at the resonant frequency but falls off on either side,
2nVLC 9 d Y

f=

allowing the feedback signal to be filtered out to ground.) If a sinusoidal

voltage set at the resonant frequency is present at Vi, the amplifier is

alternately driven to saturation in the positive and negative directions,

A resulting in a square wave at the output V,. This square wave has a strong
e fundamental Fourier component at the resonant frequency, part of

v, which is fed back to the noninverting input through the resistor to keep
oscillations from dying out. If the initially applied sinusoidal voltage at V;
m is removed, oscillations will continue, and the voltage at V, will be sinu-

u u t soidal. Now in practice (considering real-life components and not theo-
retical models), it is not necessary to apply a sine wave to V; to get things
going (this is a fundamentally important point to note). Instead, due to

».

>

T=2rVLC
FIGURE 9.16

imperfections in the amplifier, the oscillator will self-start. Why? With
real amplifiers, there is always some inherent noise present at the output
even when if the inputs of the amplifier are grounded (see Chap. 7). This
noise has a Fourier component at the resonant frequency, and because of
the positive feedback, it rapidly grows in amplitude (perhaps in just a
few cycles) until the output amplitude saturates.

Now, in practice, LC oscillators usually do notincorporate op ampsinto their designs.
Atvery high frequencies (e.g., RF range), op amps tend to become unreliable due to slew-
rate and bandwidth limitations. When frequencies above around 100 kHz are needed, it
is essential to use another kind of amplifier arrangement. For high-frequency applica-
tions, what is typically used is a transistor amplifier (e.g., bipolar or FET type). The
switching speeds for transistors can be incredibly high—a 2000-MHz ceiling is not
uncommon for special RF transistors. However, when using a transistor amplifier within
an oscillator, there may be a slight problem to contend with—one that you did not have
to deal with when you used the op amp. The problem stems from the fact that transistor-
like amplifiers often take their outputs at a location where the output happens to be 180°
out of phase with its input (see Chap. 4). However, for the feedback to sustain oscilla-
tions, the output must be in phase with the input. In certain LC oscillators this must be
remedied by incorporating a special phase-shifting network between the output and
input of the amplifier. Let’s take a look at a few popular LC oscillator circuits.
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Hartley LC Oscillator
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FIGURE 9.17
Colpitts LC Oscillator
1
Voo " 2nVLCa

+15V

<+— feedback loop
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L it

permeability tuned capacitor tuned
FIGURE 9.18

A Hartley oscillator uses an inductive voltage divider to determine the
feedback ratio. The Hartley oscillator can take on a number of forms
(FET, bipolar, etc.)—a JFET version is shown here. This oscillator
achieves a 180° phase shift needed for positive feedback by means of a
tapped inductor in the tank circuit. The phase voltage at the two ends of
the inductor differ by 180° with respect to the ground tap. Feedback via
L, is coupled through C, to the base of the transistor amplifier. (The
tapped inductor is basically an autotransformer, where L, is the primary
and L, is the secondary.) The frequency of the Hartley is determined by
the tank’s resonant frequency:

1
" 2nVLCy

This frequency can be adjusted by varying C;. R acts as a gate-biasing
resistor to set the gate voltage. R is the source resistor. Cs is used to
improve amplifier stability, while C, and C, act as a dc-blocking capac-
itor that provides low impedance at the oscillator’s operating fre-
quency while preventing the transistor’s dc operating point from
being disturbed. The radiofrequency choke (RFC) aids in providing the
amplifier with a steady dc supply while eliminating unwanted ac
disturbances.

The second circuit is another form of the Hartley oscillator that uses a
bipolar transistor instead of a JFET as the amplifier element. The fre-
quency of operation is again determined by the resonant frequency of
the LC tank. Notice that in this circuit the load is coupled to the oscilla-
tor via a transformer’s secondary.

The Colpitts oscillator is adaptable to a wide range of frequencies and
can have better stability than the Hartley. Unlike the Hartley, feedback
is obtained by means of a tap between two capacitors connected in
series. The 180° phase shift required for sustained oscillation is achieved
by using the fact that the two capacitors are in series; the ac circulating
current in the LC circuit (see Chap. 2) produces voltage drops across
each capacitor that are of opposite signs—relative to ground—at any
instant in time. As the tank circuit oscillates, its two ends are at equal
and opposite voltages, and this voltage is divided across the two capac-
itors. The signal voltage across C, is then connected to the transistor’s
base via coupling capacitor C,, which is part of the signal from the col-
lector. The collector signal is applied across C; as a feedback signal
whose energy is coupled into the tank circuit to compensate for losses.
The operating frequency of the oscillator is determined by the resonant
frequency of the LC tank:

1
" 21V LCe
where Cg is the series capacitance of C; and Cy;
1 1 1

=— 4+ —
Ct C1 G
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FIGURE 9.19

C, and C, are dc-blocking capacitors, while R; and R, act to set the bias
level of the transistor. The RFC choke is used to supply steady dc to the
amplifier. This circuit’s tank can be exchanged for one of the two
adjustable tank networks. One tank uses permeability tuning (variable
inductor), while the other uses a tuning capacitor placed across the
inductor to vary the resonant frequency of the tank.

Clapp Oscillator

1 The Clapp oscillator has exceptional frequency

Vi f= 21V L:Cut stability. It is a simple variation of the Colpitts

+15v oscillator. The total tank capacitance is the

Car S S C, series combination of C, and C,. The effective

VG, + UG, + UCy inductance L of the tank is varied by changing

R RFC G the net reactance by adding and subtracting

G 68K§ 0.1uF capacitive reactance via C; from inductive

reactance of L. Usually C; and C, are much

larger than C;, while Ly and C; are series reso-

nant at the desired frequency of operation. C;

and C, determine the feedback ratio, and they

8200 0.1uF are so large compared with C; that adjusting

I 0.01uF Cr has almost no effect on feedback. The Clapp

= oscillator achieves its reputation for stability

since stray capacitances are swamped out by

C, and C, meaning that the frequency is almost

entirely determined by L; and C;. The fre-
quency of operation is determined by

1
f=—F——
2nV LTCeff
where C is
1
= =C;
1/C,+1/C,+1/Ct

feedback loop

Cert

9.6 Crystal Oscillators

When stability and accuracy become critical in oscillator design—which is often the
case in high-quality radio and microprocessor applications—one of the best
approaches is to use a crystal oscillator. The stability of a crystal oscillator (from
around 0.01 to 0.001 percent) is much greater than that of an RC oscillator (around 0.1
percent) or an LC oscillator (around 0.01 percent at best).

When a quartz crystal is cut in a specific manner and placed between two con-
ductive plates that act as leads, the resulting two-lead device resembles an RLC
tuned resonant tank. When the crystal is shock-excited by either a physical com-
pression or an applied voltage, it will be set into mechanical vibration at a specific
frequency and will continue to vibrate for some time, while at the same time gener-
ating an ac voltage between its plates. This behavior, better know as the piezoelectric
effect, is similar to the damped electron oscillation of a shock-excited LC circuit.
However, unlike an LC circuit, the oscillation of the crystal after the initial shock
excitation will last longer—a result of the crystal’s naturally high Q value. For a
high-quality crystal, a Q of 100,000 is not uncommon. LC circuits typically have a Q
of around a few hundred.
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Crystal equivalent circuit
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FIGURE 9.20

FIGURE 9.21
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The RLC circuit shown in Fig. 9.20 is used as an equivalent circuit for a crystal. The
lower branch of the equivalent circuit, consisting of R;, C;, and L, in series, is called
the motional arm. The motional arm represents the series mechanical resonance of the
crystal. The upper branch containing C, accounts for the stray capacitance in the crys-
tal holder and leads. The motional inductance L, is usually many henries in size, while
the motional capacitance C, is very small (<<1 pF). The ratio of L, to C, for a crystal is
much higher than could be achieved with real inductors and capacitors. Both the
internal resistance of the crystal R, and the value of C, are both fairly small. (For a
1-MHz crystal, the typical components values within the equivalent circuit would be
L, =3.5H, C,=0.007 pF, R, =340 Q, C, = 3 pF. For a 10-MHz fundamental crystal, the
typical values would be L, =9.8 mH, C, =0.026 pF, R, =7 Q, C,=6.3 pF)

In terms of operation, a crystal can be driven at series resonance or parallel resonance.
In series resonance, when the crystal is driven at a particular frequency, called the
series resonant frequency f;, the crystal resembles a series-tuned resonance LC circuit;
the impedance across it goes to a minimum—only R; remains. In parallel resonance,
when the crystal is driven at what is called the parallel resonant frequency f,, the crystal
resembles a parallel-tuned LC tank; the impedance across it peaks to a high value (see
the graphs in Fig. 9.20).

Quartz crystals come in series-mode and parallel-mode forms and may either be
specified as a fundamental-type or an overtone-type crystal. Fundamental-type crys-
tals are designed for operation at the crystal’s fundamental frequency, while overtone-
type crystals are designed for operation at one of the crystal’s overtone frequencies.
(The fundamental frequency of a crystal is accompanied by harmonics or overtone
modes, which are odd multiples of the fundamental frequency. For example, a crystal
with a 15-MHz fundamental also will have a 45-MHz third overtone, a 75-MHz fifth
overtone, a 135-MHz ninth overtone, etc. Figure 9.21 below shows an equivalent RLC
circuit for a crystal, along with a response curve, both of which take into account the
overtones.) Fundamental-type crystals are available from around 10 kHz to 30 MHz,
while overtone-type crystals are available up to a few hundred megahertz. Common
frequencies available are 100 kHz and 1.0, 2.0, 4, 5, 8, and 10 MHz.

Freguency response

RL . o
€ equivalent circuit (including overtones)

(including overtones)
Fundamental

o
_L _L _L 3rd overtone
5th overtone

wave c c C
propagation ! 2 3
T T T < > Cy == L, L, Ly
i i mechanical
displacement R, R, R,
o I | | |

Impedance (Z)
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Basic Crystal Oscillator

R

Designing crystal oscillator circuits is similar to designing LC oscillator circuits,
except that now you replace the LC tank with a crystal. The crystal will supply posi-
tive feedback and gain at its series or parallel resonant frequency, hence leading to
sustained oscillations. Here are a few basic crystal oscillator circuits to get you
started.

The simple op amp circuit shown here resembles the LC oscillator circuitin

Fig.9.16, except that it uses the series resonance of the crystal instead of the
parallel resonance of an LC circuit to provide positive feedback at the

'A%

desired frequency. Other crystal oscillators, such as the Pierce oscillator,
Colpitts oscillator,and a CMOS inverter oscillator, shown below, also incor-
porate a crystal as a frequency-determining component. The Pierce oscilla-
tor,which uses a JFET amplifier stage, employs a crystal as a series-resonant
feedback element; maximum positive feedback from drain to gate occurs
only at the crystal’s series-resonant frequency. The Colpitts circuit, unlike

——oO out

Pierce Oscillator

+oV

the Pierce circuit, uses a crystal in the parallel feedback arrangement; max-
imum base-emitter voltage signal occurs at the crystal’s parallel-resonant
frequency. The CMOS circuit uses a pair of CMOS inverters along with a
crystal that acts as a series-resonant feedback element; maximum positive
feedback occurs at the crystal’s series resonant frequency.

Colpitts Oscillator

+12V

CMOS Inverter Oscillator
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FIGURE 9.22
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There are a number of ICs available that can make designing crystal oscillators a
breeze. Some of these ICs, such as the 745124 TTL VCO (squarewave generator), can
be programmed by an external crystal to output a waveform whose frequency is
determined by the crystal’s resonant frequency. The MC12060 VCO, unlike the
745124, outputs a pair of sine waves. Check the catalogs to see what other types of
oscillator ICs are available.

Now there are also crystal oscillator modules that contain everything (crystal and
all) in one single package. These modules resemble a metal-like DIP package, and they
are available in many of the standard frequencies (e.g., 1, 2, 4,5, 6, 10, 16, 24, 25, 50, and
64 MHz, etc.). Again, check out the electronics catalogs to see what is available.



CHAPTER 10

Voltage Regulators and
Power Supplies

Circuits usually require a dc power supply that can maintain a fixed voltage while
supplying enough current to drive a load. Batteries make good dc supplies, but their
relatively small current capacities make them impractical for driving high-current,
frequently used circuits. An alternative solution is to take a 120-V ac, 60-Hz line volt-
age and convert it into a usable dc voltage. The trick to converting the ac line voltage
into a usable (typically lower-level) dc voltage is to first use a transformer to step
down the ac voltage. After that, the transformed voltage is applied through a rectifier
network to get rid of the negative swings (or positive swings if you are designing a
negative voltage supply). Once the negative swings are eliminated, a filter network is
used to flatten out the rectified signal into a nearly flat (rippled) dc voltage pattern.
Figure 10.1 show the process in action.

(I

reduced ac voltage rectified dc pulses
voltage
« spike l rectifier
filter spike gets
a — o + ~ dc voltage / through
line

q
¥ 1T e i ~ (unregulaied)
step-down n i
"“S =120V = transformer .

=60 Hz

FIGURE 10.1

Now there is one problem with this supply—it is unregulated. This means that if
there are any sudden surges within the ac input voltage (spikes, dips, etc.), these vari-
ations will be expressed at the supply’s output (notice the spike that gets through in
Fig. 10.1). Using an unregulated supply to run sensitive circuits (e.g., digital IC cir-
cuits) is a bad idea. The current spikes can lead to improper operating characteristics
(e.g., false triggering, etc.) and may destroy the ICs in the process. An unregulated
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supply also has a problem maintaining a constant output voltage as the load resis-
tance changes. If a highly resistive (low-current) load is replaced with a lower-
resistance (high-current) load, the unregulated output voltage will drop (Ohm’s law).

Fortunately, there is a special circuit that can be placed across the output of an
unregulated supply to convert it into a regulated supply—a supply that eliminates
the spikes and maintains a constant output voltage with load variations (see Fig.
10.2). This special circuit is called a voltage regulator.

rectifier bypass filter used to eliminate high-
. frequency noise generated by load

voltage
regulator

- V

out
O.luF‘ ' (regulated)
O

+ ~ dc voltage

ac —
line —

step-down
transformer

) SR
’

'
N

0

) E
O

1 E
:O

[ Jemm——

Vv _ =120V

rms

f=60Hz

FIGURE 10.2

A voltage regulator is designed to automatically adjust the amount of current
flowing through a load—so as to maintain a constant output voltage—by comparing
the supply’s dc output with a fixed or programmed internal reference voltage. A sim-
ple regulator consists of a sampling circuit, an error amplifier, a conduction element,
and a voltage reference element (see Fig. 10.3).

The regulator’s sampling circuit (voltage divider) monitors the output voltage by
feeding a sample voltage back to the error amplifier. The reference voltage element
(zener diode) acts to maintain a constant reference voltage that is used by the error
amplifier. The error amplifier compares the output sample voltage with the reference
voltage and then generates an error voltage if there is any difference between the two.
The error amplifier’s output is then fed to the current-control element (transistor),
which is used to control the load current.

control element
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FIGURE 10.3

In practice, you do not have to worry about designing voltage-regulator circuits
from scratch. Instead, what you do is spend 50 cents for a voltage-regulator IC. Let’s
take a closer look at these integrated devices.
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10.1 Voltage-Regulator ICs

There are a number of different kinds of voltage-regulator ICs on the market today.
Some of these devices are designed to output a fixed positive voltage, some are
designed to output a fixed negative voltage, and others are designed to be adjustable.

10.1.1 Fixed Regulator ICs
Positive voltage regulator positive voltage regulator

Vin
(unregulated)

78xx
in out

out
(regulated)
+xxV

-~ \ \Output
Ground

Input

Negative voltage regulator

negative voltage regulator

(unregulated regul ated)
T T +xx V

grnd Cou
llOp I Ioou)lpF

Ground
Input

FIGURE 10.4
10.1.2 Adjustable Regulator ICs

Input  Caseoutput YV,
v, (regulated)
(unregul ated) 125t037V

Vou = 1.25(1 +
I< VOLI!
Vin (regulated)
(unregul ated) 1 to 125V
(e, TL783 O
in
Cn =
Vin
(unregul ated) (regul ated)
-1.5t0-38vV -1.2t0-37V

Adjust Output
Input

FIGURE 10.5

One popular line of regulators includes the
three-terminal LM78xx series shown here. The
“xx” digits represent the output voltage, e.g.,
7805 (5V), 7806 (6V), 7808 (8 V), 7810 (10V), 7812
(12V), 7815 (15 V), 7818 (18 V), and 7824 (24 V).
These devices can handle a maximum output
current of 1.5 A if properly heat-sunk. To
remove unwanted input or output spikes/
noise, capacitors can be attached to the regula-
tor’s input and output terminals, as shown
in the figure. A popular series of negative
voltage-regulator IC is the LM79xx regulators,
where “xx” represent the negative output volt-
age. These devices can handle a maximum out-
put current of 1.5 A. A number of different
manufacturers make their own kinds of volt-
age regulators. Some of the regulators can han-
dle more current than others. Check out the
catalogs to see what is available.

The LM317 regulator shown here is a popular
adjustable positive voltage regulator. Unlike
the 7800 fixed voltage-regulator series, the
LM317’s reference-voltage terminal (called the
adjust terminal) floats. By applying a reference
voltage—relative to its output voltage—to its
adjust terminal, the regulator’s output can be
altered. The reference voltage, or adjust voltage,
is applied by means of a voltage divider (R, and
R,). Increasing R, forces the adjust voltage
upward and thus pushes the regulator’s output
to a higher level. The LM317 is designed to
accept an unregulated input voltage of up to 37
V and can output a maximum current of 1.5 A.
The TL783 is another positive adjustable regu-
lator that can output a regulated voltage of
from 1 to 125V, with a maximum output cur-
rent of 700 mA. The LM337T, unlike the previ-
ous two regulators, is an adjustable negative
voltage regulator. It can output a regulated
voltage of from —1.2 to —37V, with a maximum
output current of 1.5 A. Again, check the elec-
tronics catalogs to see what other kinds of
adjustable regulators are available. (C;, should
be included if the regulator is far from the
power source; it should be around 0.1 uF or so.
Cout is Used to eliminate voltage spikes at the
output; it should be around 0.1 uF or larger.)
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10.1.3 Regulator Specifications

The specifications tables for regulators typically will provide you with the following
information: output voltage, accuracy (percent), maximum output current, power
dissipation, maximum and minimum input voltage, 120-Hz ripple rejection (deci-
bels), temperature stability (AV,./AT), and output impedance (at specific frequen-
cies). A regulator’s ripple rejection feature can greatly reduce voltage variations in a
power supply’s output, as you will discover later in this chapter.

10.2 A Quick Look at a Few Regulator Applications

Before we take a look at how voltage regulators are used in power supplies, it is worth-
while seeing how they are used in other types of applications. Here are a few examples.

Car battery voltage regulation Current regulator 12V battery recharger
Vieg= XX
1N4002 +12t0 20V
] V. 78 o0—
1 n in > out in
xx= 05, 06, 09, etc. c
105V, 6V, 9V, in grnd R
from 12V car 78 etc. 0.1uF
battery in 0 Tout device
G =< gnd = Cou - -
| =
1-10uF l 0.1uF stablebiasng R load
= for lamps, e
= = LEDs, etc.
FIGURE 10.6

10.3 The Transformer

It is important that you choose the right transformer for your power supply. The
transformer’s secondary voltage should not be much larger than the output voltage
of the regulator; otherwise, energy will be wasted because the regulator will be forced
to dissipate heat. However, at the same time, the secondary voltage must not drop
below the required minimum input voltage of the regulator (typically 2 to 3 V above
its output voltage).

10.4 Rectifier Packages

The three basic rectifier networks used in power supply designs include the half-
wave, full-wave, and bridge rectifiers, shown in Fig. 10.7. To understand how these

FIGURE 10.7 rectifiers work, see Chap. 4.

full-wave rectifier
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Half-wave, full-wave, and bridge rectifiers can be constructed entirely from indi-
vidual diodes. However, both full-wave and bridge rectifiers also come in preassem-
bled packages (see Fig. 10.8).

DO-case DIP-4 case
— R

n

;
High-current
TO-220 case AL case
- J
Vo
FIGURE 10.8 Bridge rectifiers

Make sure that the power supply’s rectifier diodes have the proper current and
peak-inverse-voltage (PIV) ratings. Typical rectifier diodes have current ratings from
1to 25 A, PIV ratings from 50 to 1000 V, and surge-current ratings from around 30 to
400 A. Popular general-purpose rectifier diodes include the 1N4001 to 1N4007 series
(rated at 1 A, 0.9-V forward voltage drop), the 1N5059 to 1N5062 series (rated at 2 A,
1.0-V forward voltage drop), the 1IN5624 to 1N5627 series (rated at 5 A, 1.0-V forward
voltage drop), and the 1IN1183A-90A (rated at 40 A, 0.9-V forward voltage drop). For
low-voltage applications, Schottky barrier rectifiers can be used; the voltage drop
across these rectifiers is smaller than a typical rectifier (typically less than 0.4 V); how-
ever, their breakdown voltages are significantly smaller. Popular full-wave bridge
rectifiers include the 3N246 to 3N252 series (rated at 1 A, 0.9-V forward voltage drop)
and the 3N 253 to 3N259 series (rated at 2 A, 0.85-V forward voltage drop).

10.5 A Few Simple Power Supplies
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FIGURE 10.10

FIGURE 10.11

surges generated by the load. Such surges may result when the power supply is turned off. For
example, the capacitance across the output may discharge more slowly than the capacitance across
the input. This would reverse-bias the regulator and could damage it in the process. The diode
diverts the unwanted current away from the regulator. The second power supply is similar to the
first but uses a bridge rectifier.

Adjustable +1.2- to +37-V, 1.5-A Supply

15A

fuse bridge rectifier
+1.2
acline LM317 [—1 o 10
1 +37V
C, = C = C; =
25“/’2/\ 1 T 2 M R 3
transformer 2000uF | 2000pF| R s A OMUF | oy ieg)
50V 50V 5K 50v

J=_ o

Here, a +1.2- to +37-V power supply uses an LM317T adjustable regulator to regulate its output.
The output voltage is adjusted by varying R,. C; and C, act as filter capacitors, and C; acts as a
high-frequency bypass filter capacitor (see last example).

+12-V and =15-V Power Supplies

15A % (o) :
1N5400
fuse N 4700pF %94
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2A 33KS 390Q
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Here, two LM317 adjustable regulators and two 25.2-V center-tapped transformers are used to
construct a =12-V dual-polarity power supply that has a maximum output current of 1.5 A. Note
that even though an LM317 is not specifically designed as a negative voltage regulator, it can still
be “fooled” by the transformers; the transformers are connected in such a way as to set the regu-
lators’ terminal voltages to the proper polarity. (It is a relativity thing.) To change the output volt-
age, the programming resistors R; through R, are varied.

1.5A
fuse bridge rectifier in out
7815 o IV
o 1 1 ?
c 1
acline 4000uF ond|  jolF A5 IN4004Z
T 7 #7
= = o grnd
1 o L 1
A00nF gnd|  10pF IN4004 &
T i T 15v
7915 -

= 0
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Here, a 7815 positive voltage regulator and a 7915 negative voltage regulator are used to construct
a +15-V supply. Notice that only one transformer is needed, as compared with the two that were
needed in the preceding supply.
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10.6 Technical Points about Ripple Reduction

f=120 Hz

FIGURE 10.12

When using a supply to power sensitive circuits, it is essential to keep the variation
in output voltage as small as possible. For example, when driving digital circuits
from a 5-V supply, the variation in output voltage should be no more than 5 percent,
or 0.25V, if not lower. In fact, digital logic circuits usually have a minimum 200-mV
noise margin around critical logic levels. Small analog signal circuits can be espe-
cially finicky when it comes to output variations. For example, they may require a
variation less than 1 percent to operate properly. How do you keep the output varia-
tion error low? You use filter capacitors and voltage regulators.

Filter capacitors act to reduce the fluctuations in output by storing charge
during the positive-going rectifier cycle and then releasing charge through the
load—at a slow enough rate to maintain a level output voltage—during the nega-
tive-going rectifier cycle. If the filter capacitor is too small, it will not be able to store
enough charge to maintain the load current and output voltage during the nega-
tive-going cycle.

0 < >0
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?‘ T out L
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As it turns out, the amount of current drawn by a load influences the rate of
capacitor discharge. If a low-resistance, high-current load is placed across the sup-
ply’s output, the capacitor will discharge relatively quickly, causing the voltage
across the capacitor and therefore the voltage across the load to drop relatively
quickly. On the other hand, a highly resistive, low-current load will cause the capac-
itor to discharge more slowly, which means the dip in output voltage will not be as
significant. To calculate the drop in voltage of the capacitor during its discharge
cycle, use

where | is the load current, At is the discharge time, and AV is the fluctuation in out-
put above and below the average dc level. AV is also referred to as the peak-to-peak rip-
ple voltage Vippepp)- (Here, | cheated by substituting straight lines for exponential
decays to describe the discharge cycle; see Fig. 10.12.) At can be approximated by
dividing 1 by the rectified output voltage frequency. For a full-wave rectifier, the
period is 1/120 Hz, or 8.3 x 107 s. In reality, the actual amount of time the capacitor
spends discharging during a peak-to-peak variation is about 5 ms. The other 3.3 ms
is used up during the charge. To make life easier on you, the following equation sim-
plifies matters:

I
Viippierms) = (0.0024 5) ——
Cs
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Note that the ripple voltage is not given in the peak-to-peak form but is given in the
rms form (recall that Vp, = V2 Vims). TO test the equation out, let’s find the ripple volt-
age for a 5-V supply that has a 4700-uF filter capacitor and a maximum load current
of 1.0 A. (Here | am pretending that no voltage regulator is present at this point.)
After plugging the numbers into the equation, you get Vi ippieems) = 510 mV. But now,
recall that a minute ago | said that the amount of variation in the output had to be
+0.25 V% to run digital ICs—510 mV is too big. Now you could keep fiddling around
with the capacitance value in the equation and come up with an even better answer,
say, letting C equal infinity. In theory, this is fine, but in reality, it is not fine. It is not
fine for three basic reasons. The first reason has to do with the simple fact that you
cannot find a capacitor at Radio Shack that has an infinite capacitance. If an infinite-
capacitance capacitor existed, the universe would not be the same, and you and |
probably would not be around to talk about it. The second reason has to do with
capacitor tolerances. Unfortunately, the high-capacity electrolytic capacitors used in
power supplies have some of the worst tolerances among the capacitor families. It is
not uncommon to see a 5 to 20 percent or even larger percentage tolerance for these
devices. The mere fact that the tolerances are so bad makes being “nitpicky” about
the equation a questionable thing to do. The third and perhaps most important rea-
son for avoiding fiddling around with the equation too much has to do with the
inherent ripple-rejection characteristics of voltage regulators. As you will see, the
voltage regulator can save us.

Voltage regulators often come with a ripple-rejection parameter given in decibels.
For example, the 7805 has a ripple-rejection characteristic of about 60 dB. Using the
attenuation expression, you can find the extent of the ripple reduction:

Vou
—60 dB = 20 log,, —=*

in

Vout

-3 =1logy

in

Vout
Vin

10 =

The last expression says that the output ripple is reduced by a factor of 1000. This
means that if you use the regulator with the initial setup, you will only have an out-
put ripple of 0.51 mV—a value well within the safety limits. At this point, it is
important to note that the 7805 requires a minimum voltage difference between its
input and output of 3 V to function properly. This means that to obtain a 5-V output,
the input to the regulator must be at least 8 V. At the same time, it is important to
note the voltage drop across the rectifier (typically around 1 to 2 V). The secondary
voltage from the transformer therefore should be even larger than 8 V. A transformer
with a secondary voltage of 12 V or so would be a suitable choice for the 5-V supply.

Now let’s see how well the LM319 adjustable regulator rejects the ripple. Let’s say
that an LM317 is used in a power supply that has a transformer secondary rms volt-
age of 12.6 V. The capacitor’s peak voltage during a cycle will be 17.8 V (the peak-to-
peak voltage of the secondary). An LM317 has a ripple-rejection characteristic of
around 65 dB, but this value can be raised to approximately 80 dB by bypassing the
LM317’s voltage divider with a 10-uF capacitor (see Fig. 10.13).



\oltage Regulators and Power Supplies 291

FIGURE 10.13
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If you let C = 4700 uF and assume a 1.5-A maximum load current, you get a ripple

voltage of

Vime = 0.0024 5(1.5 A/4700 uF) = 760 mV

Again, the ripple voltage is too much for sensitive ICs to handle. However, if you
consider the LM319’s ripple-rejection characteristic (assuming that you use the
bypassing capacitor), you get a reduction of

VOUt

—80 dB =20 log,

in

VDU

—4=10gy th
10~ = Vout
Vin

In other words, the output ripple is reduced by a factor of 10,000, so the final output

ripple voltage is only 0.076 mV.

10.7 Loose Ends

FIGURE 10.14

Line Filter and Transients Suppressors

ac linefilter
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A line filter is an LC filter circuit that is
inserted into a supply to filter out unwanted
high-frequency interference present in the
input line supply. Line filters also can help
reduce voltage spikes, as well as help elimi-
nate the emission of radiofrequency interfer-
ence by the power supply. Line filters are
placed before the transformer, as shown in the
figure. AC line filters can be purchased in pre-
assembled packages. See the electronics cata-
logs for more info.

A transient suppressor is a device that acts
to short out when the terminal voltage exceeds
safe limits (e.g., spikes). These devices act like
bidirectional high-power zener diodes. They
are inexpensive, come in diode-like packages,
and come with low-voltage and peak-pulse-
voltage ratings.
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Overvoltage Protection

crowbar

+5V (regulated)

The crowbar and clamp circuits shown here can be placed across the
output of a regulated supply to protect a load against an unregulated
voltage that would be present at the output if the voltage regulator failed

100Q

200Q2

5.6V

zener

(shorted internally).

CROWBAR

For the crowbar circuit, when the supply voltage exceeds the zener
diode’s breakdown voltage by 0.6V, the zener diode conducts, triggering
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FIGURE 10.15

rent to ground. The crowbar’s SCR will not turn off until the power sup-

TO-OluF the SCR into conduction. The SCR then diverts potentially harmful cur-
J_ ¢ 0

clamps

ply is turned off or the SCR’s anode-to-cathode current in interrupted,
say, by means of a switch.

CLAMP

Y A zener diode placed across the output of a supply also can be used for
overvoltage protection. However, it may “fry” if the unregulated current
4@ is too large. To avoid frying the zener diode, use a high-power transistor

1K i to help divert the current. When the zener diode’s breakdown voltage is

exceeded, some of the current that flows through it will enter the tran-
—o0 sistor’s base, allowing the excessive current to flow toward ground.

Using clamps can eliminate false triggering caused by voltage spikes;

the crowbar, on the other hand, would need to be reset in such a case.

Bleeder Resistors and Transient Suppressors

transient suppressor

When a resistor is placed across the output of the unregulated supply, it

l bleeder will act to discharge the high-voltage (potentially lethal) filter capacitor
resistor when the supply is turned off and the load removed. Such a resistor is

100(1% H referred to as a bleeder resistor. A 1-k, 1/2-W resistor is suitable for most

0.1uF applications.

W T Cite S 1K An RC network placed across the primary coil of the transformer can
prevent large, potentially damaging inductive transients from forming
when the supply is turned off. The capacitor must have a high voltage rat-

FIGURE 10.16 ing. A typical RC network consists of a 100-Q resistor and a 0.1-uF, 1-kV

capacitor. Special z-lead transient suppressor devices can also be used, as
was mentioned earlier.

10.8 Switching Regulator Supplies (Switchers)

A switching power supply, or switcher, is a unique kind of power supply that can
achieve power conversion efficiencies far exceeding those of the linear supplies cov-
ered earlier in this chapter. With linear regulated supplies, the regulator converts the
input voltage that is higher than needed into a desired lower output voltage. To
lower the voltage, the extra energy is dissipated as heat from the regulator’s control
element. The power-conversion efficiency (P../Pi,) for these supplies is typically
lower than 50 percent. This means that more than half the power is dissipated as heat.

Switchers, on the other hand, can achieve power-conversion efficiencies exceed-
ing 85 percent, meaning that they are much more energy efficient than linearly regu-
lated supplies. Switchers also have a wide current and voltage operating range and
can be configured in either step-down (output voltage smaller than input voltage),
step-up (output voltage larger than input voltage), or inverting (output is the oppo-
site polarity of the input) configurations. Also, switchers can be designed to run
directly off ac line power, without the need for a power transformer. By eliminating
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the hefty power transformer, the switcher can be made light and small. This makes
switchers good supplies for computers and other small devices.

A switching supply resembles a linear supply in many ways. However, two unique
features include an energy-storage inductor and a nonlinear regulator network. Unlike
a linear supply, which provides regulation by varying the resistance of the regulator’s
control element, a switcher incorporates a regulation system in which the control ele-
ment is switched on and off very rapidly. The on/off pulses are controlled by an oscil-
lator/error amplifier/pulse-width modulator network (see Fig. 10.17).

Basic Switching Regulator
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FIGURE 10.17

During the on cycle, energy is pumped into the inductor (energy is stored in the
magnetic fields around the inductor’s coil). When the control element is turned off,
the stored energy in the inductor is directed by the diode into the filter and into the
load. The sampling circuit (R, and R;) takes a sample of the output voltage and feeds
the sample to one of the inputs of the error amplifier. The error amplifier then com-
pares the sample voltage with a reference voltage applied to its other input. If the
sample voltage is below the reference voltage, the error amplifier increases its out-
put control voltage. This control voltage is then sent to the pulse-width modulator.
(If the sample voltage is above the reference voltage, the error amplifier will
decrease the output voltage it sends to the modulator.) While this is going on, the
oscillator is supplying a steady series of triggering voltage pulses to the pulse-width
modulator. The modulator uses both the oscillator’s pulses and the error amplifier’s
output to produce a modified on/off signal that is sent to the control element’s base.
The modified signal represents a square wave whose on time is determined by the
input error voltage. If the error voltage is low (meaning the sample voltage is higher
than it should be), the modulator sends a short-duration on pulse to the control ele-
ment. However, if the error voltage is high (meaning the sample voltage is lower
than it should be), the pulse-width modulator sends a long-duration on pulse to the
control element. (The graph in Fig. 10.17 shows how the oscillator, error amplifier,
and pulse-width modulator outputs are related.) Using a series of on/off pulses that
can be varied in frequency and duration gives the switching regulator its excep-
tional efficiency; releasing a series of short pulses of energy over time is more effi-
cient than taking excessive supply energy and radiating it off as heat (linear supply).
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FIGURE 10.18

FIGURE 10.19

FIGURE 10.20

Figure 10.18 shows a typical switching regulator arrangement. The 556 dual-timer

IC houses both the oscillator and pulse-width modulator, while the UA723 voltage-
regulator IC acts as the error amplifier. R, and R; comprise the sampling network, Rg
and R; set the reference voltage, and R, and R; set the final control voltage that is sent
to the pulse-width modulator.
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Step-Up, Step-Down, and Inverting Configurations

The switching regulator in Fig. 10.17 is referred to as a step-down regulator. It is used
when the regulated output voltage is to be lower than the regulator input voltage.
Now, switching regulators also come in step-up and inverting configurations. The
step-up version is used when the output is to be higher than the input, whereas
the inverting version is used when the output voltage is to be the opposite polarity of
the input voltage. Here’s an overview of the three configurations.

STEP-DOWN REGULATOR

control element

+ O
V,

in

Po

P

+
input from pulse
width modulator

load

This is used when output voltage is to be lower
than input voltage. When the control element
is on, L stores energy, helps supply load cur-
rent, and supplies current to the filter capaci-
tor. When the control element is off, the energy
stored in L helps supply load current but again
restores charge on C—the charge on C; is used
to supply the load when the control element
turns off and L has discharged its energy.

This is used when output is to be higher than
input voltage. When the control element is on,
energy is stored in the inductor. The load, iso-
lated by the diode, is supplied by the charge
stored in C.. When the control element is off,
the energy stored in L is added to the input
voltage. At the same time, L supplies load cur-
rent, as well as restoring the charge on C.—the
charge on C; is used to supply the load current
when the control element is off and when the
energy in L is discharged.
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FIGURE 10.21

FIGURE 10.22

INVERTING SWITCHER REGULATOR

|
load
control element

This is used when output voltage is to be the
D opposite polarity of the input voltage. When the
control element is on, energy is stored in L,
while the diode isolates L from load. The load
current is supplied by the charge on Cr. When
I the control element is turned off, the energy
J_ stored in L charges C: to a polarity such that V,
I = is negative. I, supplies load current and restores
the charge on C: while it is discharging its
energy. Cr supplies load current when the con-
trol element is off and the inductor is dis-
charged. An inverting switcher regulator can be
designed to step up or step down the inverted
output.

Eliminating the Need for the Heavy 60-Hz Transformer

By using the unique switching action of the switcher, it is possible to design a supply
that does not require the hefty 60-Hz power transformer at the input stage. In other
words, you can design a switching power supply to run directly off a 120-V ac line—
you still must rectify and filter the line voltage before feeding it to the regulator.
However, if you remove the power transformer, you remove the protective isolation
that is present between the 120-V ac line and the dc input to the supply. Without the
isolation, the dc input voltage will be around 160 V. To avoid this potentially “shock-
ing” situation, the switching regulator must be modified. One method for providing
isolation involves replacing the energy-storage inductor with the secondary coil of a
high-frequency transformer while using another high-frequency transformer or
optoisolator to link the feedback from the error amplifier to the modulating element
(see Fig. 10.22).

Al
Al
.
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AY|
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Now, you may be wondering how removing one transformer and adding another
transformer (if not two) makes things smaller and lighter. Well, according to the laws
of physics, as the frequency of an alternating signal increases, the need for a large iron
core within the transformer decreases. (At high frequencies, the magnetic fields do
not need as much help to get from the primary to secondary.) You can use the high-
frequency transformer(s) because the switcher’s oscillator is beating so fast (e.g.,
65 kHz). The difference in size and weight between a switching supply that uses
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high-frequency transformers and a supply that uses a 60-Hz power transformer is sig-
nificant. For example, a 500-W switching supply takes up around 640 in® as compared
with 1520 in® for a linear supply rated at the same power. Also, switching supplies run
cooler than linear supplies. In terms of watts per cubic inch, a switching power supply
can achieve 0.9 W/in? while a linear supply usually provides 0.4 W/in®,

There is a slight problem with switchers that should be noted. As a result of the
on/off pulsing action of the switching regulator, a switching supply’s output will
contain a small switching ripple voltage (typically in the tens of millivolts). Usually
the ripple voltage does not pose too many problems (e.g., 200-mV noise margins for
most digital ICs are not exceeded). However, if a circuit is not responding well to the
ripple, an external high-current, low-pass filter can be added.

10.9 Kinds of Commerical Power Supply Packages

FIGURE 10.23

FIGURE 10.24

FIGURE 10.25

To make life easier, you can forget about designing your own supplies and buy one that
has been made be the pros. These supplies come in either linear or switcher form and
come in a variety of different packages. Here are some of the packages that are available.

Small Modular Units

These are used in low-power applications (e.g.,
+5, =10, =15V). Supplies are housed in small
modules, usually around 2.5 x 3.5 x 1 in. They
often come with pinlike leads that can be
mounted directly into circuit boards or come
with terminal-strip screw connections along
their sides. These supplies may come with sin-
gle (e.g., +5V), dual (e.g., =15V), or triple (e.g.,
+5V, £15V) output terminals. Linear units have
power ratings from around 1 to 10 W, while
switching units have power ratings from
around 10 to 25 W. You must supply the fuses,
switches, and filters.

Open Frame

This supply’s circuit board, transformer, etc.
are mounted on a metal platform (if it is a low-
voltage supply, it may simply be mounted on a
circuit board) that is inserted into an instru-
ment. These supplies come in linear and
switching types and come with a wide range of
voltage, current, and power ratings (around 10
to 200 W for linear supplies, 20 to 400 W for
switching supplies). You will probably have to
supply the fuses, switches, and filters.

Enclosed

These supplies are enclosed in a metal box that
is especially designed to efficiently radiate off
excessive heat. They come in both linear and
switching forms. Power rating ranges from
around 10 to 800 W for linear supplies and 20 to
1500 W for switching supplies.

Supply
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FIGURE 10.26

Wall Plug-In

Input Output/'
105-129vacd +9V 0.1A
52-63Hz /7 +12V0.1A

7 025A T,
7CAUTION

Power supply 5////

Wall plug-in power supplies get inserted
directly into an ac wall socket. Some of these
devices only provide ac transformation, others
supply an unregulated dc voltage, and others
supply a regulated dc output. The regulated
units come in both linear and switching forms.
Typical output voltages include +3, +5, +6, +7.5,
+9, +12, and +15 V. They also come in dual-
polarity form.

10.10 Power Supply Construction

When building a power supply, the following suggestions should help:

AC powerline

Mount the transformer directly to the metal
enclosure box, toward the rear.

Install fuses, power switch, and binding

Rectifier
diodes

Filter ___—
capacitors

g On/off switch

FIGURE 10.27

DC output
terminals

Regulator
ICs
(heat sunk)

posts at the rear of the box.

e Mount circuit boards on standoffs within
the box.

« Place diode or rectifier modules, along with
the capacitors and voltage regulators, on the
circuit board.

* Make sure to heat-sink voltage regulators.

* Place supply output jacks on the front of the
box.

* Drill holes in box to allow cooling.

* Ground the box.

* Place the power-line core through a hole in
the rear. Use a rubber grommet for strain
relief.

« To avoid shocks, make sure to insulate all
exposed 120-V power connections inside
the box with heat-shrink tubing.
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CHAPTER 11

Audio Electronics

Audio electronics, in part, deals with converting sound signals into electrical signals.
This conversion process typically is accomplished by means of a microphone. Once
the sound is converted, what is done with the corresponding electrical signal is up to
you. For example, you can amplify the signal, filter out certain frequencies from the
signal, combine (mix) the signal with other signals, transform the signal into a digi-
tally encoded signal that can be stored in memory, modulate the signal for the pur-
pose of radiowave transmission, use the signal to trigger a switch (e.g., transistor or
relay), etc.

Another aspect of audio electronics deals with generating sound signals from
electrical signals. To convert electrical signals into sound signals, you can use a
speaker. (If you are not interested in retaining frequency response—say, you are only
interested in making a warning alarm—you can use an a audible sound device such
as a dc buzzer or compression washer.) The electrical signals used to drive a speaker
may be sound-generated in origin or may be artificially generated by special oscilla-
tor circuits.

11.1 A Little Lecture on Sound

Before you start dealing with audio-related circuits, it is worthwhile reviewing some
of the basic concepts of sound. Sound consists of three basic elements: frequency,
intensity (loudness), and timbre (overtones).

The frequency of a sound corresponds to the vibrating frequency of the object that
produced the sound. In terms of human physiology, the human ear can perceive fre-
guencies from around 20 to 25,000 Hz; however, the ear is most sensitive to frequen-
cies between 1000 and 2000 Hz.

The intensity of a sound corresponds to the amount of sound energy transported
across a unit area per second (or W/m?) and depends on the amplitude of oscillation
of the vibrating object. As you move further away from the vibrating object, the inten-
sity drops in proportion to one over the distance squared. The human ear can per-
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FIGURE 11.1

ceive an incredible range of intensities, from 1072 to 1 W/m?. Because this range is so
extensive, it is usually more convenient to use a logarithmic scale to describe inten-
sity. For this purpose, decibels are used. When using decibels, sound intensity is
defined as dB = 10 log,, (1/1y), where | is the measured intensity in watts per meter,
and I, = 102 W/m? is defined as the smallest intensity that is perceived as sound by
humans. In terms of decibels, the audio intensity range for humans is between 0 and
120 dB. Figure 11.1 shows a number of sounds, along with their frequency and inten-
sity ranges.
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Tonal quality, or timbre, represents the complex wave pattern that is generated
when the overtones of an instrument, voice, etc., are present along with the funda-
mental frequency. To demonstrate what overtones mean, consider a simple tuning
fork that has a resonant frequency of 261.6 Hz (middle C). If you treat the fork as an
ideal vibrator, when it is hit, it will vibrate off soundwaves with a frequency of
261.1 Hz. In this case, you have no overtones—you only get one frequency. But
now, if you play middle C on a violin, you get an intensely sounding 261.1 Hz,
along with a number of other higher, typically less intense frequencies called over-
tones (or harmonics). The most intense frequency sounded is typically referred to as
the fundamental frequency. The overtones of importance have frequencies that are
integer multiples of the fundamental frequency (e.g., 2 x 261.1 Hz is the first har-
monic, 3 x 261.1 Hz is the second harmonic, and n x 261.1 Hz is the nth harmonic).
It is the specific intensity of each overtone within the harmonic spectrum of an
instrument, voice, etc., that is largely responsible for giving the instrument, voice,
etc. its unique tonal quality. (The reason for an instrument’s unique set of overtones
depends on the construction of the instrument.) Figure 11.2a shows a harmonic
spectrum (spectral plot) for an oboe that is tuned to middle C—the fundamental
frequency.

In theory, you can create the sound from any type of instrument (e.g., violin,
tuba, banjo, etc.) by examining the harmonic spectrum of that instrument. To illus-
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FIGURE 11.2
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trate how this can be done, pretend that you have a number of ideal tuning forks.
One fork represents the fundamental frequency; the other forks represent the vari-
ous overtone frequencies. Using the harmonic spectrum of an instrument as a guide,
you can mimic the sound of the instrument by varying the intensity of each “over-
tone fork.” (In reality, to accurately mimic an instrument, you also must consider
rise and decay times of certain overtones—controlling the intensities of the over-
tones is not enough.) Mathematically, you can express a complex sound as the sum
of all its overtones:

Signal = a sin myt + b cos wyt + ¢ sin 2wt + d cos 2wt + € sin 3wgt + f cos wet + «--

The coefficients a, b, ¢, d, etc., are the intensities of the overtones, and the fundamental
frequency f, = we/2m. This expression is referred to as a Fourier series. The coefficients
must be calculated from the given waveform or the data from which it is plotted—
although an instrument called a harmonic analyzer can automatically compute the coef-
ficients. Figure 11.2b shows a complex sound made up of seven of its harmonics.

The art of synthesizing sounds via electric circuits is fairly complex business. To
accurately mimic an instrumental sound, train whistle, bird chirp, etc., you must
design circuits that can generate complex waveforms that contain all the overtones
and decay and rise time information. For this purpose, special oscillator and modu-
lator circuits are needed.

11.2 Microphones

A microphone converts variations in sound pressure into corresponding variations in
electric current. The amplitude of the ac voltage generated by a microphone is pro-
portional to the intensity of the sound, while the frequency of the ac voltage corre-
sponds to the frequency of the sound. (Note that if overtones are present within the
sound signal, these overtones also will be present in the electrical signal.) Three com-
monly used microphones are listed below.
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11.3 Microphone Specifications

This type of microphone consists of a plastic diaphragm, voice coil, and
a permanent magnet. The diaphragm is connected to one end of the
voice coil, while the other end of the coil is loosely supported around (or
within) the magnet. When an alternating pressure is applied to the
diaphragm, the voice coil alternates in response. Since the voice coil is
accelerating through the magnet’s magnetic field, an induced voltage is
set up across the leads of the voice coil.You can use this voltage to power
a very small load, or you can use an amplifier to increase the strength of
the signal so as to drive a larger load. Dynamic microphones are
extremely rugged, provide smooth and extended frequency response,
do not require an external dc source to drive them, perform well over a
wide range of temperatures, and have a low impedance output. Some
dynamic microphones house internal transformers within their bodies,
which give them the ability to have either a high- or low-impedance out-
put—a switch is used to select between the two. Dynamic microphones
are widely used in public address, hi-fi, and recording applications.

This type of microphone consists of a pair of charged plates that can be
forced closer or further apart by variations in air pressure. In effect, the
plates act like a sound-sensitive capacitor. One plate is made of a rigid
metal that is fixed in placed and grounded. The other plate is made of a
flexible metal or metal-coiled plastic that is positively charged by means
of an external voltage source. A very low-noise, high-impedance ampli-
fier is required to operate this type of microphone and to provide low
output impedance. Condenser microphones offer crisp, low-noise
sound and are used for high-quality sound recording.

An electret microphone is a variation of the condenser microphone.
Instead of requiring an external voltage source to charge the diaphragm,
it uses a permanently charged plastic element (electret) placed in paral-
lel with a conductive metal backplate. Most electret microphones have a
small FET amplifier built into their cases. This amplifier requires power
to operate—typically a voltage between +4 and +10 V is needed. This
voltage is fed into the microphone through a resistor (1-10 K) (see fig-
ure). Electret microphones respond best to frequencies within the
lower-middle to high-frequency range—they do not respond well to
bass frequencies. For this reason, they tend to be restricted to voice com-
munications. Also, the performance of electret microphones decreases
over the years; as time passes, the charge on the electret is lost.

A microphone’s sensitivity represents the ratio of electrical output (voltage) to the
intensity of sound input. Sensitivity is often expressed in decibels with respect to a
reference sound pressure of 1 dyn/cm?

The frequency response of a microphone is a measure of the microphone’s ability to
convert different acoustical frequencies into ac voltages. For speech, the frequency
response of a microphone need only cover a range from around 100 to 3000 Hz. How-
ever, for hi-fi applications, the frequency response of the microphone must cover a
wider range, from around 20 to 20,000 Hz.
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The directivity characteristic of a microphone refers to how well the microphone
responds to sound coming from different directions. Omnidirectional microphones
respond equally well in all directions, whereas directional microphones respond well
only in specific directions.

The impedance of a microphone represents how much the microphone resists the
flow of an ac signal. Low-impedance microphones are classified as having an imped-
ance of less than 600 Q. Medium-impedance microphones range from 600 to 10,000 €,
whereas high-impedance microphones extend above 10,000 Q. In modern audio sys-
tems, itis desirable to connect a lower-impedance microphone to a higher-impedance
input device (e.g., 50-Q microphone to 600-Q mixer), but it is undesirable to connect
a high-impedance microphone to a low-impedance input. In the first case, not much
signal loss will occur, whereas in the second case, a significant amount of signal loss
may occur. The standard rule of thumb is to allow the load impedance to be 10 times
the source impedance. We’'ll take a closer look at impedance matching later on in this
chapter.

11.4 Audio Amplifiers

Electrical signals within audio circuits often require amplification to effectively drive
other circuit elements or devices. Perhaps the easiest and most efficient way to
amplify a signal is to use an op amp. General-purpose op amps such as the 741 will
work fine for many noncritical audio applications, but they may cause distortion and
other undesirable effects when audio signals get complex. A better choice for audio
applications is to use an audio op amp especially designed to handle audio signals.
Audio amplifiers have high slew rates, high gain-bandwidth products, high input
impedances, low distortion, high voltage/power operation, and very low input
noise. There are a number of good op amps produced by a number of different man-
ufacturers. Some high-quality op amps worth mentioning include the AD842,
AD847, AD845, AD797, NE5532, NE5534, NE5535, OP-27, LT1115, LM833, OPA2604,
OP249, HA5112, and LT1057.

Inverting Amplifier

The following two circuits act as inverting amplifiers. The gain for both circuits is
determined by —R,/R; (see Chap. 7 for the theory), while the input impedance is
approximately equal to R;. The first op amp circuit uses a dual power supply, while

FIGURE 11.6 the second op amp circuit uses a single power supply.
Inverting amplifier (dual power supply) In both amplifier circuits, C; acts as an ac coupling capacitor—it acts to
R, pass ac signals while preventing unwanted dc signals from passing from
100K the previous stage. Without C,, dc levels would be present at the op
VW amp’s output, which in turn could lead to amplifier saturation and dis-
Y tortion as the ac portion of the input signal is amplified. C; also helps

C, R prevent low-frequency noise from reaching the amplifier’s input.
10uF 10k
v, o—F—wvn—
—O

gain=-R,/R;
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Inverting amplifier (single power supply) In the single-power-supply circuit, biasing re-

sistors R; and R, are needed to prevent the

amplifier from clipping during negative swings

in the audio input signals. They act to give the

R, op amp’s output a dc level on which the ac sig-
R, ,\12/06 nal can safely fluctuate. Setting R, = R, sets the

R 56K § dc level of the op amp’s output to 1/2 (+V). For

+V

1oT< \ c reliable results, the biasing resistors should

A O—K VvV - have resistance values between 10 and 100 k.

I( * O Var  Now, to prevent passing the dc level onto the

i +/ next stage, C; (ac coupling capacitor) must be
c

FIGURE 11.6 (Continued)

R R included. Its value should be equal to
2 § 5 by = 1/(2nfcR.), where R, is the load resistance, and f¢
is the cutoff frequency. C, acts as a filtering
- capacitor used to eliminate power-supply noise
= = from reaching the op amp’s noninverting input.
Notably, many audio op amps are especially
designed for single-supply operation—they do
not require biasing resistors.

Noninverting Amplifier

The preceding inverting amplifier works fine for many applications, but its input
impedance is not incredibly large. To achieve a larger input impedance (useful when
bridging a high-impedance source to the input of an amplifier), you can use one of
the following noninverting amplifiers. The left amplifier circuit uses a dual power
supply, whereas the right amplifier circuit uses a single power supply. The gain for
both circuits is equal to R,/R; + 1.

Noninverting amplifier (dual power supply) Noninverting amplifier (single power supply)
R, +V
100K
A
R
c I R, 100K
1
10uF 1§|1( T C, R 56K VWV
|—'\/W— T c
o v, l—{( A - 3
= C2 L C2 + out
1uF
\Y

v, o

§10R2)3K

-V
gain=R,/R, +1

FIGURE 11.7

Components Ry, C;, R,, and the biasing resistors serve the same function as was seen in the inverting amplifier circuits. The
noninverting input offers an exceptionally high input impedance and can be matched to the source impedance more read-
ily by adjusting C, and R; (dual-supply circuit) or R, (single-supply circuit). The input impedance is approximately equal to
R; (dual-supply circuit) or R, (single-supply circuit).

11.5 Preamplifiers

In most audio applications, the term preamplifier refers to a control amplifier that is
used to control features such as input selection, level control, gain, and impedance
levels. Here are a few simple microphone preamplifier circuits to get you started.
(Note that “high Z” refers to a microphone with a high input impedance—one that is
greater than ~600 Q.)
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11.6 Mixer Circuits
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Audio mixers are basically summing amplifiers—they add a number of different
input signals together to form a single superimposed output signal. The two circuits
below are simple audio mixer circuits. The left circuit uses a common-emitter ampli-
fier as the summing element, while the right circuit uses an op amp. The poten-
tiometers are used as independent input volume controls.

10K
input 1

10K 10uF
input 2 l_

10K 10K
input 3

11.7 A Note on Impedance Matching

Is matching impedances between audio devices necessary? Not any more, at least
when it comes to connecting a low-impedance source to a high-impedance load. In
the era when vacuum-tube amplifiers were the standard, it was important to match
impedances to achieve maximum power transfer between two devices. Impedance
matching reduced the number of vacuum-tube amplifiers needed in circuit design
(e.g., the number of vacuum-tube amplifiers needed along a telephone transmission
line). However, with the advent of the transistor, more efficient amplifiers were cre-
ated. For these new amplifiers, what was important—and still is important—was
maximum voltage transfer, not maximum power transfer. (Think of an op amp with
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11.8 Speakers

its extremely high input impedance and low output impedance. To initiate a large-
output-current response from an op amp, practically no input current is required into
its input leads.) For maximum voltage transfer to occur, it was found that the desti-
nation device (called the load) should have an impedance of at least 10 times that of
the sending device (called the source). This condition is referred to as bridging. (With-
out applying the bridging rule, if two audio devices with the same impedances are
joined, you would see around a 6 dB worth of attenuation loss in the transmitted sig-
nal.) Bridging is the most common circuit configuration used when connecting mod-
ern audio devices. It is also applied to most other electronic source-load connections,
with the exception of certain radiofrequency circuits where matching impedance is
usually desired and in cases where the signal being transmitted is a current rather
than a voltage. If the transmitted signal is a current, the source impedance should be
larger than the load impedance.

Now, if you consider a high-impedance source connected to a low-impedance
load (e.g., a high-impedance microphone connected to a low-impedance mixer), volt-
age transfer can result in significant signal loss. The amount of signal loss in this case
would be equal to

R
dB =20 |ong$

load T Rsource

As a rule of thumb, a loss of 6 dB or less is acceptable for most applications.

Speakers convert electrical signals in audible signals. The most popular speaker used
today is the dynamic speaker. The dynamic speaker operates on the same basic prin-
ciple as a dynamic microphone. When a fluctuating current is applied through a
moving coil (voice coil) that surrounds a magnet (or that is surrounded by a magnet),
the coil is forced back and forth (Faraday’s law). A large paper cone attached to the
coil responds to the back-and-forth motion by “drumming off” sound waves.

o) T paver

cone T

moving coil

(voice coil) Z, |8 8Q 8Q 8Q = 4Q 4Q = |2a
1 1 1 1 1 1 1 1
e — =y
Zg 8Q 8Q 8Q  8Q Z 40 40
Zey=20 Zey=20

FIGURE 11.10

Every speaker is given a nominal impedance Z that represents the average imped-
ance across its leads. (In reality, a speaker’s impedance varies slightly with frequency;,
above and below the nominal level)) In terms of applications, you can treat the
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speaker like a simple resistive load of impedance Z. For example, if you attach an 8-
Q speaker to an amplifier’s output, the amplifier will treat the speaker as an 8-Q load.
The amount of current drawn from the amplifier will be | = Voo/ Zspearer. However, if
you replace the 8-Q speaker with a 4-Q speaker, the current drawn from the amplifier
will double.

Driving two 8-Q speakers in parallel is equivalent to driving a 4-Q speaker. Driv-
ing two 4-Q speakers in parallel is equivalent to driving a 2-Q speaker. By using high-
powver resistors, it is possible to change the overall impedance sensed by the amplifier.
For example, by placing a 4-Q resistor in series with a 4-Q speaker, you can create a
load impedance of 8 Q. However, using a series resistor to increase the impedance
may hurt the sound quality. There are speaker-matching transformers that can change
from 4 to 8 Q, but a high-quality transformer like this can cost as much as a new
speaker and can add slight frequency response and dynamic range errors.

Another important characteristic of a speaker is its frequency response. The fre-
quency response represents the range over which a speaker can effectively vibrate off
audio signals. Speakers that are designed to respond to low frequencies (typically
less than 200 Hz) are referred to as woofers. Midrange speakers are designed to handle
frequencies typically between 500 and around 3000 Hz. A tweeter is a special type of
speaker (typically dome or horn type) that can handle frequencies above midrange.
Some speakers are designed as full-range units that are capable of reproducing fre-
guencies from around 100 to 15,000 Hz. A full-range speaker’s sound quality tends to
be inferior to a speaker system that incorporates a woofer, midrange, and tweeter
speaker all together.

11.9 Crossover Networks

To design a decent speaker system, it would be best to incorporate a woofer,
midrange speaker, and tweeter together so that you get good sound response over
the entire audio spectrum (20 to 20,0